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KOMINVIEKCHE MOAU®IKYBAHHSA )KAPOMIIIHOI'O HIKEJIEBOI'O
CIUVTIABY JUCITEPCHUMU YACTKAMMU TYT'OTOIIKUX 3°’€EHAHD

Mema pobomu. 3a paxyHox KOMNIEKCHO20 MOOUDIKYBAHHI JHCAPOMIYHO20 CNIAGY MOOUDIKAMOPAMU PI3HOZ0 Me-
Xawizmy Oii 3a6e3neuumu RIOBUWEHHS XAPAKMEPUCMUK NAACMUYHOCII MA YOapHOT 6 S13K0cmi 00 pieHsl, Kompuii 00360~
UMb JOKANIZY8AMU MOICTUBE PYUHYBAHHS KDYNHOLAOAPUMHUX TONAMOK MYPOIHU HUZLKO20 MUCKY ABIAYIHO20 08USYHA
6 npoyeci ekcniyamayii.

Memoou docnidscennn. MikpocmpyKmypHuil auaniz ma 00CAiOHCeHHs Paz08020 CKAAOY NPOBOOUNU MeMOOaMU
ONMUYHOT MA CKAHYBANLHOI e1eKMPOHHOT Memanocpaii 8i0N08IOHO HA ONMUYHOMY MA e1eKMPOHHOMY MIKPOCKONAX.

Ompumani pezynomamu. IIposederno 00cioxnceHHs no KoMnieKcHomy moougixysannio cniagy KC3JK-BI impiem
ma ynempaoucnepcrumuy yacmunxkamu kapoonimpudy mumany Ti(C, N) nepeminnozo emicmy (8io 0,025 % 0o 0,075 %),
npu 3a1UBAHHI PO3NAABY Y KepAMIYHY hopmy, nepuiuil pobouuii uap AKoi 6UKOHAHO i3 3ACTNOCYB8AHHAM ATIOMIHAMY KO-
banvmy CoAl204. B cmpyxmypi 3paskie 0ocnionux eapianmis, Hapady i3 kapoioamu cepuunoi mop@onozii, euseieno
2N0OYIAPHI KapOiou, 6 MICYSX PO3MAULYBAHHs. KOMPUX CROCMePIearmspCs 30HU, Wo 30azaueHi Ha impiil, Monib0en ma
muman, ma 36i0HeHi Ha Xxpom. Pezynbmamu 00CniodicenHs 0030a510Mmb 3p00UmMy NPUNYueHHsl, wo, UMOGIpHO, BUCOKO-
memnepamypHi nepsunni kapoiou muny YC, cayzyiome nioniodckamu Ons QOpMYyBaAHHS HUZLKOMEMNEPAMYPHUX MO-
oughixayiu xap6ioie MC. B mamepiani, nicis 6sedents y moougixosanuti impiem posniag 0,050 % ynompaoucnepcrux
yacmox xapbonimpudy mumany Ti(C, N), 3abesneueno sucoxi pieni yoapnoi 6 asxocmi (~70 Joc/cm?) ma uacy 0o euco-
Komemnepamypnoz2o pyinysanis (> 500 200).

Haykosa nosusna. Odepoicano Hosi dani ujooo ¢pazosoeo cmany cnaagy KC3IK-BI nicisi KOMRIEKCHO20 MO-
ouixysanns 3a cxemoro (Ti(C, N)+Y+C0AI204). Busueno mouxy 6y008y icapomiyno2o CHiagy Ha OCHOSL HIKeio, Wo
MpaouyitiHo BUKOPUCMOBYEMBCA 0N OMPUMAHHA BEIUKO2AOAPUMHUX JIONAMOK mypOinu 2a30mypOiHHO20 08U2YHA
asiayitino2o npusHayeHHs.

Ilpakmuuna yinnicme. Odepdrcani pe3yromamu po3uupiorOmb MONCIUBOCI BUKOPUCMAHHS HCAPOMIYHO20 CNILABY
JKC3J[K-BI 0ns ompumaHrHs UIUBKIG 8i0ON0BIOANIbHO20 NPUSHAYEHHS.

Knrouosi cnosa: scapomiynuii cnias, cmpykmypa, MoOupiKysanHs, KapooHimpuo mumawy, impii, aroMiHam Ko-
banremy, mepmiuna o6pooKa.

Beryn BTOMHOMY PYHHYBaHHIO, IOBHHHI MaTH 1€ W JOCTaTHIN
PiBEHb MJIACTUYHOCTI, 3a0€3MEeUyI0YH BUCOKY MpaIe3aar-

JKapomili cruiaBy, 10 3aCTOCOBYIOTHCS B Ta30Typ- . . . . .
HICTh JeTalel B yMOBaxX HEpPIBHOMIPHOTO PO3MOAUICHHS

600y 1yBaHHI, OKPIM JIOCTaTHBOT )KapOMILIHOCTI i oropy
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Harpy>XeHb 3a nepepizoM. 3a3Buuaii JonaTky ra3otypOiH-
HUX JIBUT'YHIB MaIOTh CKJIa/IHY T€OMETPIIO 3 HAsIBHICTIO 30H
3 MIJBUIIEHOO KOHIIEHTPAIII€I0 HANPY)KeHb, Ta MPAIIOI0Th
i Ji€F0 BIANCHTPOBUX CHJI H TUHAMIYHUX HABAHTAXKCHb
BiJl Ta30BOT0 MOTOKY, TOMY PO3IOJICHHS HAIPyKeHb 32
ix mepepi3oM 3a3Buuail Mae HEPIBHOMIPHHUI XapakTep.
[Tmactiuna nedopmariss TO3BOJSE PO3MOALIHTH HATPY-
KCHHS B Matepiayi i cyTreBo iX 3HM3UTH B 00’eMax,
piBEHb JIIOYMX HaNpyXe€Hb B KOTPHX MaKCHUMalbHUH. Y
3B’SI3Ky 3 UM, J0 MaTepiaiy JIonaTok (0coOIMBO BEINKO-
rabapuTHUX) BHCYBAIOTHCS BUMOTH HE TIIBKM BHCOKHX
MIITHOCTI ¥ )KapOMIIHOCTI, ajie i JOCTaTHLOI IIACTUYHOCTI
Ta yIapHOI B’SI3KOCTI, 1110 B MPOIIECi eKCIUIyaTallii MaKkCu-
MaJIbHO YHEMOXKJIMBUTD 1X PyHHYBaHHS IUITXOM KPUXKOTO
BIZIPUBY IiJ| Ji€I0 30BHIIIHIX 200 BHYTPIIIHIX YHHHHUKIB.

Panime npoBenennmu po6ortamu [1-10] ocobmnuBa
yBara npuIiIsIacs BABYSHHIO i OKPAIIEHHIO TOKa3HUKIB
TPHUBAJIOi MIITHOCTI § IMTOB3y4OCTI )KapOMIIIHHUX CIUIaBiB, a
TaKOX TOKA3HUKIB BTOMH NP KIMHATHIHA 1 MiIBUICHUX
TemriepaTypax. B Toii ke yac, muTaHHsS 3a0e3neyeHHS B
KOHCTPYKIIi JJOIATOK IOCTaTHHOTO PiBHS INIACTUYHOCTI 1
yIapHOi B’A3KOCTI PO3KPUTO HEAOCTATHBO.

Ha crorosni 3a0e3medeHHs i IBUIICHUX XapaKTepH-
CTHK JleTajJell rapsdoro TpakTy Ta B IJIOMY eKCIulyaTa-
LilfHOTO pecypcy Tra3oTypOiHHUX JIBUTYHIB, SIK IPaBHIIO,
3MIHCHIOIOTH 33 IBOMa OCHOBHUMHY HATPSMKaMH: PO3p00-
KOO HOBHUX CKJIaJHOJIETOBAHUX KaPOMIIIHUX CIUIaBiB 3 BU-
COKMM BMICTOM €JIEMEHTIB, KOTpPi1 BOJIOMIIOTh HHU3BKHMHU
koedinienTamMn qugysii B yMOBax BUCOKHX TEMIIEpaTyp Ta
ITiIBUILEHHS] KOMITIEKCY CITYyKOOBHX XapaKTEePUCTHUK IS~
XOM JIOZIaTKOBOTO JIET'YBaHHS, MOIU(IKYBaHHS Ta MIKpO-
JIETYBaHHSI IPOMHCIIOBUX CILIABIB, IO MiATBEPIMINA CBOIO
HaJlIHICTh BIIPOJIOBXK TPHBAJIO] eKCILTyaTalii B pealbHIX
YMOBaX.

OCKiNBKM ~ BIPOBaDKCHHA  HOBUX  MarepialiB
IIOB’s13aHE 13 BHCOKUMH MaTepialbHUMH 3aTpaTaMH, TO
MiABHUINCHHS PIBHA €KCIUTyaTaliifHOI HaIifHOCTI meTamei
rapsvoro TPakTy ra3oTypOiHHUX ABUTYHIB MOAN(IKyBaH-
HSIM € OifbII MPOAYKTHBHUM, 3aBXKIH 3aJIHIIAETHCS IEp-
CHEKTUBHHMM T4 MEHII KOIITOBHUM Ta 3aPEryJIbOBaHHM.

Panimte nposeneni pociimxenns [11-16] nokasanu,
IO piBEHb BIACTUBOCTEH ICHYIOUHX YKAPOMIIHUX CIUIABIB
MOe OyTH CYyTTEBO NOKPALICHHI 32 PaXyHOK IPOBEIICHHS
crHeLiaIbHUX TEXHOJOTIYHUX ONepaLiif, 1110 BUKOHYIOTHCS
IIPY JIUTTI JonaTtok — MoaudikyBanHs, padinysanss [17—
23], a Takok 0OPOOKOIO BIAMOBIAATBHOTO KAPOMIIHOTO
JUTBA TapsdUM 130CTaTUYHUM IpecyBaHHsM [24-28], Ta
BIPOBA/DKCHHAM BJIOCKOHAJICHUX PEXHUMIB TEpMidHOT
00po0Oku. Came KOMIUIEKCHE 3aCTOCYBaHHS IEKIJTBKOX 3i
3rajiaHux (a0o 1HIIMX) TEXHOJOTIYHUX Oleparlili, SK mpa-
BIJIO, 3a0€31euye SKiCHO HOBHHA PIBEHb CKCILTyaTAIlIHHIX
BJIACTHBOCTEH BiJIIOBIANBHUX JIMTHX JETaleil, BUTOTOB-
JIEHUX 3 BiJIOMHUX >KapOMIIHUX CIUIaBiB, OJTHOYACHO 13 BH-
COKHMH TEXHIKO-€KOHOMIYHUMH ITOKa3HUKAMH.

Panime mnpoeneHumMu  jgociipkeHHsMu  [29-35]
MiATBEPKEHO TMO3UTHBHUI BIUIMB MOIM(IKyBaHHS Ka-
POMIIIHUX CIIIABIB iTpi€EM Ta AMCIIEPCHUMHM YacTKaM Kap-
OOHITpHIY TUTaHY JUIsl 3a0e3eYeHHs CTablIbHOCTI CTPYK-
TypH, TOJIIMIIEHHS BJIACTHBOCTEH Ta eKcIulyaTariiHoi

HQJIMHOCTI  BIANOBITaNbHUX  JIMTUX BUPOOIB  UIs
aBialifHOTO Ta €HEePreTHYHOro MamnHOOymyBaHHA. Of-
Hak 0COOJIMBOCTI €KCILTyaTamii TAKUX BiIOBITAIBHUX Jie-
TaJeil, Ik BeJIMKOrabapuTHI JIOATKH TYpOiHH, BUMararoTh
BiJl MaTepiany siK OUIbII BUCOKOT'O 3arajbHOrO pPiBHS Me-
XaHIYHUX BJIACTUBOCTEH, Tak 1 CTIMKOCTI 10 pylHHYBaHHS
BiJl yAapHOTO 3THHY.

MeTta podoTu

MeToro 1aHoro JOCIIIKEHHS € MiABUIIEHHS MEXaHi-
YHUX BJIACTHBOCTEH >KapOMILHOTO CIUIaBY, HEpII 3a BCe,
IUTACTHYHOCTI ¥ yapHOi B S3KOCTI Ha PiBHI, IO YHEMOX-
JIMBUTH KPUTHYHI CUTYalli] B eKCIITyaTawii (po3JiT yI1aMKiB
BEJINKOTabapUTHUX JIOTIATOK 110 CKJIaJOBUM Tra30TypOiH-
HOTO JIBUI'YHa, CIPUYNHEHUX iX BUIAAKOBUM OOPHBOM IIiJT
JI€I0 30BHIIIHIX 200 BHYTPILIHIX YMHHHKIB), 32 PaxyHOK
KOMIUIEKCHOTO MOu(iKyBaHHS Mo (DiKaTOpaMu Pi3HOTO
MeXaHi3My Jil.

Martepian i MeToaNKa NOCTIKEHb

HocnimxyBany 3pa3ky, a Takox (parMeHTH JIMBHU-
KOBO{ CHCTEMH, BIIUIUTI 3 IKAPOMIIHOTO HIKEIEBOTO
crutaBy JKC3JIK-BI, kommiekcHO Moau(}iKOBaHOTO iTpieM
(0,01% (mac.)) Ta kKapOOHITPHIIOM THTAHY 332 HACTYITHUMH
BapiaHTaMH:

1 — mpucanka Ti(C,N) y po3mias — 0,025 %;

2 — mpucazxka Ti(C,N) y posmias — 0,050 %;

3 — mpucazka Ti(C,N) y posrmias — 0,075 %.

Ha BakyyMHI#i I1aBUIIBHIM yCTaHOBII, PO3ILIAB yCiX
JIOCITIZIHUX TIJIABOK 3aJIMBaIIM y KepaMiuHi (opMu, NepIuii
poboumii map KoTpux OyB BUKOHAHUI 3 HoAaBaHHIM 5 %
ATFOMiHATy KOOANBTY.

MeTonoM piBHOOCHOI KpHCTami3amii 3 KOMIUIEKCHO
Momudikoanoro cray KC3JIK-BI mocmigaux BapiaH-
TiB, OTPUMYBAJIM 3arOTOBKH LIMIIHAPUYHUX 3pa3KiB JUIs
MeXaHIYHUX BUIIPOOYBaHb JliaMeTpoM 12 MM, a TaKOX KBa-
JIpaTHOTO Tepepi3zy po3mipom 12 X 12 MM s BHIIPoOY-
BaHb Ha yAapHY B’S3KIiCTh Ta BU3HaueHHs TBephocTi. Ha-
JlaJTi 3arOTOBKH 3pasKiB TMiIaBaid rapsdoMy i30CTaTHY-
HOMY TIPECYBaHHIO Ta CTaHAAPTHIN TepMidHiil 00pooIi —
roMorenizarii npu Temmepatypi 1210+15 °C, 3 ButpuMm-
KOIO MPOTATOM 4 TOJI i HACTYITHAM OXOJIOJDKCHHSIM Ha TI0-
BITpI.

[Ticnst 0OpoOKM 3a BKa3aHMMHU BapiaHTaMH, 3aroTo-
BKU TIPOXOJIMJIM MEXaHI4Hy 0OpoOKy Juis 3abe3reueHHs
pO3MIpiB, mepen0aYeHUX TEXHIYHOK JOKYMEHTAIEI0 Ha
BUTOTOBJICHHS 3pa3KiB JIJI1 MEXaHIYHUX BHUIIPOOYBaHb.

Buznauanu XiMiuHHH CKJIa]] MaTepiainy, a TAKOX MaK-
PO- Ta MIKPOCTPYKTYpY IOCITITHUX 3pa3KiB. MaKpoCTpyK-
Typy BUSBIBIIN METOAOM XiMIYHOTO TPaBIICHHS B pEaKTHBI
380 % HCl ta 20 % H20..

MexaHi4HI BIaCTUBOCTI IIPY KIMHATHIN TeMIepaTypi
(TpaHHMII0 MILHOCTI, PAaHUII0 TEKYYOCTi, BITHOCHE BHUJIO-
B)KCHHS, BiTHOCHE 3BY)KCHHS) BU3HAYAJHN Y BiIIIOBIAHOCTI
1o ISO 6892-84, CT COB 471-88. BunpoOyBaHHs Ha po3-
puB 3ailicaroBany Ha MamuHI ZDMY30. BunpoOyBanHs
Ha yIapHy B’S3KICTh 3IIHCHIOBAIN HA MasTHHKOBOMY KO-
mpi Instron SI-1M y BiamoBizrocti mo ACTY ISO 148-
1:2022.
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BunpoOyBaHHs Ha TpHBady MILHICTh NPOBOJMIH
BignosigHo 10 BuMor JJCTVY ISO 204:2019 na ycraHoBIi
Mmogeni Instron M3 npu temneparypi 850 °C i HaBaHTa-
skeHHi 340 MIla 10 moBHOTO pyHHYBaHHS 3pa3KiB.

Pe3yabTaTH q0caigKeHb Ta iX 00roOBOpPeHHS

XiMiYHAN CKJIaJ KOMIUIEKCHO MO (iKOBaHOTO
crutaBy JKC3JIK-BI Bcix mocnmigHWX BapiaHTIB, 32 OCHOB-
HAMH eJIeMEeHTaMH, BifmoBigae sumoram HTJI Ha mare-
pian. MomudikyBaHHAM 3a0€3MEUNIN HAIBHICT B CILIaBi
iTpito y kimpkocTi 0,01 % (tabmn. 1).

Tadanmua 1 — XiMiuHUIA cKiag MeTany JOCHIAHUX
BapiaHTiB Moau¢ikysanus cruay JKC3/IK-BI

Bapi Bwicr enemenris, mac. %

APEHT "CTCr [ Co | W | AL Ti | Mo
0,025%

TNy | 007 [ 116 | 87 | 38 | 46| 28 | 38
0,050%

TienNy | 007 [ 118 | 87 | 39 | 45| 29 | 39
0,075%

TiCNy | 008 [ 118 | 88 | 39 | 46| 28 | 38
Hopwu [0,06- [11,0- [ 8,0- |38 |*0 |25 | 38
HTA 011 (125 100 | 45 |, o | 32 | 45

Ipumimka: emicm S, P, Mn <0,05; Ni — ocrosa.

JocmimkeHHsaM (pparMeHTiB, BUPI3aHUX 3 HUKHBOL
JaCTHHU OJIOKY 3pa3KiB, BUSIBICHO HAsBHICTh ABOX SICK-
paBoO BHUPOKEHUX 30H 31 3MIHHOIO MOP(HOJIOTIEI0 MaKpo-
3epHa y BUIIMBKax. [lepiia 30Ha — 30Ha CTOBOYAaCTHX KpH-
CTaJIB, 1110 PO3NOBCIOJKYETHCS Bil IOBEPXHI BHJIMBKIB J10
LEHTPaIbHOI YacTHHY, Ha BifcTtanb 6—10 mm (puc. 1). Ls
30Ha, 3/1e0LTBIIOr0, POPMYETHCS T1iJ] BIUIMBOM QJIFOMIHATY
k06asbTy [36-38], KoTpuii OyB BBeACHHUI B mepiiiii podo-
YMH 11ap KepamiuyHoT (OpMU i BOJIOII€ MiJIBUIIEHOO TEll-
norpoBigHicTio [39, 40] y HOpiBHAHHI i3 HIKEJIEBUM PO3II-
JIAaBOM, TUM CaMHUM 3a0e3Meuyoun iHTeHCUBHE TETUIOBII-
BEZICHHS BiJl HBOTO. J[pyra 30Ha — 30Ha PiBHOBICHUX 3€PEH,
III0 pO3TAIIOBaHAa MEPEeBa)KHO B IICHTPI BIJIMBKIB if 3a Iia-
METPOM CTaHOBUTH 22-24 mM. [HTeHCHBHE MOnpiOHEHHS
3epHa B I1iif 30H1 3yMOBJICHE Ai€I0 AUCTIEPCHUX YACTOK Kap-
OOHITPUIIB THUTaHy, 10 BUCTYNAIOTh JIOJAATKOBUMHU
LEHTPaMH 3apOJKEHHs KPUCTAIIIB, (POpMyrOuH Ol Api-
OHOKPHCTATIYHY CTPYKTYPY CILIaBy. 3arajoMm IpOCTEXY-
€TBCSl TEHZCHILISI 10 3HIDKSHHS! PO3MIpiB Makpo3epHa Mpu
301IbIIEHHI 00’€MHOT0 BMICTYy KapOOHITPHW/IB, 110 BBO-
JAThCS y po3IuiaB, i npu Beeaeni 0,075 % Ti(C, N) makpo-
3€pHO MMOAPIOHIOBANOCS OLITBIN IHTEHCUBHO Y IMTOPIBHSIHHI 3
IHIIMMU TOCTITHUMHE BapiaHTamu (Talm. 2).

PesynbraTu BHMipy NapaMeTpiB MaKpOCTPYKTYpH
(parMeHTiB OJIOKY 3pa3KiB, BIAJIMTHUX i3 KOMIUIEKCHO MO-
nudixoBanoro crutaBy JKC3JIK-BI, naBeneno y tabnmi 2.

[Ipu metanorpadiyHOMY TOCTIIKEHHI BCTAHOBJICHO,
10 MIKPOCTPYKTYpa 3pa3KiB, BimmuTux 3i crutapy XKC3 /K-
BI 3a ycima gocainanmu Bapiantamu (micist T ta Tepmi-
9HOi 00pOOKHM), ABISIE COOOKO Y- TBEPAMMA PO3UHH, 3MiIlHE-
HUH IHTEPMETAIiTHOIO V'~ (a30t0, 3 HAsBHICTIO KapOiliB i
KapOOHITpHUAIB (pUC. 2) Ta BiJANOBiIa€ HOPMAaJIHHO TEPMO-
o0pobnenomy crany crwiaBy JKC3JIK-BI # npuiinsTiid
IIKaJi MIKPOCTPYKTYP.

Iaps4uM 130CTaTHYHUM NPECYBAHHAM IIPH TEMIepa-
Typi 1210 °C i Tucky 160 MIla Bramocs mo30yTucs ycanu-
KOBHUX MIKPOIIOp Ta pUXJIOT B AOCIHITHHX 3pa3Kax ycix Ba-
pianTiB. BinOymnocs 3amikyBaHHS MiKpOHop, IO pO3TAaIIO-
BYBAJINCS Y BHYTPIIIHIX 00’€Max MeTary i He BUXOAWIH
Ha TTOBEpPXHIO 3pa3ka. [I[pakTHIHO TIOBHA BiICYTHICTh BHY-
TPILIHBOI MIKPOIIOPUCTOCTI B JIMBAPHUX HKAPOMIILIHUX
CIUIaBax, B LIOMY, CHpHse crabimizamii iX CTpyKTypH i
BiJINIOBIJTHO BJIACTHBOCTEH JOCIIITHOIO MaTepiaiy.

Pucynok 1. MakpocTpykTypa y morepedyHoMy mepepisi ¢par-
MEHTIB OJIOKY 3pa3KiB i3 KOMIUIEKCHO MOAU(IKOBAHOTO CIUIaBY
JKC3IK-BI mocnignux Bapiantis: a — 0,025 % Ti(C,N);

6 — 0,050 % Ti(C,N); 6 — 0,075 % Ti(C,N)

Tadmuust 2 — [apamerpu MakpOCTPYKTYpH (MM)
(parMeHTiB 0JIOKY 3pa3KiB, BIAJIMTHUX i3 KOMIUIEKCHO MO-
nudikosanoro crary XKC3AK-BI

Po3mip kpucramnizauiiHuX 30H Po3wmip
Bapiant | 30Ha croBOYac- | 30HA PIBHOOCHHX | Makpo3ep-
TUX KPHUCTAJIB KPHCTaNiB Ha
0,025%
TI(CN) 7,5...10,5 16...22 15...5,0
0,050%
Ti(CN) 6,0...7,5 22...24 15...35
0,075%
Ti(C.N) 6,5...10,0 17...24 1,0...35

CraHmapTHUMH MipaXyHKaMH CTPYKTYPHHX CKJa-
JIOBUX BCTAHOBWJIW, IO CEPEIHId po3Mip KapOimHuUX Ta
KapOOHITPUIHUX BKJIIOYCHb CTaHOBUB 1,5-3 MKM
(Tabm. 3).

B cTpykTypi crutaBy miciis KOMIUIEKCHOTO MOAUQIKY-
BaHHS, KapOiau Ta KapOOHITPUAN BHIUIAIOTECS Y BUTIISMIL
IpiOHUX IUCKPETHHX YaCTHHOK IMEPeBaXKHO ChepuIHOl
¢dopmu, 110 PIBHOMIPHO PO3MOALICHI B 00’eMi MaTepiany
(puc. 2). Beenenns B posmwias 0,025 % Ti (C, N) npusso-
Jiio 10 popmyBaHHs KapOidiB y BUTIIS IUIACTHH, 1110 Xa-
PaKTepHi JyUIs eBTEKTHYHHX KapOiniB Tuny MesC 3 10BKH-
HOO ~8 pum (puc. 2a) 1 BIAMOBIIHO NPU3BOAMIO 10 POPMY-
BaHHI OUTHII TPyOMX Mex 3epeH. [liBHIIEHHS MIBHAKOCTI
KpHCTaJi3amii po3IiaBy Mpy 30UTBIIEHHI 00’€MHOTO BMICTY
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kapOoHitpuiB Ti(C,N), 1110 BBOAATBCS 10 HHOTO Y KUTBKOCTSX
10 0,050-0,075 %, npu3BoaMIIO 110 (hOPMYBAHHS TOHKHX MEX
3epeH 3 HasIBHICTIO JAPiIOHMX NPUMEKOBHX KapOiiB po3MipoM,
II0 IEPEBAKHO HE MEePEBUIIYyBaB 2 MM (puc. 20, 6).

Hapsny i3 kapGinamu cdepuyanoi mopdororii B cTpyk-
Typil BCIX JOCJIAHMX BapiaHTiB BHSBJIEHI IJIOOYJSpHI Kap-
0im, B MICIX PO3TAITyBaHHS KOTPHX CIIOCTEPIraloThCs
30HH, 10 30araveHi Ha iTpii, MOJIIOIEH Ta THTaH, Ta 301THeH]
Ha xpoM (puc. 3). AHani3 giarpamu ctaHy Y-C, CBITYUTSE PO
Te, Mo (HOopMyBaHHS IIMX KapOiiB BiIOYBAETHCS B YMOBAX
BHCOKHX TeMIIepaTyp, OJMM3BKUX J0 TeMIEpaTypH JiKBi-
Iyc, 3a0e3Mmedyoun iM THM CaMHUM TII00YISIpHY MOPGOJI0-
rifo. Pe3ynpTaTi peHTreHO-CIeKTPalbHOTO aHajli3y MoKa-
3aJIM 110, B MICISX PO3TAlIyBaHHS ITPIEBMICHUX KapOiliB
TaKOXX BUABJSIFOTBCS 1 KapOify TUTaHY i MOJIIOACHY, IO
JIO3BOJISIE 3pOOUTH NPUITYLICHHS, 1110 BUCOKOTEMIIEpaTy-
pHi kapOigu Y C MOXYTh BUCTYIIATH MiAJI0KKOIO JJIS 32pO-
JOKCHHS Ha HUX KapOifiB HU3BKOTEMIIEPATYpPHUX MOAUQI-
Kani Tamry MC.

a » 6
PucyHok 2. MikpocTpyKTypa 3pa3KiB i3 KOMIUIEKCHO MO (Di-
koBaHoro cruiaBy JKC3 JIK-BI nociigaux BapiaHTiB:
a—0,025 % Ti (C, N); 6-0,050 % Ti (C, N);
6-0,075%Ti (C, N)

PucyHok 3. Pe3ybTaTi peHTI€HOCICKTPAIBHOTO MiKpOaHaITi3y
Y THIIOBUX MICIISIX PO3TaIlyBaHHs KapOinHuX (a3

Crip 3a3Ha4MTH, IO B 3aTaIFHOMY II0JIi 30py 00’ €M-
HUI BMICT TakuX KapOimiB OyB 3HAYHO MEHIINM Yy TOpiB-
HsIHHI 13 wacTkamu chepuanoi mopdoorii. Crocrepira-
€ThCS TeHJICHIIIS 10 3MEHIIICHHS CePeIHBOT0 PO3Mipy Kap-
0igHOT # KapOOHITPUIHOI CKIIAOBOI B CIUIAaBi MPHU 301J1b-
LIEHHI 00’€My KapOOHITPHIIB THUTaHY, KOTPi BBOJSTHCS B
posmiaB mpu MomudikyBanHi (tads. 3). Ilpm mpomy
00’eMHa yacTka 1IMX cKi1anoBux (k) 301bIryeThes.

CraHzapTHi iApaxyHKH KiTbKICHUX 1 pO3MIpHHUX I10-
Ka3HUKIB IHTEpMeTalliiHOl ¥ - a3y He MOKa3allu CyTTEBOT
X 3MIHM IpH BBEJECHHI Y PO3ILIaB JOCIIHOTO KOMILIEKCY
Mo udikaTopiB. YCi MOKa3HUKH CIIIBCTaBHI MiXk cO00I0 Ta
3HaXOJATHCS Ha OJJHOMY piBHI (Tadi. 3). Cnocrepiraerbes
JesiKe 3HM)KEHHS CepeHbOTO po3mipy
v’- da3u npu BBeaeHHi y posmias 0,075 % Ti (C, N).

MexaHiYHUMH BHIPOOYBaHHAMH BCTAHOBHWIH, LIO
yCi TocTiaHI BapiaHTH KOMIUIEKCHOTO MOIU(IKyBaHHS 3a-
0e31euyroTh piBeHh MEXaHIYHUX BIACTUBOCTEH, 110 BiAIIO-
BiJa€ BUMOTaM HOPMATHBHO-TEXHIYHOI JOKyMEHTAIIi
(tab. 4). IIpu 1bOMy BIUIMB Ha IUIACTUYHICTH MaTepiaiy
OB SICKPABO BUPOJPKEHHMH, OCKUIBKM OTPUMaHi 3Ha-
YEHHsI BIZIHOCHOTO BHJIOBXKEHHSI IIEPEBHUILYIOTH BUMOTH 0i-
JIBIIIE HXK Y ZBa pasu. [Togi0Ha TeHICHIIIS CIIOCTEPIraeThCst
y BUNPOOYBAaHHIX Ha yJapHY B’SI3KICTh, 3HAUEHHSI KOTPOi
nepepuirysanud 50 Jx/cm?. Binbini HOKa3sHUKA yIapHOI
B’SI3KOCTI OTpUMAITH Tipu BBeaeHH] y posmias 0,050 % Ti
(C, N). B poMy BUIIaKy B 371aMax yIapHUX 3pasKiB CIIO-
cTepirany B’I3K0-KPpUXKHUHA XapakTep pyHHyBaHHS i3 HasB-
HICTIO B’SI3KOi CKJIAZOBOi Y 30HAX PO3TAITyBaHHS OCHOB-
HOTO Y- TBEPAOTO PO3YHMHY Ta KPHXKHX AUITHOK CKOIY Y
MICISIX 3aJITaHHs KapOinHoi i KapOOHITPUIHOT CKIIaZOBOL
(puc. 4). Cnin 3a3HauuTH, IO 3J1aMHU YCiX BapiaHTiB Xapa-
KTEpU3yBAJINCS BHYTPILIHHO3EPEHHUM PYHHYBaHHSIM 1 B
3arajibHOMY TIOJIi 30pY 37aMy YacTKa KPUXKOI CKJIaJI0BOL
301IbIyBasacs mpu 30UIbIIEHH] 00’ €MHOT YacTku Kap0o-
HITPHUy TUTaHy, IO BBOAMBCS y po3IuiaB. MeranypriiHi
IeeKTH B 371aMax YAapHHUX 3pa3KiB BiICYTHI.

Tabauus 3 — [TapaMeTpu CTpYKTYPHHUX CKJIaJIOBUX B
3pa3kax, BIIIUTHX 13 KOMIUIEKCHO MOIu(]iKOBaHOTO
cruaBy XKC3IK-BI

MC+M(C,N) y’-daza
Bapiant | x10 | dvesmen, | | x10° dy, MKM
K MKM r ’

0,025 %

TI(CN) 498 3,16 784 0,253
0,050 %

Ti(C.N) 504 2,02 754 0,243
0,075 %

Ti(C.N) 530 1,50 772 0,234

Yac 10 BUCOKOTEMIIEpaTypHOT'O pyHHYBaHHS 1OCHTi/I-
HUX MOJU(IKOBAHUX 3pa3KiB TAKOXK BIJIOBIIAaB 3alaHIM
BUMOI'aM HOPMaTHUBHOI JOKYMEHTalii Ta CyTTEBO IX Hepe-
BUIIyBaB. 30KpeMa, MOXXHA BIAMITHTH NPUOJIN3HO OJHA-
KOBI 3HAQ4EHHS 1[OT'0 MOKa3HUKa B 3pa3Kax OTPUMAaHUX 3
0,025 % Ti(C, N) ta 0,075 % Ti(C, N) (~ 300 rox). Cripu-
SITIIABA MOPQOJIOTisI TOMEKOBUX KapOimiB Ta piBHOMIpHUI
PpO3MOAiN KapOOHITPHIHOI CKIIAOBOI 3a 00’€MOM MaTepi-
aiy, BipoTiTHO, HapsIy i3 TpaAULiTHIM 3MIITHCHHSIM iHTe-
pMeTarinHoo y'- $a30r, IPUTAMAHHOMY CIUIaBaM IIHOTO
KJacy, CIyT'yBaJld OJHUM 13 YMHHHUKIB, KOTPUN CIIPHSB
OTpUMaHHIO BUCOKHX 3HaU€Hb Yacy a0 pyriHyBaHHs (> 500
roJ1) pY KOMIUIEKCHOMY MOU(iKyBaHHI pO3ILIaBY iTpieM
ta 0,050 % Ti (C, N).

Tadanus 4 — CepeiHi MOKa3HUKU MEXaHIYHUX BJIACTHBOCTEH Ta yacy 10 BUCOKOTEMIIEpaTypHOTo pyHHYBaHHS 3pa-
3KiB ZI0CIiIHUX BapiaHnTiB MogudikyBanns micis [T Ta Tepmivnoi 06poOku
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Mexaniuni BractuBocti npu T=20°C Yac 10 pyiiHy-
Dapiant o5, MIla co2, MIla 5, % v, % I[I;C/gv}z ( dl,_|1\|/13M) 1:85%22?:;);[.
0,025 % Ti (C, N) 1175 853 176 | 204 | 505 (33,43%» 283
0,050 % Ti (C, N) 1162 867 18,8 24,5 67,5 (gé](')) 505
0,075 % Ti (C, N) 1139 852 18,0 22,0 53,5 (3:,3’43]6) 310,5
Hopmu HT/] >930 - >7,0 - >29,0 - >50,0

Pucynok 4. ®pakrorpadiune 300pakeHHs 31aMy yJapHUX 3pa3KiB, XapaKTepHe ULt JOCIIJHAX BapiaHTiB KOMIIEKCHOTO
MozudikyBanus: a— x100; 6 — x1500

OCKIIbKH CYTTEBOTO BIUIMBY PO3IIITHYTOTO KOMILIEKCY
MouGiKyBaHHS Ha KUTBKICHI 1 pO3MipHI IOKa3HUKH iHTe-
pmeTaminHoi y'- Ga3u He BHABICHO, a TOKa3HUKHA MeXaHi-
YHHUX BIACTHBOCTEH MpH KIMHATHIH ¥ ImiqBUIIEHiH TeMmIe-
paTypax 3a0e3medeHO Ha PiBHI, IO CYTTEBO IIEPEBHUIILYE
BHMOTH HOPMAaTHBHOI TOKYMEHTAIlii Ha MaTepial, TO OTpH-
MaHi pe3yNbTaTH MiATBEPIKYIOTh TE3H PO 3AATHICTH Ka-
pOimHUX (Pa3 YUHUTH MO3UTHBHUN BIUTUB HA 3arajbHe 3Mi-
IHCHHS JKapOMIIIHOTO CIIaBy W 3a0e3MeueHHs] BUCOKOTO
PIBHS IUIACTHYHOCTI, yAapHOi B’SI3KOCTI ¥ >KapOMII[HOCTI
CIUIaBYy.

BucHoBku

[IpoBexneHi qociHKEHHS 10 KOMIUIEKCHOMY MO ]i-
kyBaHHiO craBy JKC3IK-BI omHOYacHO iTpieM Ta yibT-
pamucriepCHUME YacTUHKaMu kapooHitpuay turany Ti (C,
N) nepeminnoro Bmicty (Bin 0,025 % mo 0,075 %) mpu 3a-
JUBaHHI PO3IUIAaBY Y KepaMiuHy (GopMy, meprmmid pododnit
map sKol BUKOHAHO 13 3aCTOCYBaHHSAM alllOMiHATy KoOa-
16Ty CoAl2O4, 103BOJIMIIN BCTAHOBUTHU PE3yJIbTaTH, KOTPi
CBiIYaTh NPO 3HAYHE MOJPIOHEHHS MaKpO3epHa y JOCIi-
HUX BIJIMBKaX 3a PaxyHOK IHTEHCHBHOIO TEIUIOBiBeE-
JIEHHS] i BUCOKOI IIBUKOCTI KpHcTalli3auii npu BBEICHHI
y PO3IIaB YaCTOK TYTOTOIIKUX CIOJYK. OTpUMaHHs HOp-
MaJIbHO TepMOOOPOOIEHOI CTPYKTYPHU JOCTITHUX 3pa3KiB
peanizoBaHO depe3 BIANOBIOHICTE XIMIYHOTO CKIamy
CIUIaBY, TEPMIi4HOI OOpOOKH, a TapsSuuM i30CTaTHIHIM
MIPECYBaHHSAM Maike MOBHICTIO YCYHYTO BHYTPILITHIO Mi-
KPOIIOPHUCTICTh. B cTPpyKTypi AOCHITHOTO CIUIAaBY yCiX Ba-
piaHTIB cHocTepiraoTscs KapOinu i kapOOHITpHUIN TIepe-
BakHO chepruHoi MOp(oJIOTii, a TAKOXK JUCKPETHO PO3Ta-
1IoBaHi, r1o0ysipHi kapoigu YC, KOTpi CIIyryloTh MiJyI0-

JKKaM¥ 7151 JOPMYBaHHS HU3BKOTEMIIEPATYPHUX MOIUQI-
kanii kap6inie MC. MoaudikyBaHHs pO3IUIaBy JOCIi-
HUMHU KOMILIEKCaMH HE CYTTEBO BIUIMBAJIO HA KUIBKICHI 1
PO3MIpHI MOKa3HUKH 3MIIHIOBAJBHOI IHTEpMeTaNiaAHOT Y’ -
¢a3u. MexaHiuHI BIACTHUBOCTI Marepialy KOMILUIEKCHO-
MOM(IKOBAHUX 3Pa3KiB BiAMOBIIAIOTH BUMOTaM, IO BH-
CYBaIOThCSl HOPMATUBHOIO JIOKYMEHTAIIIEI0 JI0 BiAMOBIga-
JHHOTO YKapOMIIHOTO JTUTBA. B MaTepiai, miciist BBeIeHHS
y MomudixkoBanuii irpiem posmias 0,050 % ymbTpaamc-
NepcHUX YacTok KapOonitpuay turany Ti(C,N), 3abe3mne-
4eHO BUCOKi piBHi yaapHoi B’s3kocTi (~ 70 Ix/cM?) Ta
Yacy 70 BECOKOTEMITepaTypHOro pyiHyBanss (> 500 rox).
JIst mATBepIKEHHS TOCTATHOCTI OTPUMAHOTO PiBHS Me-
XaHIYHUX BJIACTHUBOCTEH CITiji MPOBECTH TEXHOJIOTIYHI BH-
MpoOyBaHHS HATYPHHX JIOMATOK y CKJIaJli ra30TypOiHHOTO
JIBUT'YHA 3T1JIHO BUMOT aBiallifHUX MPaBHII.
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Purpose. Due to the complex modification of nickel-based superalloy with modifiers of different mechanisms of
action, it is possible to increase the characteristics of plasticity and impact strength to a level that will allow to localize
the possible destruction of large-sized blades of a low-pressure turbine of an aircraft engine during operation cycle.

Research methods. Microstructure analysis and phase content investigation was carried out with optical and scan-
ning electronic metallography on optical and electronic microscope respectively.

Results. A study was conducted on the complex modification of the 2KC3K-BI alloy with yttrium and particles of
ultradispersed titanium carbonitrides Ti(C,N) with variable content (from 0.025 % to 0.075 %), when pouring the melt
into a ceramic mould, the first working layer of which was made with cobalt aluminate CoAl,O4 addition. In the structure
of samples of experimental variants, along with carbides of spherical morphology, globular carbides were found, in the
locations of which, zones enriched in yttrium, molybdenum, and titanium, and depleted in chromium, were observed. The
results allow to make an assumption that, probably, high-temperature primary carbides of the YC-type serve as substrates
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for the formation of low-temperature modifications of MC carbides. In the material, after addition 0.050% ultrafine par-
ticles of titanium carbonitrides Ti(C,N) into the yttrium-modified melt, high levels of impact toughness (~70 J/cm?) and

rupture life (> 500 h) are provided.

Scientific novelty. New data were obtained regarding the phase state of the JKC3/IK-BI alloy after complex modifi-
cation according to the scheme (Ti(C,N)+ Y+ CoAl;O4). The fine structure of a nickel-based superalloy, which is tradi-
tionally used for large-sized turbine blades production of a gas turbine engine for aviation purposes, has been studied.

Practical value. The obtained results expand the possibilities of using heat-resistant 2JKC31K-BI alloy for responsi-

ble castings production.

Key words: superalloy, microstructure, modification, titanium carbonitride, yttrium, cobalt aluminate, heat

treatment.
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OCOBJIMBOCTI EJTEKTPOKOHTAKTHOI'O 3BAPIOBAHHSI
CIEHIAJIBHUX CTAJIEA PI3HOI TOBIIUHU

Mema pooomu. Oyinka MoxicaIusocmenl e1eKmpoOKOHMAKMHO20 36API0EANHHS TUCMOBUX KOPO3IUHOCIUKUX cmaell
Pi3H020 (pa306020 CKNAOY Ma MOSUJUHLL.

Memoodu 0ocnidxcennn. 3 memoro 8UHAUEHHA 0COOAUBOCMEN eNeKMPOKOHMAKMHO20 38APIOSANHHS TUCTOBUX KO-
PO3IUHOCMIUKUX CMAell PI3HUX CIPYKIMYPHUX KLACIE8 NPO8EeOeHO NOPISHSIbHULL AHAJI3 PENCUMIE MOYKO8020 ma poJiu-
K0B020 36aPIOBAHHS AHANI308AHUX CMANEl 3 YPAXYBAHHAM IXHbOI MOSWUHU MA KOMOIHAYIT MApOK y 38apHOMY
3’€OHaHHI, a MAKOIIC HASLBHOZ0 36API06ATLHO20 001a0HAHHA. TOMY 6 YuXx 0OCHIONCEHHAX 3ACMOCY8ANU eKCnepUMEHma-
JbHI cnocobu 000IpoK napamempis pexicumis 36apio8anHs, OCHOGHUMU 3 AKUX 0y6 36apioganvhuil cmpym Tz, 3ycunis
cmucHenHsl elekmpooie Fi, | mpueanicme imnynvcy 36aproanbHo20 CMpyMY T Busnauenns miynocmi 3eaproeanvrux
WBI8 BUHAYAIU CIAHOAPMHUMU MEMOOAMU.

Ompumani pezynomamu. OOIpyHMOBAHO BUDID PENCUMIB 36APIOGAHHS. KOPO3IUHOCMIUKUX Cmaell pizHo2o hazo-
6020 CKNAOY 3 YPAXYBAHHAM IXHbOI MOBWUHY MA KOMOTHAYIT MapoK. Jlocniddceni cmani Mapmencumopepummnozo Kuacy
06X184, 08X184 ma ghepumnoeo knacy 03X18Thul'P, 05X18T®u, 08X18T1 npuoamui 0o erexmpoKoHmaxmnozo 36a-
prosanis be3 oomedicet.

Haykoea noseusna. Bcmanoeneni pedcumu enekmpoKOHmMAaKmMHO20 36apPHOGAHH MA MOSWJUHU TUCTOBUX KOPO3ili-
HOCMIUKUX cmaneil pisHo20 (hazo8020 CKAAOy HA CMPYKIMYPY MAa MEXAHIYHI 81ACTMUBOCII 36APHUX UIBI8 OOHOPIOHUX |
PI3HOPIOHUX MAPOK cmaJietl.

Ilpaxmuuna yinnicme. Ilokazano, wo cmpykmypa i MEXAHIYHI GIACMUBOCMI 36APHUX UGI6 1K OOHOPIOHUX, MAK I
PIBHOPIOHUX XIMIYHUX CKAAOI6 CheyianbHux cmaell 8iOnoeioaoms GUMO2aAM iXHbO2O 3ACMOCYBANHS 018 Pi3HO20 (PYHK-
YIOHAILHO20 NPUSHAYEHHSL.

Knwuogi cnosa: 3sapmi 3’ cOHanns, epumna cmpykmypa, mapmecumogepumna cmpykmypd, mexHono2iuni ma
MEXAHIYHI 61ACMUBOCMI, KOPOIIUHOCMIUKI CIAI.
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Beryn

Jnis mommpeHoro 3acTocyBaHHs BUKOHAHI HOPIBHS-
JIbHI TOCIIJKEHHS 3BapIOBAHOCTI METO/IAaMH €JIEKTPOKOH-
TAKTHOTO 3BapIOBaHHS CIELiabHUX cTaneld. Jociimken-
HS 3BaproBaHocTi JmcroBux craied  08X18HI10T,
08X18T1, 06X18u4, 0912 i 05X18Tdu eneKTPOKOHTAKT-
HUM 3BapiOBaHHSAM MPOBOJIWIIM Y 3B’S3KY 3 IependadyBa-
HUM {XHIM 3aCTOCYBaHHSM JUIS BUTOTOBIICHHS 3aXHCHOTO
KOXKyXa IUCTEPH, KOPITyCiB aBTOMOOLTIB, IJIaHEpiB JiTa-
JLHUX arapartiB, JeTalled PeakTOpiB MarHi€TepMidHOTO
BiZJHOBIICHHS TUTaHY TOIIO [1-4].

Crans 06X18u po3pobnena Ta npu3HavyeHa ISl BH-
pOOHUIITBa AeTallel, SIKi BUTOTOBJISIIOTH METOJIOM TIINO0-
KOi BUTATYBaHHS 3 NMOAAJBLIMM HOipyBaHHSIM. st mim-
puoro ii BUKOPHCTaHHS, HallpUKIaz, 000Iu Koieca, Be-
nocunena «lkonsp», NpoBeAEHO OLIHKY il 3BapIOBaHOCTI
€JIEKTPOKOHTAKTHUMH METOJaMHU.

AHauti3 1ocaigxKeHb Ta myoaikauii

CyuacHuii po3BHTOK PO3pOOKH Ta 3aCTOCYBAaHHS HO-
BHX KOPO3IHHOCTIHKMX cTaniell pi3HOTO (pa30BOTO CKIamy
1 QyHKIIOHAFHOTO MPHU3HAYCHHSA B YKpaiHi Ta 3a KOpIIo-
HOM BHCYBAIOTh HAaWBHWINI BUMOTH IO IXHIX MEXaHIIHUX
Ta TEXHOJOTIYHUX BIACTHBOCTEH. OCHOBOIO TEXHOJOTiU-
HOi BJIACTUBOCTI ISl BUTOTOBJICHHSI CKJIAJHHUX BHUPOOIB
(xopryciB aBTOMOOLTIB, IUIAHEPIB JITATBHUX Aamaparis,
JIeTajeil peakTopiB MAarHi€eTepPMIYHOTO BiTHOBJCHHS TH-
TaHy TOII0) € 3BapIOBaHicTh [5-7].

3aJeXKHO BiJl CTYIEHs JIETYBaHHS Ta YMOB BHKOPHC-
TaHHSI CKOHOMHOJICTOBaHI KOPO3IHHOCTIHMKI cTayi momi-
JSIOTh Ha XPOMUCTI, XPOMOHIKEIIEBi, XpOMOMAapTaHIEBO-
HikeneBi Ta xpomomapraniesi [8-10]. eski i3 uux cra-
JIel € 0OMEXECHO 3BapIOBAHUMH 200 BaXKKO 3BapIOBAHHUMH,
o moTpedye 3aCTOCYBaHHS JOIATKOBOI'O BHKOPHCTAHHS
0o0JamHAHHSA Ta TEXHOJOTIYHHX CIIOCOOIB 3BapIOBAHHS.
[Tommpene 3acTocyBaHHS XPOMHCTHX cTaje B YkpaiHi
OB’ s13aHE HE TiJbKH 3 EKOHOMIUYHMMHM aCICKTaMH, a U i3
BiJICYTHICTIO 3allaciB HIiKeII0 Ta OOMEXEHHMH 3aracamu
xpomy, momibneny [11, 12].

YBara 3apyO0iXHHX JOCTITHUKIB CIIpSIMOBaHA Ha Po-
3po0Ili HOBHX EKOHOMHOJIETOBAHMX KOPO31HHOCTIHKMX
cTasieil 3 MiIBUINCHUMHU TEXHOJOTIYHHUMH BIIACTHUBOCTS-
MH, OCHOBHHMH 3 SIKHUX € 3BapIOBAHICTh INTAMITyBaHHS
(mnactuynicts) [7, 13].

Meta poboTu

Mertoro pobOTH € NOCHiIKeHHS Ta Po3poOKa pexu-
MIB €JIEKTPOKOHTAKTHOTO 3BapIOBaHHS Ta iXHBOTO BIUIMBY
Ha CTPYKTYPHHM CTaH i MEXaHIYHI BIACTHBOCTI 3BapHHX
IBiB. BaXkJIMBOIO XapaKTEPUCTUKOIO € TAKOX MMOKA3HUKU
MEXaHIYHUX BIACTHBOCTEH 3BapHUX 3 €JIHAHDb TPU TEM-
nepatypax Bim 20 °C go -60 °C. PozpobieHi pexumu
€JIEKTPOKOHTAKTHOTO 3BapIOBAHHS JO3BOJIMIM OTPUMATH
HEOOXiTHUH CTPYKTYPHHUIl cTaH JBO(a3sHUX MapTEeHCHUTO-
(epuUTHHUX cTaneil Ta 3aJ0BUIbHI MOKa3HUKH MEXaHIYHHX
BJIACTHBOCTEH, SIK B OJHODIJHUX, TaK 1 B PI3HOPIAHUX
CTaJAX 32 (ha30BUM CKIIaZIOM.

Martepian i MeToaNKa TOCTIKEHb

Jnst 1oCTiKeHHs! BIVIMBY PEXHMIB €JIeKTPOKOHTAK-
THOTO 3BapIOBAaHHS Ta MEXaHIYHHX BIACTHBOCTEH 3Bap-
HUX 3’€THaHb BHOWpPAJM HACTYIHI CTaji pi3HOTO (a30Bo-
ro cknany (tabm. 1).

JIns BU3HAYEHHS BIUTUBY PEKUMIB SJICKTPOKOHTAKT-
HOTO 3BapIOBaHHS Ha SKICTh 3BapHUX ILIBIB 3aCTOCOBYBa-
nu MamuHu tany MT-2510. TIpu ponmkoBomy 3Bapro-
BaHHI BHCYBaJH BUMOTH JI0 PEXKUMIB MEPEBAKHO TaKi XK,
K 1 TIPH TOYKOBOMY.

Pe3yabTaTn nociigxeHb

Hageneni gani B Tabn. 1 mokasyroTs, Mo po3poOieHi
JUCTOBI CTalli MalOTh MPUOIH3HO OTHAKOBI i TOCHTH BHU-
COKI ITOKa3HHMKH IUIACTUYHOCTI B CTaHI ITIOCTaBKHU.

Tadoanus 1 — MexaHiuHiI BIACTHBOCTI JOCHTIIKyBa-
HHUX MapoK CTasei

MexaHiuHi BIACTUBOCTI
Ne . ToBmwpHa
/n Mapia crazi JIUCTa, MM Teepuicth
B ’ on, MITa| &% | P
B
1 08X 18y 0,8;1,0;20 | >550 | >35 72-81
2 06X18y 0,8;1,0;20 | >550 | >35 68-78
3 | 03X18Tbul'P 1,0;15 >550 | >35 -
4 | 05X18Tdu 0,8;1,0 >530 | >40 74-77
5| 08X18T1 0,8;1.0; 2,0 550 >30 -

XonogHOKaTaHUK TPOKAT OTPUMYIOTH 3TigHO 3 TY
14-944-74 nns crami 08X18T1 i TY 14-1-3440-90 abo
T'OCT 27702-88 mns cranert 06X184 1 08X184, me posr-
JTHyTa TEXHOJOTiA IXHBOTO METANypriifHOTO mepermity.
Po3mip 3epHa QepuTy 3HAYHOIO MIPOIO 3aJICKHUTH Bij
moriepeHpoi mmacTuyHoi nedopmamii. Skmo y mawmcTi,
ToBmMHOIWO 1.0 MM - 8, 9 Oan 3epHaicCHye IpU CTYHNEHi
nedopmanii 1o €=70%, To y nucti ToBUMHOKO 2,0 MM,
BEJIMYMHA 3epHAa CTaHOBUTH S5, 6 6anm mpu £=50%. Ile
MO3HAYa€ThCsl Ha BIJIHOCHOMY IOJOBXEHHI SIK OCHOBHOTO
MeTajy, TaK i 3BapHUX 3’€JJHaHb, BUKOHAHUX POJIMKOBHM
3BapIOBaHHSM.

PexxuM TOYKOBOTO 3BapIOBaHHsS aHATI30BaHUX CTa-
Je BHOMpaBCS 3 ypaxXyBaHHSIM TOBIIMHM 1 KOMOiHAIil
MapoK CTajledl y 3BapHOMY 3’ €IHaHHI, a TAKOXX HasBHOTO
3BapIOBAILHOTO OOMagHaHHA. Y miteparypi [14, 15] Bin-
CYTHI IIE€BHI TapaMeTPH TOYKOBOTO Ta POJIMKOBOTO 3BAPIO-
BaHHS Ui KJacy CTaliei, sSiki peKOMEHIyIoThCs. ToMy B
LUX JIOCIIJDKEHHSX 3aCTOCOBYBAJIM EKCIEPUMEHTabHI
cnocobu 1o0IpOK mapaMeTpiB peKUMY 3BaplOBaHHS, OC-
HOBHUMH 3 SIKUX € 3BapIOBAIBHUN CTPYM 13, 3yCHILILA
CTHCHEHHS eJIEKTPOiB F; 1 TpHBaIiCTh IMITYJIBCY 3BaprO-
BAJILHOTO CTPYMY Tss.

Kpim 3a3HaueHHX napaMmeTpiB, TEIUIOBUIUICHHS MPH
3BapIOBaHHI BH3HAYAETHCS BEIMYMHOI KOHTAKTHOTO
onopy Ry, sikuii 6araTo B 9OMy 3aJIKUTH BiJl CTaHy TIOBE-
PXHI MaTepiay, 0 3BapIOETHCS.
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[TiaroroBka NOBepXHi 3BapIOBaHUX 3pa3KiB MoJsraia
B iXHii 3a4MCTIi Ha aOpasMBHHUX KOJIAX 3 IMOJAJIBIINM
npomuBaHHAM Yy Boai Juisi ctam 091'2. KoposiiHoCTilKi
crami 06X184, 03X18Tbul'P, 05X18Tduy, 08X18TI1 i
12X18H10T y 3B’s3Ky 3 HE3HAUHHM EJEKTPOOIOPOM
OKHMCHOI IaCHBOBAaHOI ILTIBKM MarOTh KOHTaKTHHH OHip
ONMU3BKHH JI0 3a4MIIECHNX 3Pa3KiB BiJ 3a0pyIHEHb.

HaiiGinpmnii BIUIMB Ha PEXUM 3BapIOBAHHS MArOTh
€JICKTPOTPOBITHICTh, TEIJIONMPOBIIHICTL 1 YKAPOMIITHICTb,
SIKI BU3HAYAIOTh 37[aTHICTH METay N0 IUIACTUYHOI Jedo-
pMariii B HarpiToMy CTaHi i Ji€l0 3yCHIIS CTHCHEHHS
CJICKTPOIB.

VY rtabnuui 2 HaBeleHI OTPUMaHI EKCIIEPUMEHTAIIb-
HUM HUsixoM Ha MawmuHi MT 2510 pexumu TOYKOBOTO
3BapIOBaHHS CTaJIEH, 110 PO3IVIAIAIOTHCA.

3BapIoBaHHs 3pa3KiB PiBHOI TOBIIMHHM KOPO3iHHOT-
PHMBKHMX MapoK cTajed Mmpoxomusio 0e3 Oyab-siKuX BHUIU-
MUX ycknaaHeHb. OmHaK, TPH 3BaproOBaHHI Pi3HOPITHHUX
MaTepialiB K OJHAKOBOI, TaK 1 0COOJUBO Pi3HOI TOBIIH-
HU, BUHUKAJIM JIeski TpynHotri. e moB’si3aHO 3 THM, IO
TIpH 3BapIOBaHHI METaJIiB Pi3HOT TOBITUHU PEKOMEHY€ETh-
cs1 BUKOPHCTOBYBAaTH iHIIWI THI MaIllMHU, SKi MIPHCTOCO-
BaHI I Ii€i MeTH Ta OONagHaHi PAAOM CHeIiaTbHUX
NIPUCTPOIB, HANPUKIAA, KOMIUIEKTYIOThCS CHHXPOHHUMH
nepepuHukamu [IIIII, mo pomyckaroTe OTpUMaHHS iM-
nynbciB THIY 7;,<0.01 XxB Ta iHmmmu npuctposmu. Of-
HaK 1 Ha HAasSBHOMY YCTaTKyBaHHI BJQJIOCS JOCSITH 3aJ10-
BUIBHUX pE3YJbTaTiB 3a PaxyHOK 3acTOCYBaHHS 3 OOKy
Oi7IpII TOBCTOTO 3pa3Ka eJEKTPOIiB (POJIHKIB) 3 IIOCKOIO
(UMNIHAPUYHOI0) POOOUYOIO MOBEPXHEIO VIS 3al00iraHHs
YTBOPEHHIO BM’ATHH a0o0 TieperpiBy Ha IOBEPXHi
3’e¢qHaHHsg. 3 OOKYy TOHKOTO 3pa3ka Kpaili pe3yiabTaTh
BHUXOJMJIU TPU 3aCTOCYBaHHI €JEKTPOMIB Ta POJIMKIB 3i
c(heprIHOIO MOBEPXHEIO, TaK K EJIEKTPOTH 3 IIIOCKOIO
MTOBEPXHEIO JTaBalii IITMOOKI BM TUHU Ha TIOBEPXHI 3pa3-
kiB. Pamiyc chepu enexrpoxiB cranoBuB 35...40 MM, a
ponukiB 40...45 MM NpH TOBIIMHI TOHKOTO Jiucta 10 MMm.
Oco0nMBO BENUKI YCKJIQJHEHHS BHHUKAJIM NPU 3Bapro-
BaHHI  pI3HOPIZHMX  MeETaJiB  pi3HOI  TOBIUWHHU
(08X18T1+0912), mo mMOB’s3aHO 3 BIAMIHHICTIO IXHBOTO
XIMIYHOTO CKJIaay Ta (pi3MYHUX BIACTHBOCTEH — EJIEKTPO-
MIPOBITHICTIO, TEMIIEPATYPOIO TUTABIICHHS, CXMIIBHICTIO J0
YTBOPEHHS KPUXKUX 3aTapTOBAHUX CTPYKTYP.

Came mpy 3BaproBaHHI XPOMHCTHX KOPO3iHHOCTIH-
KHX CTajJed 3 HHU3bKOJETOBAaHNMH Ta BHHHUKAIOTh HanOi-
JBIII YCKJIAJHEHHS. Y IbOMY BHUMAAKy JHTa 30HA OiNb-
IIOF0 MipOFO 3aXOILTIOE 3pa30K 3 MEHIIOK TEIUIOCIEKTPO-
NPOBIHICTIO, TOOTO B nanoMy Bunanaky (08X18T1+0912)
nporutaBienHs crani 08X18T1 6inbure, Hix crami 09172,

[Ipu ToukOBOMY 3BaprOBaHHI 3pa3KiB HEpiBHOI TOB-
muHU 3 60Ky ToHKOrO 3paska (08X18T1) BcTaHOBIIOBANIH
€JIEKTPOA 3 JICIIO MEHILIOI POOOYOI0 MOBEPXHEI0, HIXK Y
pasi 3BaploBaHHS TaKHX e 3pa3KiB piBHOI TOBIIUHHU. Tak
npu 3BaproBadHi craneidr 05X18dTq, 08X18T1 mpu TOB-
IMHI 3pa3kiB, BiamoBigHo, 1.0 MM i 0.8 MM BHKOPHCTORY-
Ball eNeKTpoau 3 pamiycoM chepu R.,=75 mm. 3Bapro-
BaHHs 3paskiB crameit 08X18T1 (1.0 mm) Tta 0912
(2.0 Mmm) BukoHyBamu enekrpoxamu 3 R.,=50 MM 3 GOKy
crami 08X18T1 Tta 100..120 MM 3 6oky crami 0912

(2.0 mm). Ilpu poaHMKOBOMY 3BaprOBaHHI BHMOTH JO pe-
KHMIB IIEPEBa’KHO TaKi XK, SIK 1 IPH TOUKOBOMY.

Tabauust 2 — Pe:xxuMu TOYKOBOTO 3BapIOBaHHS JOC-
JIDKYBaHUX MapoOK cTajiei

3ycumns Tpusa- Tlia- .

3BapioBa-| JICTh Omip

TOBIlIPIHa CTHUCHCH- o . MCTp .

MapKa cram 3pa3ka, |Hs CJICK- JIBHIH fipoTt- CIICKT- 3BapHol

. lcTpyM, ly,| KaHHS TOYKH Ha

MM TPOIE, KA CTpYyMY, poxa, 3pi3, H

F. H . MM ?

12X18H10T

+ 242 8000 11.6 0.3 10 18000
08X18T1
08X18T1

+ 242 8000 11.6 0.3 10 16390
08X18T1
08X18T1

+ 242 9000 12.8 0.24 10 15000

0912

08X18T1

+ 1+2 8000 9.2 0.22 10 7500

0912

08X18T1

+ 1+1 7000 6.5 0.18 10 6300
08X18T1
05X180Ty

+ 0.8+0.8 [ 6000 6.8 0.18 7 3150
05X180Ty
05X180Ty

+ 1+1 7000 6.5 0.18 10 6800
05X180Ty
03X18Tbu

+ 0.8+0.8 [ 6000 5.8 0.18 75 4600
03X18Tbu

VY 3B’s13Ky 3 pe3epBOM METajy B 30Hi 3BApIOBAHHS JI0
OUIBIIOl TeMIepaTypH, Hi’K NP TOYKOBOMY 3BaproBaHHI,
NPU  POJIMKOBOMY 3BapiOBaHHI 3aCTOCOBYBAJIHCS JEIIO0
MEHII T 1 Fs. BHACTIIOK ITyHTYBaHHS CTPyMY B CYCiTHI
TOYKH TIpU POJUKOBOMY 3BaproBaHHi |, BUHIIOB Ha
30...50% Buie, HiX npu ToukoBoMy. OTpuUMaHi onTuma-
JIbHI €KCIIEPUMEHTAIIbHI PEXUMH POJIMKOBOTO 3BapIOBaH-
Hs (Tabm. 3).

JlocmiKeHHS CTPYKTYPH 3BapHUX 3’ €IHAHb TOKa3a-
JI0, 110 PEKOMEHO0BaHI PEeXXMMH 3BapIOBaHHs 3a0e3medy-
I0Th SIKICHE TPOILIABICHHS 3BapIOBAHUX 3Pa3KiB, CHMET-
pUYHE PO3TAllyBaHHS JUTOI 30HH Y Pa3i OJHAKOBOI TOB-
IIMHY JHUCTIB 1 mmmOine ii 3aisiraHHs y 3pa3Ky Oiipmiol
TOBIUHHM MIPH 3BAPIOBAHHI CTAJICBUX PI3HOTOBIIUH.

3BapHi 3’emHaHHsA  3paskiB  crajerr 08X18TI,
03X18Tbhu 1 05X18PTu onHaKOBOI TOBIMHU TAaKOX Ma-
I0Th 3aJ0BUTbHY MIKpOCTPYKTYpY (pHc. la, 6, ¢). Haliapi-
Ouire 3epHO B sapi Mae craip 05X 180Ty (puc. 16).

Po3Mmip 3epHa y 30Hi TEpMIYHOTO BILTUBY 30€piraeTh-
cs Maibke He3MiHHMM. Jlo Hei mpuMmuKae 30Ha s1pa, a B
LEHTpPl 3HAXOAATHCS IOPIBHSHO JApiOHI PIBHOOCHI JEHI-
puTH. Y HaBKOJIOIIOBHIM 30HI A€IIO 301IbLICHUH pO3MIp
3epHa Ta ciiau MapTeHcuTy (puc. le, 0). [Ipu 30inbmeHHI
TOBIUHI 3BapIOBaHMX 3paskiB 10 2.0 MM oOCi ACHAPUTIB
OinplI TpyOi 1 JIETKOIIABIICH], IO MMOB’sA3aHO 3 OLIBLIOI0
MAacCOI0 PO3IUIABY 1 Y 3B’S3Ky 3 [IMM MCHIIIOK IHTCHCUBHI-
CTIO OXOJIOIKEHHSI.
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Tadmumst 3 — OnTumainbHI PEXUMH  POJMKOBOTO
3BapIOBaHHS JIOCHIPKYBAaHMX MapoK KOpO3iiHOCTIHKMX
cranei

é : =) § =
AENE E £ | & E
£ |SEE | BEalg = 3
21285 28|12 |z.1/8
Sl2o2 |5l |E=|z
No %:*-E:ig.@_aaqm,ggm
" Mapxacrani| & |8 5|5 % £ =5 7Y 8L |P X
i s |[SE[ES EE|Eq Eg|2c
g1238|2—=| 58 5|E 5|8
= < &2 E &8 22 |2
g |2 g 5= = 2
m = o m a, =
c|l& |8 = = = =
== 8 o 5 =
= |7 |F =
12X18HI0T
1 | oexisTl | 2*2| 8 [136] 0,14 [0,14| 7000 | 05
08X18T1 +
2 | “oexigTi |2*2| 8 [134] 0,14 |0,14] 7000 | 05
08X 18T +
3 | oexisTl | 11| 5 |105| 0,10 |0,16/ 4005 | 08
05X 18D Ta +
4 [oexi8ory | 1*1| 5 |105] 0,10 0,16] 4000 | 08
08X 18T1 +
5 | oorn | 2*2| 8 |112| 0,14 |0,16 6000 | 05
08X18TI + 55
6 | oora | 1*2|f_g|108] 0,10 [010( 4000 | 08
03X 18Thu +
7 | 0ax18TEe | 11| 55 [110| 0,10 |0,10| 3700 | 08
06X 184 +
8 | “pexige |1*1| 5 |10.8] 010 [010| 4000 | 08

Pucynoxk 1. MikpocTpykTypa 3BapHHUX 3’ €IHAHb XPOMUCTUX
Kopo3iiHocTilikux cTajiei, x 200:
a — cranb 08X18T1; 6 — crans 03X 18Thuy;
6 — ctasib 05X 18®DTy; 2 — crams 06X18y;
0 — HaBKOJIONIOBHA 30Ha cTami 06X 184

JocnimKeHHs. X0I0A0CTIHKOCTI NPOBOIMIIH HIJISIXOM
cepiiHMX BUNPOOYBaHb Ha yNapHHIA 3TMH 3pa3KiB 3 HAAPi-
30M, oTpuMaHux 3 Jjucta craned 0912, 05X18DTu Ta
08X18T1 ToBmmHOIO 2.0 MM IHpH TeMIeparypax Bix
20 °C no -60 °C. BunpoOoByBaH TakoX 3BapHi 3pasku. 3
OTPUMAHUX JaHUX BUJHO, 110 Ha ctayi 05X18DTy yuap-
Ha B’S3KiCTh Tpoxu BHile, HiX cram 08X18T1 i moHo-
TOHHO 3MEHIIYEThCS NPU 3HIDKCHHI TEMIIepaTypy BHIIPO-
oysanns Big 20 °C o -60 °C. Pi3koro nepexoay B KpHx-
KH{ cTaH He BUsBIEHO (pHc. 2). ToMy OCHOBHMIA MeTal i
Horo 3BapHi 3’€THAHHI MOXXYTb BUKOPHCTOBYBATHUCS 1 MIPH
HU3BKHMX Temrmeparypax po -60°C, Ttak sk ymapHa
B’s3KicTh TIpU oMy jocsrae 0.92 M]Tx/m2. MikpocTpy-
krypa 3BapHuX To4ok 08X18T1 Ta 0912 nemo meHIn
JIOCKOHasa. Y IEHTPi JINTOTO siApa HaBiTh HAa ONTHUMAJIb-
HHUX PEXUMax 3BapIOBaHHS € PUXJIOTH y BUIJISAI TEMHHX
3WUI3aromnoiOHUX JiHIH, SIKI NpW 3BaplOBaHHI craneil Ta-
KOT'O KJIacy € JOIyCTHMHM SBUILEM.

KCU.

M x

N
M’
3

.

1.1 A
/ o0 -1
/‘ -—e -2
-—a -3
0.9

7, °C
20

—60 —40 -20 0

PucyHok 2. 3anexHicTh ynapHOI B’SI3KOCTI BiJ] TEMIIEpaTypH
BUNIPOOYBaHb YIAPHUX 3pa3KiB JOCIIKYBAaHUX CTaJeit:

1-0912,2 - 08X18T1, 3 - 05X18DTu

3BapHe 3’ennaHus 3paski cram 06X184 piBHOI TO-
BIIMHM Ma€ TapHy OymoBy (puc. le). OmHak croBmyacTi
3epHa (epuTy B 30HI JHUTOTO sApa Oimbmm, HOX y cram
05X18®Tu. 3a MexkaMu CTOBITYACTHX 3E€PEH CIIOCTEpira-
JIM MapTeHCUTHY cKiagoBy 10 5 %. Lle moscHroe Ouibin
KPUXKHIl XapakTep pyHHYBaHHsS 3BapHOI TOYKH y cTaii
06X184 nopiBusHO 31 3paskamu crami 05X18DT1 mpum
BUIIPOOYBaHHSIX HA po3pHB (puc. 3).

3 oTpUMaHMX JaHUX BHUJIHO, 11O OTIp 3BApPHUX TOYOK
Ha 3pi3, SKUi POBEACHO Ha pO3pUBHUX 3pazkax 3a OCT
6996-66, € mocuth BuCOKMM. BomHowac y 3’€IHaHHSIX,
OTPUMaHMX Ha 3pa3Kax OiNBINOI TOBIIMHHU, y 3B 53Ky 3
BEJMKUM NPOCIUIABICHHIM OTip 3pi3y Oinbmie, HiK y
OBl TOHKHX 3pa3kax. He3Bakaroum Ha HAsSBHICTH JO
5 % KiIbKOCTI MapTEHCUTHOI CKJIQJ0BOI 3BAPHOI TOYKH,
omip Ha 3pi3 3aNMIIAETHCS OOCHTh BHCOKHM (IHB.
Tabn. 2).

Hageneni y Tabn. 3 peskMMHu pOJIMKOBOTO 3BapIOBaH-
HS PO3IIISTHYTHX cTasei 3a0e31euyoTh BUCOKY MILHICTb i
HalilHICTh 3BapHMX BUpPOOiIB. BcraHoBneHno, mo mpu
3aproBanHi ctami 08X18T1 3 0912 BinOyBaeTbcst 3arap-
TyBaHHS siipa 3BapHOTO 3’€JHAHHS, IO JEII0 3HHXKYE
Horo MIIHICTh. Y psAAl BUNAAKIB (TPH BHUTOTOBIICHHI
Tpy0) 10 3BapHHX 3’€THAHb BHCYBAIOTHCSI BUCOKI BUMOTH
II0JI0 TUTACTUYHOCTI 3BapHUX 3’€IHaHb. 3 III€I0 METOIO
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Oy BurotoBiieHi po3puBHi 3pasku 3a 'OCT 6996-66,
ToBIIMHOIO 0.8 MM, 31 3BapHUM LIBOM, PO3TAaIIOBAaHUM Y
HanpsMKy 3acTOCYBaHHsS HaBaHTaXeHHs. [lpu 1pomy
JIOCHIJDKYBaJIM TaKOXK BIUIMB 3BapIOBaHHS HA MILHICTB Ta
IUIACTUYHICTG 3BapHMX 1BiB 31 cramed 08X18TI,
06X18y4, 05X18®Tu ta 03X18Thby (Tadn. 4).

8

Pucynox 3. Po3puBHi 3pa3ku KOpo3iHHOCTIHKUX cTanel
TiCIIs BUIPOOYBaHB:
a, 6 — cranb 05X18DTu; 6 — cTanb 06X 18u

Taomauus 4 — [TopiBHUTPHI MOKA3HUKU MIIIHOCTI Ta
IUITACTUYHOCTI 3BapHUX 3’€JHaHb KOPO3IMHOCTIMKHX CcTa-
nent

No Mapka TosiuHa 3ycnnn51 Bignocne Tun
W crani | 3ATOTOBOK, | BIZIpHBY, | IOZIOBIKCH- pyiiani
MM P, H Hi, %5, %
1 |08X18T1| 1.0 17500 16 B A3KO"
KpUXKa
2 | 08X184 1.0 16100 6.8 KpHXKa
3 | 06X18u 1.0 17500 12 KpHXKa
4 |05X18®dTy| 1.0 18100 24 B’s13Ka
5 |03X18Thbu 1.0 17300 19 B’s13Ka

[Ticnst LIOBHOTO 3BapIOBaHHS BUSBICHO 3HAYHY Iie-
pesary crami 05X18®Tu nepexn pewroro. [lnactuduHicTs
3BapHUX 3’€IHAHb CTaji, sika jgerosana Ti, V, P3BM y 1.5

pasu Oinbma, Hix crayni 08X18T1 Tta B 2 pasu Oinblua,
HDK y crami 06X18uy, cTpykTypa sikoi MICTUTH 3HAYHY
KUTBKICTh (10 5 %) MapTEeHCUTHOI CKJIaI0BOT.

VY uinomy, NpoBEICHUMU JOCIKCHHIMY IOKa3aHO,
o 3BapHi 3’equanus i3 cran 05X18®PTy nepesumyroTh
3a MIIHICTIO 1 IUTACTUYHOCTI aHAJIOTIYHI TOKA3HUKHU 3Bap-
HMX 3’€QHaHb IHIIMX cTajed. HesBakaroum Ha 1€, BCI
JOCT/DKYyBaHI CTalli MOXJIMBO BHKOPHUCTOBYBATH JIJIS
BHUTOTOBJICHHSI 3BapHUX KOHCTPYKIH Ta BUPOOIB, Kpim
cTanei 3 AymiekcHow cTpykryporo 06X184 ta 08X184,
SIKUM, SIK TIpaBHJIO, OaskaHa TepMOOOPOOKa 3BapPHHX IIBiB.

BucHoBKH

3BapHi 3’€THAHHS 32 CTPYKTYPHUM CTaHOM Ta MeXa-
HIYHUMH BJIACTHUBOCTSIMH SIK OJHOPIIHUX, TaK 1 pi3HOPiA-
HUX XIMIYHUX CKJAIiB JOCTIJKYBAaHMX CTalicil BiAIOBI-
JIAf0Th BUMOTaM, SIKi BUCYBAIOTHCS JI0 3BAPHMX 3’€/IHAHb
CHeLiaJIbHUX CTajledl pi3HOro (yHKIIOHAIBHOTO IMpU3HA-
YeHHSI.
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Purpose. To evaluate the feasibility of electric resistance welding for corrosion-resistant steels with different
phase compositions and thicknesses.

Research methods. To investigate the characteristics of electric resistance welding for corrosion-resistant sheet
steels with different structural classes, a comparative analysis of spot and roller welding methods was conducted. The
analysis considered factors such as steel thickness, the combination of steel grades in the welded joint, and the availa-
ble welding equipment. Experimental methods were employed to determine optimal welding parameters, including
welding current (Tw), electrode compression force (Fw), and welding current pulse duration (tw). The strength of the
welds was assessed using standard testing methods.
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Results. The study substantiates the selection of welding parameters for corrosion-resistant steels with different
phase compositions, considering steel thickness and grade combinations. The steels studied — martensitic-ferritic class
(06X18w, 08X184) and ferritic class (03X18Thul P, 05X18T@du, 08X18T1) — are suitable for electric resistance welding

without significant restrictions.

Scientific novelty. This study identifies the effects of welding parameters and the thicknesses of corrosion-resistant
steel sheets with different phase compositions on the structure and mechanical properties of welds, both for homogene-

ous and dissimilar steel grades.

Practical value. The findings demonstrate that the structure and mechanical properties of welds made from both
homogeneous and heterogeneous steel compositions meet the functional requirements for various applications.
Key words: welded joints, ferrite structure, martensitic-ferritic structure, technological and mechanical proper-

ties, corrosion-resistant steels.
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CTAH IUTAHHSA OO0 MOKJIMBOCTI INIABULIIEHHSA
XAPAKTEPUCTUK BUCOKOTEMIIEPATYPHHUX KOMIIO3UTIB

Mema pobomu. CxradauHa HAYKOBO-MEXHIYHO20 0210y NPO CMAH, 00CACHEHHA mda NepCHeKmuu po3eumxy y
2ay3i CMEOPeHHsT KOMNO3UMIE 0N 3ACMOCYBAHHA ) ABIOKOCMIYHIU NPOMUCIOB0CI MA PO3POOKU MEXHONO02I iXx
8UPOOHUYMBA. Y3acanbHenHs, | KPUMUYHUL AHATI3 GIOOMUX pe3yIbmamie O0CHIONCeHb 3 NUMAHb PO3POOKU MaA
BUKOPUCMAHHA KOMNO3UMIB ) aepOKOCMIuHIU npomuciosocmi. Bussnenns obracmeii, 8 AKux akmyanibHO NpogedenHs
nooanbuux 0ocaiodxcens. Brasamu asmopumemni 0xcepena wjo0o pe3yibmamis 00Caiodxcensb 8 001acmi 3aCmocy8ants
KOMNno3umis.

Memoou oocnidcennsn. byno npogedeno nowyx eidomocmeil wo0o yeieyb-8yeneyesux, KepamiuHux ma
memanomampuunux KM, wo 6ynu onyonixosani 3a ocmanni 15 pokie. Cmammi 6ynu 3HAOeHi 3a 00NOMO200 NOWLYKY 6
Inmepnemi ¢ 6azax oanux, 30xkpema, Scopus, Web of Science ma Google Scholar. /{ns 360py, opeanizayii ma yumyeanms
docnionux mamepianie Oyna sukopucmana npoepama ZOtero.

Ompumani pezynomamu. Cucmemamu3o8ano ma npoaraiizo8aHo CMam, 00CASHEHHs Md NePCneKmusU PpO3GUMKY
VY eany3i CmeOpeHHs 8UCOKOMEMNEPAMYPHUX KOMNO3UMIE Md po3poOKu mexHonozi ix eupoonuymea. Posensnymo
NepCNeKmueHi, Ha CbO200HI, MONCIUBOCTHI NIOBUUEHHS POOOUUX TMEMNEPATNYD KOMNO3UMIE BUCOKOMEMNEPAMYPHO20
npusnayerns. OOIPYHMOBAHO 8UOID OCHOBHUX HANPAMKI@ CYYACHUX OOCHIONCEHb W00 3ACMOCYBAHHA KOMNO3UMIE 8
aepoKOCMIUHIL 2any3i.

Haykoea noseusna. Pozwupeni 8i0omocmi w000 nepcnekmus cmeopeHts UCOKOMeMNepamypHux KOMNO3umia 3
niosUWEHOI0 POOOYOI0 MEMNEPAMYPOI0 MA PO3POOKU MEXHON02IH, AKI 0036801aMb NIOSUWUMU iX poOOYY memnepamypy
i BHU3UMU TMeXHONO02IYHI eUmpamu enepeii npu 8UPOOHUYMEI 3 HUX Oemaell Mmeniosux O8UsyHIg.

Ilpaxmuuna yinnicms. Bioomocmi, HageOeHi 8 0aHOMY HAYKOBO-MEXHIYHOMY 021801 MOXHCYMb OYMu 6UKOPUCHAHT
AK 0Nl pOo3pOOKU HOBUX BUCOKOMEMNEPAMYPHUX KOMNO3UMIG, MAK i 01 B0OCKOHANEHHS CKIA0i8 Mda MeXHOA02il
BUPOOHUYMBA 8IOOMUX CUCTEM KOMNO3UMIB, 062PYHMOBAHO020 UOOPY iX (a308ux cCKIA008UX, A MAKOMC ACHIPAHMAMU
npu subopi memu oucepmayiiHoi pobomu,; 00NOMo2mu CHOpPMYI08amu Yiii OUCepmayitino2o 00CIIONCeHH s, subpamu
CYHacHi Memoou npogedeHH st OOCTIONCEHD.

Knrwouosi cnoea: sucoxomemnepamypHi KOMno3umu, Mampuys, 80J10KHA, MEXHON02is POPMYBAHHS, NOO08HCYBAUT
conia.

© Cepriii benikos, Banepiii Biniuenko, Onexcanap Kopooko, Bamgum [anomees, [Imutpo ITapxicerko, Anaromiii €pios, 2024
DOI 10.15588/1607-6885-2024-4-3


mailto:valeryi_v@ukr.net
https://orcid.org/0009-0001-7631-9822
mailto:sany.kor.17@gmail.com
https://orcid.org/0000-0001-9461-7762
mailto:shalomeev@zntu.edu.ua
https://orcid.org/0000-0002-6091-837X
https://www.google.com/search?sca_esv=5cb006281dd49195&sxsrf=ADLYWIK7JDF5QUrKYJYqVmkgHunokkT8TA:1731863733693&q=ORCID+%220009-0004-2100-8201%22&sa=X&ved=2ahUKEwicp5WV7-OJAxX4ExAIHZqjK_IQ5t4CegQIIBAB
about:blank
https://orcid.org/0000-0002-9485-4896

p-1ISSN 1607-6885 HoBi marepianu i TeXHOJOTi B MeTaIyprii Ta MammHoOyxyBanHi. 2024/4
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/4

Beryn

Bropraenns pocii B YkpaiHy BUMarae NpucKOpeHHs
NPOBEJICHHS HAayKOBUX JOCHI/DKEHb IOJO PO3pPOOKH
BIICPKOBOi TEXHIKH. B JaHMx yMoBax Haa3BUYalHO
BaXJIMBO 3aiATH YBeCh HAYKOBHH IIOTEHIiaN 3apaad
MIEPEMOTH Ta 3aXHCTY JKUTTS YKPaiHCEKHX BOIHIB, a TAKOX
IUTA 3a0€31IeUCHHS PO3BUTKY HOBHUX TEXHOJIOTIH, TAKHX AK1
OyOyTh CHpPHATH EKOHOMIYHOMY pO3BUTKY YKpaiHH.
OO0opoHHI TeXHOJOTII TICHO TMOB’s3aHi i3 MpPOrpecoM B
MalIMHOOY/lyBaHHI, CHEpPreTHli, eJCKTPOHili, SIKUH B
CBOIO  uepry, IoTpedye, 30Kpema,  MiJBHUIIECHHS
e(heKTUBHOCTI TEIUIOBUX MBUTYHIB. T0OTO, MiABHUIIICHHS 1X
koedinienta kopuchoi aii (KK/).

[omo BkazaHOi XapaKTEPUCTUKH PIAMHHUX PaKeTHUX
meuryHiB  (PPJI), To i WiZBUIIYIOTH 3aCTOCYBaHHSIM
MOJIOBXKYBadya COIJIa, TOOTO COIUIOBOTO HACAIKY, YacCTO
pamiamifHOTO  OXONOUKCHHS, SKHH SBIIE  COOOIO
TOHKOCTIHHY (hacoHHY 0000HKY [1]. [Ipukmann meskux
JIEMOHCTpAIliMHUX JAeTalel mokas3ani Ha puc. 1, a—e [2].
3acTocyBaHHS BKa3aHMX JETaJled I03BOJISIE IiJIBHUIIUTH
BEJIMYMHY MUTOMOTO IMITYJIbCY TATH, 0COOJIMBO Y KOCMOCI,
MIpH 3HWKEHHI 3arajabHOT Macu aBuryHa [3].

Ha paHuii MOMEHT BKa3zaHUM crHoci0 MigBHUILEHHS
KK/]I € ehekTHBHUM 1 YCHIIITHO peai3yeThesl Ha IBUTYHAX
Atlas V, Delta IV, Falcon 9 Ta Ariane 5 [2].

Pucynok 1. ITomosxyBadi coria pakeTHUX ABUTYHIB [3]:

a — 2D-ri6pun C-ZrC/C-C Ha ocuosi [TAH, Burorosienuii
komnanisimu C-CAT rta Ultramet, piamerp BuxigHol
wiomuan 11 mrolmiB; 6 — pamianbHuii 2D eBONBEBEHTHUI
Hacajgok  BupoOHmnrBa  Orbital ATK  xonwumraboi
aMEepUKAHCHKOI aepOKOCMIYHOI Ta OOOPOHHOI KOMIaHii,
niameTp BUXigHOT utomuHA 11 qroiiMiB; 6 — iHTerpanbpHa 2D
€BOJIbBEHTHAa KamMepa  3TOPSHHS/COIUIO 3 IpUAIEBUM
MOKPUTTSM, BUrotosieHa komnanieto Orbital ATK, miamerp
BMXIiIHOT IUIOIIMHM 3 Jroiima; 2 — Hacaaok 2D, BUTOTOBIEHHIH
kommaHiero C-CAT, 3  BHKOPHCTaHHSAM  IOKPHTTS
OTPUMAaHHOTO MeTOIaMH «BHCOKO-TEMIIEPATyPHOTO
po3IiaBy» Ta TAKEeTHOI IIEMEHTalli, miamerp QuaHis
KkpitieHHss 44 gpoiiMa; 0 — Hacamok 2D BupoOHHIITBA
C-CAT, niametp muminapa 42 mroiima

Psim migxoniB 10 CTBOPEHHS MaTepiaiiB, MPUAATHUX
JUIA BUTOTOBJICHHS TOAIOHMX [eTasieil, JOCIiIKyBaBCs
SBIR (Small Business Innovation Research) m STTR

(Small Business Technology Transfer) Ta in. Ha ceoroami,
rpaHuil pobouoi TeMmepaTrypu MOJOBXyBada CoOIuIa
cTaHOBUTH NpuoOau3Ho 1100 °C, mo Bke He 3aI0BOJIBHSIE
BUMOTH KOHCTPYKTOpiB. € CHOAIBaHHA, IO pPO3poOKa
HOBHX MaTepialiB JacTh MOKJIMBICT MiABUIIATH POOOTyY
temneparypy npubmmao 10 2200 °C 6e3 3HaUHUX BTpAT
MaTepiaxy BHACHIJOK OKHCICHHS, a0wii Tomo. B nanii
CTaTTi PO3TIANAETECA TEPCIEKTHBHICTh 3aCTOCYBAHHS
apMyBaHHSA BYIJICHEBUX, KepaMi‘{HI/IX Ta MCETAJICBUX
MaTpulb piSHI/IMI/I THUIIaMH BOJIOKOH 3 METOXO HiI[BI/IHIeHHH
BKa3aHOI TeMIepaTypHu.

Meta poboTu

MeTor0 CTaTTi € CKIAJaHHS HayKOBO-TEXHIYHOTO
ODJISy TIPO CTaH, IOCATHEHHS Ta MEPCIEKTUBU PO3BUTKY
y TaJy3i CTBOPEHHS KOMIIO3UTIB Ta PO3POOKH TEXHOJIOTiH
X BUPOOHUIITBA.

Marepian i MeToauKA T0CTiTKEHD

i mocsiTHeHHST BKa3aHO{ METH B JTaHii poOoTi Oyio
TIPOBEACHO OCHIDKEHHS JiTeparypu 010
KoMno3uiHuX MarepiaiiB (KM) 3 MeTor0 BCTaHOBIICHHS
BUMAJKIB X JIOIJILHOTO BHKOPHCTaHHS B TEIUIOBUX
JMBUTYHaX. Byno MpoBeJIeHO MOUIYK BiJIOMOCTEH MO0
BYIJICIb-BYTJICIEBUX, KEPAMIYHUX Ta METAIOMAaTPUYHUX
KM, 1o 6ynu ony6iikoBaHi 3a ocTanHi 15 pokiB.

PesysabTaTn gociaigxkeHn Ta ix 00roBopeHHs

Ha cporoaHi mIBHJIKO MOIIMPIOETHCS 3aCTOCYBAHHS
KM, saxi HaOynam BenHWKOl MOMYJSIPHOCTI B 0araThox

o0ylacTIX IIPOMHMCIIOBOCTI 3aBASKH CBOIM BHCOKHM
BIIACTHBOCTSIM.
BaxmmBoro  mepeBaroro KM mopiBHSHO 3

I30TPOIIHUMH MaTepialiaMu € Te, IO iX 3aCTOCYBaHHS Ja€
MOXJIMBICTH (DaxiBISIM IJIECITPSIMOBAaHO CTBOPIOBATH AaHi
Marepiany MiJg KOHKpPEeTHHH BHpIO, y BIANOBIOHOCTI 3
NIFOYUMH HABAaHTAKEHHAMH 1 OCOOJIMBOCTIAMU HOro
excruryaranii. st HUX XapakTepHO Te, 110 BOHU CITYXKaTh
KOHKPETHHM 3aBJIaHHSAM KOHCTPYKTOpA 1 JIEMOHCTPYIOTh
OaxkaHl BJIACTUBOCTI B PI3HMX YMOBax eKCIUTyaTaulii,
TOJIOBHUM YHHOM, B aepPOKOCMIYHIH Ta aBTOMOOLUIHHIN
TIPOMHUCIIOBOCTSIX BHACTIIOK BHCOKOTO CITiBBIJHOIICHHS
MIIHOCTI Ta Bard, sKe BHUIIE, HDK Y IHIIMX BHJIB
MaTepiaiB.

[Ipore BukopucranHs aeskux KM moB’s3ane 1 3
NMeBHUMHM  ckyiagHomamu. Ile  Bucoka  BaprTicTh
BUPOOHUIITBA, YCKIaJHEHAa TMepepoOka 1 yTWmisaris,
npobiemMu TpW 3’€THAHHI PI3HOPIAHMX MarepiamiB, a
TaKOoX BIAMIHHOCTI B MII[HICHUX XapakTepucTHKaX. Kpim
TOTO, OCKUIBKM KOMIIO3MTHI Marepiaji, SK TpaBuio,
MalOTh aHI30TPONHI BIACTUBOCTI, KUTBKICHUH aHai3
mpoueciB, 1o BigOyBaroTbcsi npu  (HopMyBaHHI Ta
eKCIITyaTallil B TAKMX MaTepiajiax, € JOCUTh CKJIaJHHUM.

3 MeTOI0 MOJIeTIIEHHS OOrpYHTOBaHHOTO BHOOpY
BucokoremrepaTrypaux KM aist KOHKpeTHHX BHPOOIB 1X
KIacu(iKyloTh, 30KpeMa, 32 TUIIOM MATpHIli Ha HACTYIIHI
BUJIH:

- KOMIIO3UTH 3 ByrieneBumu matpusimu BBKM;

- KOMIO3UTH 3 KepamigHuMu Matpursamu KKM;
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- KOMIIO3UTH 3 MeTanieBuMu MaTpuusimu MKM;

[MpoananizyemMo  BIACTMBOCTI  Ta  NPUKIAAN
JIOLUILHOTO 3aCTOCYBaHHSI KOXXHOTO 13 BKa3aHHUX BUIIIB
KM.

Kommozutn cucremu Byrienp-Byriens (C/C), Ha
TenepilHid 4ac, MaOyTh HaWOIIbIIE BUKOPUCTOBYIOTHCS
K MaTepianu A7 BHUTOTOBJICHHA JETalei TEeTIOBUX
neuryHiB. Lle cygacHi Marepianm, BiJoMi CBOEIO BHCOKOIO
MIIHICTIO Ta CTIHKICTIO JIO BHCOKHX TEMIIEPaTyp,
BHACNIIZIOK YOTO igealbHO MiAXOOATh UISI TOTped
AepOKOCMIYHOI TpoMHCIOBOCTi. Hampukmax, aBTOpH
pobotu [4] midinun BucHOBKY, mo BBKM norminbHO
BUKOPHCTOBYBAaTH JJIsI BUTOTOBJECHHS I10JJOBXYBauiB
comeN A BEIMKOMACIITaOHOTO PIiIUHHOTO PAaKETHOTO
JIBUTYHA.

Ilpore BkazaHuii MaTepial Mae 1 HEHOJIKH.
OCHOBHMM 13 HHX II€ T€, 110 BiH IIIIIAa€THCS OKUCIIEHHIO 3a
temnepatypu Bume 350 °C, i IIBHAKICTD OKHCIICHHS
HIBUJIKO 30UIBIIYETHCS 3 Temreparypor. 1le o3Hadae, 1o
komro3utd C/C moTpeOyloTh 3axXHCTy IOBEPXHi, 100
3armo0irTi OKUCIICHHIO, epo3ii Marepiany i 3abe3meuuTH
THUM CaMUM JIOBIOTPHUBAILY POOOTY.

11106 BM3HAYMUTH MOKJIMBOCTI PO3IIUPEHHS 00JIaCTi
3aCTOCYBaHHS  JaHUX  MarepiamiB, Ha  CBHOTOIHI,
MPOBOAATHCS IOCTIIHKEHHS 00 BUBUEHHS 1X CTPYKTYPH,
MEXaHIYHUX Ta TEIUIOBUX BIACTHBOCTEH, pO3pOOIISIOTHCS

MOKPHUTTS, $KIi MOXYTh 3aXHUIATH KOMIIO3UT, IO
PO3TISIIAETHCS, B 3aJI€KHOCTI BIiJ (axropin
HABKOJIMIIHROTO  CEPEJOBHUINA, Takux sk  YO-

BUIIPOMIHIOBAHHSI, OKHUCJICHHS Ta €pO3is.

3okpema, ByrieneBi BonokHa (BB) maioTe HH3BKY
CTIMKICTh JI0 OKHCJICHHS B MOBITPSHOMY CEPEIOBHII 3a
BUCOKOI TemmepaTypu. Tomy, o0 po3mMpHUTH IX
3aCTOCYBAaHHS JUIS BUTOTOBJICHHS JETaNIEH, 10 IPAIOIOTh
y TomiOHMX ~ yMOBax, B@XJIMBO IOKPAIIUTH  iX
AQHTHOKUCIIIOBAIBHY 3/aTHICTh. EdexkTHBHUM MeToloM
MIJIBUIIEHHS CTIMKOCTI A0 OKucieHHS BB € HaneceHHs
3aXHMCHUX MOKPUTH (€KpaHyBaHHA). BoHO MOXKe 3amobirtu
NpsSIMOMY KOHTakTy migknaaku BB 3 kuchem. Tum
MOKPHUTTSI MOXe OyTH pi3HMM, HaNpHKIaA, MeTajeBe
MOKPHUTTS; OKCHIOHE TOKPHUTTSA, HITPHIHE MOKPHUTTH,
KapOiZHe TOKPUTTSA Ta KOMIIO3WTHE MOKPUTTS [5—16].
Cepex HHX HaOLIBII NEPCIIEKTHBHUMH € KepaMidHi
MTOKPUTTS, OCKUJIBKM BOHU HAa0araTo JIeTIIi i MaroTh Kpamry
3MOYYBaHICTh, [0 MOXKE 3HU3UTHU IUQY3iI0 Ta peakIlito Ha
MEXi MOJTTY.

[Mommpennmu criocobamu BUTOTOBJICHHS
KepaMigyHUX MOKPUTTIB € OCaPKEHHA 3 MapoBoi Qasm,
iHQUTBTpaLis NPeKypcopiB, MIpoJi3 Ta 30Jb-T€Ib METO.
[17-19].

JlocTaTHRO  ONHOpIAHI Ta IIUTBHI  HMOKPHUTTA
OTPUMYIOTh XIMIiYHUM a0o0 (QIi3UYHUM OCaKeHHS 3
napoBoi ¢azu. Ciig BIAMITHUTH, IO NPU OCA/KEHHI 3
nmapoBoi a3y mpu OUIBII HHU3BKIH Temmeparypi, H00py
aAre3ifo MOKPUTTS Ha PI3HUX MiTKIAIKaX OTPUMYIOTH 3a

JOTIOMOTOI0 TU1a3MoBoi 00poOku [20, 21]. 3okpema, mms
MOJIIIICHHS] MIOPCTKOCTI MOBEPXHI, CTPYKTYpH Ta
MEXaHIYHUX BiacTuBocTeil BB 3acToCcOBYIOTHCS 00pOOKH
BOJIHEBOIO Ta KHCHEBOIO IIasMaMu. [lominmreHus aaresil
0O MAaTPHIl TOSCHIOETHCS THM, IO BinOyBaeThCS 3MiHA
LIIIBHOCTI (DYHKIIOHATIBHUX TPYH Ta 3MIHH Y BYTJICLEBUX
3B'13kax [22]. IIpu uboMy sik MOpQOIIOTis, TaK i CTPYKTypa
MOKPUTTIB  MiANArOThCcs  KOHTpomo. Ilpore HM3BKa
OIBUJKICTh OCA/DKCHHSI Ta TMOPIBHAHO 3  IHIIUMH
CIIoco0aMu BHCOKa BapTiCTh POOJISATH MPOLEC OCAIKEHHS
3 mapoBoi (azu He 3aBKAM MPaKTHIHNM [23].

Habararo Oimeme mocmimHukiB  [24-31] s
HAHECCHHS BKa3aHUX MOKPHUTH JOCIIIKYBaIH MOXKJIMBOCTI
30J1b-TeTIb MeTOoNy. BiH BiJ momepenHsoro cmocoly
BIPI3HSETBCS  OUMBIIOID  EKOHOMIYHICTIO,  HIDKYOIO
temrepatypy yuiasHeHHs (<1000 °C) Ta HEBEIHKOIO
YCaJKOI0, 1[0 3HMKYE HANPYKCHHS MK MOKPUTTIMH Ta
MaTPHLIEIO.

3o0kpema, aBropu pobotu [32] mnsd mTiABHIICHHS
AHTHOKHUCITIOBAIIBHUX BIIACTUBOCTEH BYTJICHIEBUX BOJIOKOH
B yMOBax BHCOKHX TEMIIEpaTyp Ta 3a0e3reueHHs
HAJIEXKHOT B3a€EMOMIl MDK BOJOKHAMH 1 MOKPUTTAM
3aMponoOHyBad MOAU(IKOBAaHUIA HUMHU 30JIb-TEJIb METO/.
Horo CYTHICTh moJyisrae B TOKpUTTIi BB miokcumom
kpemuiro (SiO2) Ta kapbimom kpemuiro (SiC). [lame
MoaudikoBane nokpurts Si02/SiC  Oymo  ycmimHo
HaHeceHO Ha BB 1 mokasamo  miABHIICHHS
AHTHUOKCHJIAaHTHOI e(eKTUBHOCTI mopiBHsAHO 3 BB 0e3
nokputTs. [Ipote MmexaHiuHi BmacTuBocTi BB 3 mokpuTTsm
SiC/SiO; nuiie He3HAYHO BiAPI3HATUCSA BiJ BIACTUBOCTEH
BB 0e3 mokputTs npu temmeparypax mmkae 1000 °C.

Ile omHiero mMpoOIeMOI0 MO0 3aCTOCYBAaHHS JaHUX
KM € ix Hu3pKa MIIHICTH INPU MDKIIAPOBOMY 3CYBI.
Bupimmti nany npo0iemMy Hamarajiuch aBTOPH poOOTH
[33] mmsxoM HaHECeHHS Ha BYIVICNIEBY TKaHUHY
BYTJIELEBUX HaHOTPYOOK (BHT) METOJIOM
eNEeKTPO(OPETHIHOTO OCaPKECHHsI. BOHM BCTaHOBHIIM, L0
31 30umpmenHsaM Bmicty BHT wminHicTh Ha MiXmapoBuit
3cyB 2D kommosutiB C/C 3HA4HO 3pocCTaEe, a TOTIM
3MCHIIIYEThCS, NPUYOMY BKa3aHHW MOKAa3HHUK JIOCSTa€E
MaKCHUMaJlbHUX 3Ha4deHb Onm3bko 13,6 MIla, koau BMiCT
eIEeKTPO(OPETHIHO OCAIPKEHUX BYTJICHEBUX HAHOTPYOOK
ctanoButh 0,54 %, mo B 2,27 pas3u Oinblie 3a 6a3zoBuid
piBeHb. ABTOpH, BKa3aHOi pOoOOTH BBaXKAIOTh, IO TaKe
nokpaieHHs: xapakTeprucTuk C/C KOMITO3HTIB TOJIOBHUM
YMHOM 3yMOBJICHE MiJBHIICHOIO KOTE3i€l0 MAaTPHIli, IO
cnpuunHeHo 3naTHicTio BHT padinyBaTu ByIiieBOTHEBY
MaTpHINO Ta IHAYKYBaTH OaraTtomapoBi MiKpOCTPYKTYPH,
SK1 3HAYHO MiABHUIYIOTH OMIp PO3MOBCIOHKEHHIO TPIIUH
BHACJIIZIOK MEXaHI3MiB 1X OJIOKYBaHHS Ta BiJIXUIICHHS.

CkiagHoro npoOsieMor0 BUPOOHMITBA IMOJIOHUX
JeTayied 3 JaHWUX MarepiayiB € i Te, MmO TEeXHOJOTil
OTpPUMAaHHS IMepea0avyaroTh CYTTEBI BUTPATH CHEPTii, M0
CUIILHO 00MEXY€E MOXKIIUBICTB X MacOBOTO BUPOOHHUIITBA.
ToMy, TPOIOBKYIOTHCS JOCTIHKEHHS MIOA0 3HIKSHHS
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TEXHOJIOTIYHUX BUTPAT eHeprii Tph BHPOOHUIITBI
MOJIIOHUX JIeTaeH.

Kepamiuni Mmarepianu IIPUBEPHYIU yBary
JIOCHITHUKIB 1 CBOIMH BHUCOKOTEMIIEPATyPHIMH

BJIACTUBOCTAMH. 30KpeMa THM, 10 BOHH MAalOTh 3/1aTHICTh
TpuBanuii yac 30epiraTv cBoi MeXaHiyHI BIACTHUBOCTI MPH
temneparypax no 3000 C, a iX rycTHMHa HWX4Ya, HIXK
OaraTpox MeTalsiB. 3aBOSKH IIOMY X 3aCTOCYBaHHS B
TEIUIOBUX JBUTYHAaX MOXE JIO3BOJHMTH 3MECHIIUTH Bary
KOHCTPYKIii, NIIBUIIUTH TEMIIEpaTypy poOo4oro raszy Ha
BXOJIi Ta 3MCHIITUTH BUTPATH HA AKTHBHE OXOJIO/KEHHS.

[Ipote kepamMika 3aHATO KPUXKa 1 MAIIOMIITHA, IO HE
JIO3BOJISIE BUTOTOBIISITH BUPOOM MAJIOTO TIONEPEYHOrO
nepepizy. ToMy TidbKHM BHpIIIEHHS BKa3aHOI MpoOiieMHu, a
came, MiABHUINEHHS MIIHOCTI Ta B’S3KOCTI pyHHYBaHHS
JIO3BOJIMUTH peajli3yBaTh MPHUHIUIIOBO HOBHUI piBEHb
TEMIEPATYPHUX XapaKTEPUCTHUK y CYYaCHUX MAaIIWHAX Ta
Mexanizmax. [TiIBHIIEHHS MIITHOCTI MOAIOHUX MaTepianiB
MOXe OyTH JOCSTHyT€ ULUISIXOM BBEIEHHS B HHX
acTu4Hoi (a3u, BHACTINOK 30UIbIIEHHS e(QEeKTUBHOI
eHeprii pyiHyBaHHS, MOAPIOHEHHSAM 3€pHA, CTBOPEHHSIM
BHYTPIIIHIX HANpyXeHb CTUCKY Ha HUIAXY MEPEeCyBaHHS
TPIIIUHK, apMyBaHHSIM BoJIOKHaMu. OCTaHHIH MeTOJ
peai3yeTbCcsi CTBOPEHHSIM KepaMiuHMX KOMIO3UIIIHUX
marepianis (KKM).

KepamiuHi komro3utHi Marepianu Oyiu po3po0OeHi,
mo0  BUPIIMTH  HpoOJieMy  KPUXKOCTI  IIHUPOKO
BUKOPHUCTOBYBaHOI ~ KepaMiKW, Hampukiam, KapOif-
KpEMHI€BOI, OKCHI-aJIIOMiHIEBOI,  HITPHUI-KPEMHIEBOI,
HITPUI-ATIOMIHIEBOT Ta JIOKCHA-IIUPKOHIEBOI KepaMik
[34]. Ha ceoromni, 100 MiABUIIWUTH MEXaHITHI
BJIACTUBOCTI  BKa3aHUX  MarTepialiB  JOCHiIKYIOTh
MOXIIMBOCTI apMyBaHHs BOJIOKHamu [35, 36], 30kpema,
METaJICBUMH. B 1IbOMY BHUMAIKy OTIp PO3TIATyBaHHIO
3pocTae HE3HAYyHO, 3aTe ICTOTHO IMiJBHINYETHCS OTIp
TEIUIOBUM yJapaMm, dYepe3 IO KepaMidyHHWA Marepial
MEHIIE PpO3TPICKYEThCS NpPU LIBHIKOMY HarpiBaHHI.
BnactuBocti omepxxyBaHoro TakuM nurixom KKM
3aJIe)KaTh BiJ CHIBBITHOMIEHHS KOEQIII€HTIB TEPMITHOTO
pO3LIMpEHHs HWOro Marpuli Ta HaloBHIOBaua. Tomy Yy
BUIIAJIKy 3aCTOCYBaHHS METAJIEBUX BOJIOKOH IlepeBary
MaloTh JPOTH i3 BOJB(PAMOBHX CIUIABIB.

3 METOIO HOJIETIIeHHsI BHOOPY ONTUMAaILHOTO CKIIay
JUIS KOHKpeTHHX yMOB ekcruryaranii KKM gorineHO
PO3IUINTH Ha JIBI KaTEropii: OKCUIHI 1 OE30KCUIHI.

Heokcnmuai KKM  mikaBi  CBOIMH  BHCOKHM
MEXaHIYHAUMHU Ta TEPMIYHAMH BIACTUBOCTAMHU. BoHm
MOXYTh CTaTH HOBHM MEPCIEKTUBHUM KOHCTPYKI[iHHIM
MaTepialioM TOMY, III0 KepaMika Ha OCHOBI TYTOIJIABKHX
cnonyk (OopumiB, KapOigiB, HITPHUIIB, CHIIIHIIB Ta
IHIIMX) HE BHABISE IIOMITHOI BHCOKOTEMIEpaTypHOI
moB3y4oCTi ax g0 temmeparyp 0,5-0,8 Big Temnepatypu
TUIABJICHHS, 1[0 3HAYHO NIePEBEPIIYE NOKA3HIK METAIEBUX
KOHCTPYKLIHHHUX MaTepiais.

Haii0inpiry KinmbKiCTh OE30KCHAHMX —MatepialiB
CTAHOBUTh TEXHIYHA KepaMika, sKy BIJHOCATH IO
HEeOopraHiYHUX, HEMETAJIIYHUX MaTtepiaiB. B octanHi pokn
Oyio peami3oBaHO MiABHINEHHS BIACTHBOCTEH KepaMikd
OUITXOM apMyBaHHS 1 BOJOKHamMH. B  pesymbrarti
OTPUMaHWil MaTepiaqm BUSBHBCS OUIBII CTIHKUM JI0
pO3TpicKyBaHHs, Ta TepMiuHOro ynapy. Bin 0Oys
BUKOPUCTAHWH B aepOKOCMIYHIA TPOMHUCIOBOCTI, IIIO
JIO3BOJIMJIO BUTOTOBIISITH JAeTaini Oifbll  CTIHKMMH B
eKCTpeMaJIbHUX YMOBaX, B HACTIJIOK IJBUIIEHUX 1X
B’SI3KOCTI pyHHYBaHHS, a JO TOTO X JaHWHA Marepian
BHSIBUBCSI JICTIITUM, TIOPiBHSHO 31 3BHYAHHUMU KepaMikaMu
[36].

Taki yacTHHH, SIK BHYTPIIIHS TIOBEPXHS BUITyCKHOTO
COIUIa, JIe TMOTIK PaKETHOTO MajnBa MPUCKOPIOETHCS IO
Ha/[3BYKOBUX MIBUAKOCTEH, € KPUTHYHO Ba)KIMBUMHU
MICI[IMH, OCKUTBKH B HAX CITOCTEPIraeThCsl HAWOIIBINA JTist
TEIUTOBHX MOTOKIB. L{i yMOBH IpH3BOAATE 10 aOIAMiHHOTO
pYHHYBaHHS BHACHIIZIOK HPOXOKEHHS TI'eTEPOreHHUX
peakuii MiXK rapsiauM ra3oM i BHYTPIIIHIMU ITIOBEPXHIMHU
BUIIYCKHOTO COIUIa, IO B CBOIO 4EPry, NMPU3BOIUTH 1O
HEOOXiTHOCTI 3MeHImEeHHA Tsaru nBuryHa. Llmaxom
3actocyBanHss KKM B aepokocMiuHOMY cektopi Oymu
BUpilIeH] mMOAIOHI mpoOiieMH 3 MPOEKTyBaHHS Ta
BHTOTOBJICHHSAM [eTajie NBUTYHIB, SIKi O BHTpUMYBAaIH
BUCOKI TeMIlepaTypd Ta TEpMOXIMIi4HI CepeloBHUINa
ropiHHst 63 BUKOPHCTaHHS CUCTEMH OXOJIOJKEHHS [37].

Jo BKazaHHX MaTepialiB BiTHOCSTHCS i KOMITO3UTH
cucrem C/SiC 1 SiC/SiC. BoHm BBaXXaroTbCH
0araTopa3oBHMH MaTepiaaMy 4epe3 iX BUCOKY TBEPAICTb
i HU3BKY eposifo. KpiM Toro mim dac OKHCICHHS BOHHU
YTBOPIOIOTh Ha IOBEPXHI IIap KBAapIIOBOTO CKJA, SIKHH
3ano0irae MoAajIbUIOMY OKHCHEHHIO BHYTPIIIHIX IIapiB.
[Ipote 3a meBHOT I KOXKHOTO KOMIIO3UTY TEMIIEPaTypu
BiIOyBa€TbCA AaKTHBHE OKHCICHHA MATpHUIl KapOimy
KPEMHII0 JI0 Tra30IMo{i0HOr0 MOHOOKCHAY KPEMHI0, IO
MIPU3BOJUTS JI0 HEKOHTPOJIbOBAaHOT epo3il. 3 i€l npuunHu
komnosuta Tty C/SiC Ta SiC/SiC BHKOPHCTOBYIOTHCS
TUTBKH 10 TeMriepatyp Ha piBai 1200°C + 1400 °C.

Ha ceoronHimHiii 1eHb BeIyThCS NOCHIIPKCHHS Ha
nuiAxy BuKopHcTaHHS OesokcugHux KKM B HoBOMy
MTOKOJIHHI Ta30BUX TYpOiH, SKi MOXYTh NPAIIOBATU IIPH
1700°C. TlpuknagoM € coruia TypOiH, IO OJAEpxKaHi 3i
CIPSIMOBAHO KPHCTAJI30BaHUX 3JIUTKIB [38].

VY BignoBigHOCTI A0 pe3ynbTaTiB podotu [39]
O0OpHUIHI EBTEKTHKH Ha OCHOBI Tekcabopuay JaHTaHY
MOXYTh OYyTH Marepiajamu JUisi BUTOTOBJIEHHS TaKUX
CIIEMEHTIB K TEPMOEMiCiiHI KaTomu. 3acTOCYBaHHS
CTIPSIMOBAHO apMOBaHHUX KOMITO3HTIB CHCTEMH
LaBs-MelVB,; nac MOMIIMBICTD 3HAYHO IIJBUIIUTH
MEXaHIYHI BJIACTHBOCTI TaKWUX €JIEMEHTIB 1 PO3IIUPUTH
obmacti iX 3actocyBaHHs. Y BKa3aHId poOOTi, 30KkpeMa,
JOCTIJIKYBaBCsl BIUIMB IIBUAKOCTI KpUCTai3amii Ha
TYCTHHY CTPYMY TepMOeMicii €BTEKTUYHOTO KOMIIO3UTY
cuctemu LaBs-ZrB,. Ilpu mbomMy nokazaHo, IO IiTbHICTh
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CTpyMy KOMIIO3HUTY WIiJABHIOTYETbCA 31 301IBIICHHIM
mBUAKOCTI KpucTanizauii Bix 20 mm/roa. mo 100 mM/rox.
Haii0inpma  O[iIBHICTB crpymy 36,24 Alcm?
criocrepiranacss npu temrepatypi 1873 K. Tlonepenni
nocnimkennas [40, 41] mokaszanu, o Ha MUTBHICTD CTPYMY
eBTeKTHUHOro kommnosury LaBs-MeB; Takox BrimBae
MiABUINCHHS IBUAKOCTI M y3ii aTOMIB JTaHTaHY B3JI0BXK
rpanui posainy LaBe/MeBs.

Jist oTpyMaHHA TNOAIOHMX cruiaBiB JleMipChKUM
Ta iH. OyJ0 PO3pOOIEHO METOA OJEPIKaHHS KepaMidHUX
CIPSAMOBAHO KPUCTAJI30BAHUX EBTCKTUYHUX CIUIaBiB 3
3aCTOCYBaHHSM  YCTAHOBOK [UIA  iCKpPO-TLIa3MOBOTO
cnikaHHs [42-46]. Ilpore ix 3acTocyBaHHS MOXe OyTH
00MEKEHUM, OCKUIBKH CIIPSIMOBAHO apMOBaHI KOMITO3UTH
MalOTh HEBEJIHWKI PO3MIpH 1 TMOMITHY aHi30TPOIIIO
BiactuBocreil. Tomy y poboti [38] Oyna pospobnena
TEXHOJIOTISl OJiep)KaHHS €BTEKTHMYHUX CIUIABIB HAa OCHOBI
TYTOIIABKUX CIIOIYK METOJAMH ITOPOIIKOBOI METalIyprii.
VY BkazaHii poOOTI NOBIZOMISETHCS MPO  YCIHILIHE

3aCTOCYBaHHS po3pobaeHOrO METaJIOKEePaMigHOTO
KOMIIO3UTYy Ha OCHOBI THUTaHy 3 EBTEKTHYHHUMHU
BKJIFOYEHHSIMU B4C-TiB; IS BUT'OTOBJIEHHS

KOHCTPYKIIHHUX CJIEMCHTIB JJIs1 aBialliifHOT TEXHIKH.

3 METOI0 JOCSTHEHHS MIHIMQJIBHHX PpO3MIpiB Ta
MaKCHMaJIbHOI KiJIBKOCTI BOJIOKOH apMyBallbHOI (a3u
OyJl0 mpoaHaNi30BaHO MEXaHI3MHU 3apOJUKEHHSI 1 pocTy
($a30BUX CKIQJOBUX CIPSIMOBAaHO 3aKPHCTAII30BAHUX
esrekTrnyHNX cmaBiB (C3EC) [47]. [na mporo Oymm
BHKOPHUCTaHI pe3ynabTaTu pobiT [48-50]. B pesymbrati
OyJI0 BCTAQHOBIJICHO, IO JUIS KEPYBaHHS CTPYKTYpOIO, a
pigmoBimHo 1 BiaactuBocTamMu C3EC €  momiapHUM
HaKTagaHHA MEXaHIYHUX KOJHMBaHb Ha  CHCTEMY
PpO3ILIaB/KpHCTAal 3 METOI0 iHTeHCH(IKaIT
MepeMilllyBaHHs PO3IUIaBY Ha (POHTI POCTY KPUCTAIY Ta
3MEHIIEHHS KOHIIEHTpaIii KOMITOHEHTIB, 1110
BITICHAIOTBECS B PO3IUIAB Mepes (PPOHTOM POCTY
Kpuctamny [44].

Kpim Toro, Oymo mpoaHai30BaHO MOKIHBICTH
JIeTyBaHHA J0OaBKaMH KPEMHII0, BYTJICIIO Ta aTIOMIHIIO 3
METOI0 PO30aBlIEHHS PO3IUIABY MOOIH3Y (POHTY POCTY
KpUCTaTy 1 3MEHIICHHS BEJIMYUHH KOHICHTPAIiHHOT

CKJIaI0BOT MIHIMaJIBEHOTO TePEOXOJIOIKCHHSI,
HEOOXITHOTO JUIsl 3apOJPKEHHS Ta POCTY BOJIOKOH Ta
30UIBIICHHS ~ TEMIIEpAaTypHOTO  Tpali€HTy  HIIIXOM
monpiOHeHHS pO3IUIaBy 1 iHTeHcHQikamii mporecy

TEIUIOOOMIHY MDK pO3IUIaBOM 1 KpUCTaNidHOI (ha3u
KoMImo3uty [38].

B pesymnbraTi BKa3aHOTO aHANI3y aBTOPH BHUPIIIHIIH,
M0 JOLUIBHO 3 METOI0 IIABHUIIEHHS BJIACTUBOCTEN
koMno3uTiB cucremu LaBg-ZrB, mpoBectn mocimimkeHHS
BIUIMBY MEXaHIYHHMX KOJIMBaHb HA OIHOPIMHICTh 1X
eBTEKTUYHOI  CTpykTypu. g  peamizamii 100
MPOBOJIMIIOCH BHUPOIIYBAHHS CIPSIMOBAHO apMOBAaHUX
KOMIIO3UTIB 0€3 HakIaJaHHS MEXaHIYHUX KOJIMBAaHL 1 3
HakJaJaHHSIM MeXaHIYHUX KonuBaHb [51, 52]. Tlpum

MOPIBHAHHI MIKPOCTPYKTYpP KOMIIO3UTIB, BHUPOIICHUX B
YMOBaXx BIUIMBY MEXaHIYHUX KOJIMBaHb 1 0€3, criocTepiranu
3MiHA y MOP(OJIOTii BOJOKOH — iXHS OOKOBa TOBEPXHS
CTajla  3BHBHCTOIO. 3a  JOMOMOTOI  KiUIBKICHOTO
MeTanorpadigHOro aHamizy MIKPOCTPYKTYpH
BCTAHOBJICHO, [0 KOMITO3UTHU, OJICPXKaHI 3 HAKIAJaHHIM
MEXaHIYHUX KOJHMBAaHb, MAIOTh OUIBII  OJXHOPITHHIMA
PO3IIOAIN 32 PO3MipaMu BKIFOYEHB i TyCTHHOIO KPUCTAIB,
B TOpPIBHAHHI 3 KpPUCTAJIi30BaHUM KOMIIO3UTOM 0e3
HAKJIaJ]aHHS MEXaHIYHUX KOJHMBaHb. B pe3ynbTaTi Iux
JAaHUX aBTOPW [MiHIIIM BHCHOBKY, IO 3BHBHCTICTB
00yMoOBIIeHa 3MiHOIO KOHIICHTPAIIHHOTO TIPO(iII0 aTOMIB,
IO BIATICHSAIOTBbCS Tepen (GpoHTOM Kpuctamizamii ¢a3
rexcabopuIy JTaHTaHY Ta TUOOPHUIY IUPKOHII0 BHACTIIOK
YTBOPEHHS TOp po3MipoMm 1-2 MKM Ha HOBEpXHi (POHTY
kpuctanizanii [50, 53]. 3meHmeHHs miomi QpoOHTY
KpHCTati3amii KOMIO3UTY MNPU3BOJUTE 1O 30LTBIICHHS
KOHIICHTpAIlii aTOMiB MeTaly, II0 i CHPUYHMHSIE OUTBII
OJTHOPIZHWI  pO3MOJN  BOJOKOH i3 aubopuay 3a
po3mipamu. [Ipu 1bOMY BCTAaHOBWJIM, IO BBEICHHS B
pO3IUIaB MEXaHIYHUX KOJHMBaHb CIIPHUSE HPUTHIYCHHIO
nporiecy  (opMyBaHHA ~ KOJNOHIH TIpH  TOMIpHHUX
mapameTpax — KpHUCTaji3aiii, 3aBAsSKH JIOJaTKOBOMY
MEPEMIIITYBAHHIO 1 BUPIBHIOBAHHIO KOHIICHTPALIT TJOMIIIOK
110 BCHOMY 00’ €My pO3ILIaBY.

Kpim Toro, y po6ori [51] BiaMideHO, 0 IIOMITHUM €
BIUIMB MEXaHIYHUX KOJIMBaHb Ha PIBHOMIPHICTH PO3IOALITY
BOJIOKOH II0 IIONEPEYHOMY IMEPEeTHHY. 30Kpema, M0 Y
KOMITO3MTaX, BUPOILIEHUX 3 3aCTOCYBAHHSM MEXaHIYHHX
KOJIMBaHb, IHOOPHAHI BKIIOYEHHS PO3MIILEHI OiIbII
PIBHOMIpPHO IO TONMEPEYHOMY IEPETHHY. 3a IYMKOIO
aBTOpPIB, II€ € HACIIJKOM AaKTHBOBAHOTO MEXaHIYHUMH
KOJIMBAaHHSIMH JIOJIATKOBOT'O TIEPEMINIyBaHHS PO3ILIABY,
sIKe MiHIMi3y€ BILJINB KOHIICHTPALIHOTO
TIEPEOX0JI0HKCHHS, BUPiBHIOE KOHIIEHTpAIliHHUH TIPpoQiiah
Ta crpusie HOPMYBaHHIO INIOCKOTO (PPOHTY KpHUCTai3amii
1 CyMiCHOMY POCTY €BTEKTUYHHUX (a3. [laHi TOCITiIKCHHS
MOKa3a¥, M0 MIIHICTh Ha CTHCHEHHS KOMIIO3HUTIB,
BUPOIICHUX 3 3aCTOCYBAaHHSAM MEXaHIYHHX KOJIMBAHb,
MOJKHA I ABUIUATHA Maike BaBidi 7o 1530 MIa BuHaciigox
MOKpPAIIEHHs OJTHOPIZTHOCTI CTPYKTYPH.

VY 3B’A3Ky 3 MEPCHEKTHBHICTIO MaHWX MaTepialiB
OyJ10 IpoBeIeHe OCIIPKEHHS BIUIMBY JOMIIIOK KPEMHIIO
Ha MIKpPOCTPYKTYPY Ta MEXaHI4Hi BJIACTHBOCTI KOMIIO3UTY
B4C-TiBg, onepsxanoro Meronom 30HHOI tasku [50,53].
B naniii poO0Ti aBTOpHM AIMIUIN BUCHOBKY, IO JIETYBaHHS
CIPSIMOBAHO 3aKPUCTATI30BAaHOTO EBTEKTHYHOIO CIUIABY
B4C-TiB2 xpemHieM chpuse TOAPIOHEHHIO  HOTO
CTPYKTYPH, a BiNOBIHO IMiJBUIIICHHIO HOTO MEXaHIYHUX
BJIACTHBOCTEH. 30KpeMa, MILHICTh Ha 3THH JIETOBAHOTO
KpPEMHIEM KOMIIO3UTY 30UIbINYETHCS Maike B 2 pa3u B
MOPIBHAHHI 3 HeyeroBanmM 1 jgocsrae 460 MIla npu
temnepatypi 20 °C Ta 487 MIla npu 1600 °C.

Takum YHHOM, CIpPSMOBAHO 3aKpUCTAJi30BaHI
€BTEKTHYHI CIUIaBU € I[IKAaBUMH 1X 0araTOKOMIIOHEHTHUM
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XapakTepoM, SKUH CIIOHYKae 10 IIOIIyKy B3a€EMHO
HmiCWIoYMX e(ekTiB, mo o0yMOBIICHI KOMOIHAIi€
pI3HMX BJIACTHBOCTEH B OJHOMY Marepialli, a TaKOX
BHCOKOTEMIICPaTypHUMH  YHIKaJIGHUMHM — MEXaHIYHUMH
BIIACTHUBOCTSAMH 1 XIMIYHOIO CTIHKICTIO, OCOOJIMBO TpH
MiBUILEHUX  TemIeparypax. JloCmipkeHHS — BIUIMBY
NpUpOH, KpuctanorpadiyHoi opieHTanii Ta KiHETHYHUX
mmapaMeTpiB CIIPSIMOBAHOI KpHCTamizamii Ha GpopMyBaHHS
CTPYKTYpH Ta (Di3MKO-MeXaHiYHi BJIACTHBOCTI IOKa3alo,
10 3MEHIIEHHS pO3MIpIB Ta 30UIbIIEHHS KUIBKOCTI
apMyBaJIbHUX BKJIIOYEHb Y BUIIAI JUCKPETHUX BOJIOKOH
MPU3BOJANTH IO 3HAYHOTO  IMIJABUINCHHS  MIITHOCTI,
TBEPAOCTI Ta TPILIMHOCTIMKOCTI CHPSIMOBAHO apMOBAaHUX
KOMITO3HTIB.

EdextnBHIM MeTOHOM TOAPIOHEHHS CTPYKTYpH Y
CHPSIMOBAHO 3aKPHCTaJli30BaHUX €BTEKTHYHHX CIUIABaX €
BBE/ICHHS JOAAaTKOBUX (ha3 y EBTEKTHYHY CTPYKTYpY.
Yacto 16 NPHBOAMTH OO 3MEHLICHHS IONEPEYHUX
po3MipiB a3 B eBTEKTHILI. BUKkoprcTaHHs 1aHOTO MMiIX01y
no3osmuto Opepi 31 cniBpoOiTHHKamMu otpumatn C3EC
motpitaol cucremu Al,O3-YAG-YSZ 3  mikdasHOO
BizctanHio 61m3bpko 100 HM. [Ipy IbOMY MIITHICTH TaHOTO
Marepiany Ha 3TUH cTaHoBmIIa Onn3bko 4,7 ['Tla [55].

3 Merol NOApIOHEHHS  CTPYKTYpPH  LUISIXOM
OTpUMaHHs KBa3zi moTpiHMX Oe3okcuaanx C3EC
JociHipKyBanu  (GopMyBaHHS ~— MIKPOCTPYKTYpH — Ta

piactuBoctei B cucremax BuC-TiB, 3 momaBanusam
TPETHOTO HEPO3UMHHOTO KommoHeHTa SiC B poboTax [56,
57] Ta po3unnnoro NbB; B cucremi Mo-Mo03Si-MosSiB; B
[58-62]. Crnix BimmiTuTH, 0 HEAOIIK BKa3aHOTO METOIY
MoJIATaE B TOMY, IO MOTPiOHO pEeTeNbHO IMiAiOpaTH
KOMITOHEHTH 3 TOYKH 30py 1iX TepMOIUHAMIYHOT
CyMICHOCTI, a 1€ 4YacTo OOMEXye MOXIMBOCTI
3aCTOCYBaHHS BUCOKOTEMIIEPATYPHHUX PEUOBHH.

3acTrocyBaHHS €BTCKTUYHHUX MOPOIIKIB 0OYMOBJICHE
X TiIBUIICHUMH MiKPOMEXaHIYHIUMH XapaKTCPUCTUKAMH,
a caMe, MIKPOTBEpJICTIO Ta TPIMIMHOCTIHKICTIO B
MOPIBHSAHHI 3 YHUCTHMU KOMIIOHEHTaMH, 1[0 CIIOHYKAaJO
aBTOpiB  pobiT [63—68] BHBYATH 3aKOHOMIPHOCTI
YUIIJIBHEHHsT KOMMo3uLiiHux mopomkie BsC-TiB, Ta
aBTOpiB pooiT [69, 70], 1o nocimKyBanu nopomky LaBe—
TiB, 3 Meroto ¢GopMyBaHHS i30TPOIHOIO apMOBAHOTO
KepaMiyHOTO Martepialy Ta 3°sICyBaHHS MEXaHI3MIB
(opMyBaHHS 130TPONHOI MIKPOCTPYKTYPHU KOMIIO3HUTY B
YMOBaX iCKpO-TIJIa3MOBOTO CITIKaHHS.

3 MeTo10 30UIBIIEHHS CTYIECHS 130TPOITii MaTepiany,
MOPOIIKU JIOLUUIEHO OTPUMYBATH CIOCOOOM PO3NUIICHHS
pO3IUIaBY €BTEKTUYHOIO CKJIaJy METOJIOM BiJLIEHTPOBOIO
PO3MIJICHHS, 1[0 XapaKTePHU3YEThCSI 3HAYHOIO POCTOTOIO
npouecy [71-74]. OcHOBHOIO OCOOJIMBICTIO TaKoro
METOMy € T€, W0 BiH SBISETHCS CaMOPETYJIOIYUM 1
JTO3BOJISIE OACPIKYBATH TMOPIBHSHO HEBENWKY DPI3HHIIO B
I'paHyJIOMETPHYHOMY CKJIaJi YacTHHOK Mopolky. Kpim
TOTr0, MOXKJIMBICTh TOYHOTO BUKOHAHHSI YMOB PO3IUJICHHS
CTepkHsI 3a0e3rneduye BHUCOKY OIHOPIMHICTH OAEpKAHHUX

chepruHUX YacCTHHOK. BuKOpHCTaHHS sK JpKepena
HarpiBy BUCOKOTEMIIEPATYPHOI IJIa3MOBOI AYTH J03BOJISIE
OJICP)KYBaTH MOPOIIKH 3 YACTHHKAMU ChepudHOT HopMHU i3
MaTepialliB 3 BUCOKOIO TEMIIEpaTypolo IaBieHHs. [Ipu
IIFOMY, TIa3MOBA Jyra TaKOX MPOSBISIE padiHyody Iito
Ha posmias [71].

MeTo 1 BIAIIEHTPOBOTO PO3MMICHHS 3a0€31e4ye BUIIl
MBUAKOCTI oxojoxeHHs, 10 105 °C/cek, B mopiBHAHHI 3
MetonoM Oe3turenbHOi 30HHOI mwaBku (102 °C/c) [75].
Buii miBUIKOCTI OXOJIOPKEHHS 3aKOHOMIPHO MPUBOISTH
JI0 3HAYHO BHUIUX TeMIEepaTypPHUX TPAIi€HTIB, 110, B CBOIO
qepry, CIIpUsiE OIPiOHEHHIO MIKPOCTPYKTYpH
EBTCKTHYHMX CIUIaBiB, a BIAMOBIMHO BHUINUX 3HAYCHBb
BJIACTUBOCTEH.

BB atmocdhepu cmikaHHA (a30Ty i aproHy) Ha
minHicTh  kommo3utiB  (B4C-TiBy)-BsC  npocmimkysanu
aBTopu pobit [76, 77]. BoHM NiHIIIM BHUCHOBKY, IO
MminHicTh  kommo3uTiB  (B4C-TiB2)-B4C, creuenux B
atMoc(epi aszory, Ha 16 % BuIle MIIHOCTI 3pas3KiB,
credeHux B armocdepi aprony. Lleil pesynbraT BOHHM
MOSICHIIA YTBOPSHHSIM HITPUAHKUX (a3, MO CTBOPIOIOTH
e(heKT KOPCTKOCTI.

Takox B 3pa3kax, CIICYCHUX B CEPEIOBHIII a30Ty, B
JedKUX  00nacTax  MIKPOCTPYKTYpPH  CIIOCTepiranu
3MCHIICHHS pO3Mipy 3epeH Kapbimxy Oopy, MO TaKox
MiATBEPIKYETECS JaHUMHU poOit [76, 77]. Ll obcraBuHa
BHOCHUTh  BKJAJ y  3MIIHCHHS  KOMIIO3UTYy  TIO
3epHOTpaHNYHOMY MexaHizMy. KpiM Toro Ha moBepxHi
py#HYBaHHS MaTpHIl y criedeHnx kommosuTax (BsC-TiBy)
- B4C micns BumpoOyBaHb criocTepirany ABIHHHKOBI
yTBOopeHHs. [losBa NBIHHWKIB y Kepamilli Ha OCHOBI
Kapbimy Oopy € Bimomum edekrom [76, 77] i Takox
BHOCUTh TICBHHWA BKJAJ Yy 3MIIHCHHS KOMIIO3UTY
BHACIIIZIOK CTBOPCHHs 0ap’epy Ha NUIAXY IOIIMPCHHS
TPilIHH.

BaximBUM ~ TUTaHHAM  [IOJ0  3aCTOCYBAaHHS
KEepaMiYHUX KOMIIO3HTIB € BAHUKHEHHS B HUX BHYTPIIIHIX
3aNUIIKOBUX HANPYXEHb BHACHIJOK HEBiIIIOBIIHOCTI
TEIJIOBOTO pO3MHUpeHHs Mixk (asamu. Kpim Toro, mpwu
OXOJIOJUKEHHI ~ Marepialy  BHYTPIIIHI  3aJIMIIKOBI
HATIPY>KEHHSI HE MOXYTh OYyTH CYTTEBO 3HUKCHUMH,
BHACIIZIOK HEMOMXJIUBOCTI TMPOXO/DKCHHS IUTACTUYIHOT
nedopmanii B kepamini. [le npu3BoauTE 10 TeHEpYBaHHS
BHCOKHMX 3HAYCHb BHYTPINIHIX TEIUIOBUX 3QJIUIIKOBUX
Halpy)XeHb, fAKi MOXYTh 3HIDKYBaTH  MeEXaHIdHI
BJIACTUBOCTI KOMIIO3WI[IHHOTO MaTepially B IIJIOMY.
Oco0:11BO HalpyXXEeHHS PO3TATY B KPHUXKIH KepaMiuHii
(ha3i MOXKyYTb CHPUATH HOMIMPEHHIO KPUXKUX TpimuH [78].

3 METOI0 3HIKEHHS PiBHS 3ATUIIKOBUX HAIIPYKEHB Y
CIPSIMOBAHO 3aKPUCTAII30BAHOMY EBTCKTHYHOMY CILIABI
B4C-TiB,, Oymo mnpoBedeHO JOCHI/KEHHsSI BIUIUBY
TepMiuHO1 00poOKH mpu HarpiBauHi 10 1400 °C y Bakyymi
[79]. Tlpm upomy pe3ynbTaTH IOaHOTO JOCIIIKECHHS
CBiI4aTh Mpo Te, MO y TEpMIYHO 0OpOOJIEHOMY IpH
temreparypi 1400 °C  marepiasi  cmoctepiraerscs
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3HWKCHHS pIBHA HalpyXeHb 1 HaOMMKEHHS CTaHy
Marpu4yHoi  ¢asu  CIpSIMOBAaHO  3aKPUCTaAJIi30BAHOTIO
eBTEKTHYHOTO ciu1aBy B4C-TiB; 10 piBHOBaXKHOTO CTaHY.

Kpim Toro, aBropamm pobGit [80-82] Tex Oymo
MIPOBEICHE JOCIIPKEHHS 10710 MOJKIIUBOCTEH
3acTocyBaHHs Bianany. B po6ori [82] Oyno BcTaHOBIIEHO,
o Bianan npu Temneparypax 1000-1600 °C cripsimoBaHO
3aKpHCTaTi30BaHOTO eBTeKTHYHOro cruraBy LaBs-TiB2
NPUBOJMUTH /O MiJBHIIEHHS MEXaHIYHMX BJIACTUBOCTEH
KOMITO3UTY Ha BEJIMYHMHY, NPONOPLIHHY BEJIMYNHI, Ha SKY
3MEHIIYIOThCS 3aJUIIKOBI HANPYXEHHS B MaTPUYHINA Ta
apMmyBasbHUN (azax. TakuM YHHOM, 3aCTOCOBYIOUH
BKa3zaHi CHOCOOM, € MOXJIMBICTb JOBECTH 3HAUYCHHS
MEXaHIYHUX BIACTHUBOCTEH JaHWX MaTepialliB  JIo
HEOOXITHMX, SKi O3BOJSATH BHTOTOBJIATH 3 HUX Tapsdi
JIeTaji TeIUIOBUX JIBHUTYHIB.

KKM Ha 0CHOBI OKCHUIIB, K MPABUIIO, CKIAJIAF0THCS
3 OKCHIHOTO BOJIOKHA Ta OKCHIHOI  MAaTpHII.
HaiinonmmpeHimmMy 3 OKCUJHUX MaTpUYHUX MaTepialiB €
KepaMikl 3 OKCHIY alioMiHilo, Oepuiito, Lepilo Ta
UPKOHII0. BOHM € CTIHKAMU 10 OKHCIIEHHS MaTepiaJaMu
1 BUKOPHCTOBYIOTHCS B OKHCIIOBAJIbHUX CEPEIOBHINAX,
30KpeMa, B Taps4MX 4YacTMHAX TEIUIOBMX ABHUIYHiB. Ha
pHcC. 2 MOKa3aHO YaCTHHH ABUI'YHA SIKI BUTOTOBJISIOTHCS 13
KKM [83].

Besoxeuani KKM  Oxenaui KKM
| ]

 E— d 1
| 3oua cuamopans |l 3oma puxnony |

Komnipeeop

Pucynok 2. Yactunu aBuryHa, mo BUrOTOBILIIOTECS 13 KKM

(83]
Haiibinpm BHKOPHCTOBYBaHUMU OKCHIHUMH
KOMITIO3UTHHUMHM  MaTepiajjaMd € OKCHJ  aJIOMIHIIO
(rmmHo3em) Ta  amomocwiikath. KKM  Ha  ocHOBI

TJINHO3EMY Ma€ BHCOKY TBEPHiCTh, BUCOKY MIIHICTh Ha
CTHCK, XOpOLIy XIMi4HY Ta TepMiuHy cTaOinbHicTh [83].
PucyHok 3 irocTpye 3pocTaroumid iHTEpeC 10 MOJIIOHUX
KKM.
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Pucynox 3. Kinbkicts my6imikariif 3a pokamu 3 1995 mo 2021 p.
[83]

Sk Bumno, gani KKM BHKIMKAOTH NOCTIHHHI
inrepec 3 90-x pokiB. TakuM YHHOM 3a OCTaHHE
necsatuaitrs BiiactuBocti KKM iHImiroBald BYEHHX 110

NIPOBEICHHS  JOJATKOBUX JOCHIIKEHb ILHOTO  THILY
KOMIIO3UTHOT'O MaTepiany.
Onmnak  3actocyBanHs  moxiomux KKM sk

KOHCTPYKLIHHOTO Marepiajly, NMOKM L0 OOMEXeHO IX
HU3BKOIO B’SA3KICTIO Ta MilHICTIO Ha po3tar. lLle
00yMOBJICHO THUM, IO TPIIIMHHU JIETKO MOIIUPIOIOTHCS B
JaHuX  Marepiaax 1 TOMy  JeTali  MOXYTb
Henepen0adyBaHO BHWUTH 3 Iy IiJ] Yac eKcIuryararlii abo
obcmyrosyBanHs [84, 85]. 3 wMeTo0 miABHIICHHA
prnactuBocteii KKM Ha OCHOBI TIHMHO3eMY, BIH MOXE
MMOEJHYBAaTHCh 3 KapOimoMm O6opy, HITPHAOM KpeMHIIo,
Kap0iIOM THTaHy Ta TIOKCHIOM THTaHY.

Bimomo [86], 10 WiABHMINCHHS BJIACTHBOCTEH
TJIMHO3EMHOI ~ MaTpuili  OyJi0  JOCATHYTO  IIJISIXOM
apMyBaHHS 11 BOJIOKHaMH KapOimy Oopy, IO JO3BOJIHIIO
CTBOPHUTHU CTIMKHIA IO BHCOKUX TEMIIEPATyp i BHCOKOIO
tucky KKM. 3okpema aBropamu pobotu [87] 3a3HaueHo,
mo momaBaHHs 10-40 % 00. HUTKOMOAIOHMX KPHCTAIIB
B4C no3Boisie oTpUMaTH BHCOKI SIKiCHI TIOKa3HUKH
Mmexaniuanx  BiactuBocteir  KKM. Tak, Bkazani
koMmmo3utd 3 pomasaHHsAM 10-20 00.% HUTKOIOAIOHHUX
kpuctamiB  BsC mokazanmu  TiABHINEHHS B SI3KOCTI
pyiinyBanHs 10 6,2 MITa-MY2,

3aBISIKM BHUCOKIM TBEpIOCTI 1 B'I3KOCTI pyiHYBaHHS
KOMIIO3UTH 3 MaTpuIeo 3 okcuay amowminiio (AlOs),
apMOBaHOI0 BOJIOKHAMH 13 Kapbinm 6opy (B4C), Oymm
3aIpPONOHOBAHI [l BUKOPUCTAHHS Y BUCOKOTEMITCPATyPHUX
JIBUTYHAX, IPOTE TUIGKH JUIi BHUTOTOBJICHHS OKPEMHX
JleTajyiell, MmO B TMPOIECi eKCIUTyaTallii He IIiIIaloThCs
3HAYHKUM JJMHAMIYHUM HABAHTA)KCHHSM.

KM 3 metaneporo marpureto (MMK), Ha ceoroHi, €
MOIUPEHNMH  BHCOKOTEMIEPAaTYPHUMH  MaTepiaaMi.
Yacto 11¢ apMOBaHi BOJIOKHAMU CIUTABH Ha OCHOBI HIKEJIIO,
TUTaHy Ta amoMiHilo. [IpoTe sK MaTpUIIO yXKe
BHKOPHCTOBYIOTHh Hi0Oi€Bi, MONIOACHOBI Ta BOIL(PPaMOBi
crutaBu. Ha puc. 4 mokazaHo, B IKUX TIOTEHITIHHUX MICITSIX
3aCTOCOBYIOThCS MeTasioMaTpuyHi komno3utu (MMK).

Pucynok 4. IToTeHuiiiHi MicIis 3aCTOCYBaHHS
METaIOMAaTPHYHOTO KOMIO3uTy B aBuryHi EJ200, [88]:

1 — onatku KoMIpecopa, 2 — KOMIPECOPHi KibII,
3 — TypOiHHi Kinblis, 4 — CTiHKI IPUBOY, 5 — KOMIIPECOPHI
YIIJIBHIOBaY1, 6 — KOpITyc KoMIpecopa, 7 — Ba
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Hnst apMyBaHHS METaJIEBUX KM 4acTo
BUKOPHCTOBYIOTh ~ Oe3lepepBHI  BOJOKHA. 30KpeMma,
Byrneuesi (BB), 6opui (B), 3 okcuny amrominito (Al2O3),
kap6iny xpemuiro (SiC), xap6igy Gopy (B4C), mirpumy
6opy (BN), nubopuny tutany (TiB2), okcuay KpeMHitO
(Si02). Takox, SIK BOJIOKHA, 3aCTOCOBYIOTh METAJICBHI
TOHKHIA IPIT, OTPUMAHHUIA METOIOM BOJIOUIHHS 31 cTam, W,
Ti, Mo i Be. Pimme BUKOpPHCTOBYIOTh HHTKOIIOAiOHI,
crewniaibHO BUPOILEHI KPUCTAIM PI3HUX MaTepiais.

OxcuaHi BOJOKHAa J00Ope CyMICHI 3 HIKEJICBOIO
MAaTPUIICIO 1 € TIEPCIIEKTUBHUMH JIO 3acTOCyBaHHA [88],
MpOTe TMPOOJIEMy CTAaHOBUTH TEXHOJIOTiS BHUTOTOBJICHHS
MOJIIKPUCTANIYHUX OKCUIHUX BOJIOKOH, 5IKa, 30KpeMma,
MOJISITAa€ Yy BHYTPINIHIHM KpUCTami3allii OKCHAIB y KaHalax
Marpuii 1 BimOyBaeTbcs 3  TMOPIBHSIHO  HU3BKOIO
mBHIAKICTIO.  KpiM  TOro,  KapOMINHICTh  TaKUX
KOMIO3HUIIIHHAX MaTepiaiB 3aJeXHUTh BiJ] MIIIHOCTI
TPaHUIll OKCHJHOTO BOJIOKHA 1 HIKEJIEeBOI MaTpHII,
PEryJIoBaTH SKy B MPOLECi CTBOPEHHS BUPOOIB TOCHUTH
CKJIAJIHO.

3 MeTOI0 peryJIIOBaHHS MIIHOCTI 3’€JHAHHA Ta
CTYTICHIO B3aEMO/Iii BOJIOKOH 3 MAaTPHIICIO Ha 1X TOBEPXHIO
MOXYTh HAHOCHTHUCS MOKPHUTTSI. Tak, KpiM 3BUYaWHOTO
BOJIOKHa KapOiay KpEeMHII0 IPOMUCIOBICT BHI'OTOBJISIE
BOJIOKHO Kap6imy kpemHito SCS-2, mokpuTe BYTJIEIIEBUM
3aXUCHUM InapoMm ToBHMHOKO 1 MM [89]. IIpore Take
pilleHHs He € yHiBepcanbHMUM. B miii ke pobori
Bi3HAYAETHCA, IO BHUBYCHHS ONOPY IOB3YYOCTI
KOMIIO3UTY 3 MaTpuueio i3 cmaBy JKC-32 i eBTeKTHIHUM
okcumHuM BOJOKHOM Al,O3-AlsY301, mpu Temmeparypi
1150 °C mokasaiio, 1o npu 30iIbIICHHI 00’ €MHOT YaCTKH
BOJIOKOH OubIle AesKOT KPUTHYHOT BEIWMYWHU MIIHICThH
MEXI IOJUTy 3MEHIIYEThCS, 1 BIAMOBIIHO 3HIKYETHCS
KapPOMILHICTh KOMIIO3UTHOTO MaTepiaiy B uigomy. Tomy,
B KO)KHOMY KOHKPETHOMY BHITaJKy MOTPiOHO MIPOBOIUTH
BiJINIOBiJTHI JIOCII/DKEHHSI, IO YCKJIATHIOE TEXHOJIOTIO
BUPOOHMIITBA.

JlocuTh MOWITBHAM € 3aCTOCYBaHHS, SIK BOJIOKOH,
IIPOTY i3 BOJB(PPAMOBHX CIIJIABiB, OCKIJIBKM BOHH MAlOTh
BHUCOKI 3HAQYCHHS TIOKA3HHUKIB MII[HOCTI Ta MOJMIYIIO
MPY’KHOCTI y MIMPOKOMY Jlialla30HI TEMIIEPATyp, MPOTE HE
MAaIOTh JOCTaTHBOI MIIHOCTI y IOIEPEYHOMY HANpPSIMKY,
TOOTO BOJIOKHA i3 BKa3aHUX CIUIABIB CXWJIBHI JI0
posmapyBanHs. [lfo mpoOiieMy BHpINIyBaal aBTOPU
podorm [90], sKi TmOKaszamu, MO CXWIBHICTH JIO
pO3IIapyBaHHS OB’ 13aHA 3 TEXHOJIOTIEI0 IX BUTOTOBIICHHS
1 BUpIIMTH TpoOJeMy  3ampoloHYBaJH  LUIIXOM
BUKOPWUCTaHHSA [UII OTPHMaHHS BOJIOKOH 3aroTOBOK
(ImTabuKiB) 3 YaCTMHKaMH TOpoIKy MeHme 3a 200 HM i
migoopy ONTHMalbHOI MIBHJIKOCTI HArpiBaHHs IiX IpH
BHUCOKOTEMIIEPATYPHOMY CITIKaHHIO.

LikaBM € KOMITO3UIIHHUI MaTepiai 3 MapyBaToIo
Hi001H-THTaHOBOIO MaTPUIIEI0, 3MIIIHEHOT BOJIb(YPaMOBUM
gpotom. Moro mpomec (OpMyBaHHS IOCIiIKYBaBCS
aBropamu pobotu [91]. Kommosut dopmyBaBcs 3

3aCTOCYBaHHAM TEXHOJIOTil KOHTAaKTHOTO 3BapIOBaHHI.
3amaua mossraga B OTPMMaHHI MOHOJITHOTO Matepiany 3
OJTHOYAaCHUM 30€epeXeHHSM MILHICHUX XapaKTepUCTUK
apMyBaJIFHOTO JIpOTy 1 Oyna BHpimeHa 3aCTOCYBaHHSIM
TEXHOJIOTi1, MO CKIamaeThes 3 ABOX eTamiB. Ha mepmomy
eTami, SKUH XapaKTePH3YEThCS «M SKHMH» PEKUMAMHU
3BapIOBaHHS, 3/IMCHIOBAIM 3alOBHCHHS MaTepiaioM
MaTpHUIll TPOMDXKKIB MK BOJIOKHAMH BHACIHIIOK IUIHHY
MaTepialy MaTpHIli, a Ha JPYroMy — 3 3aCTOCYBaHHSIM
<OKOPCTKHX)» PEXKHMMiB 3BapIOBaHHS ()OPMYBAIH OCTATOYHI
30HU TIPOTUIABIICHHS, IO TIOBHICTIO 0OBOJIIKAIM BOJIOKHA.
TakuMm 9WHOM, BHAJOCS YHUKHYTH 3HEMII[HCHHS
apMyBaJILHUX BOJIOKOH 1 OTpuMaTy MoHoiTHHH MMK.
Benuki mepcrieKTHBH MarOTh HIKEJIEBI JTUCTIEPCHO-
3MII[HEH] CIUIABH, AKI Te€X BigHocats 10 MMK, ockiabku
YACTUHKH 3MIIHIOBAJIBHOT (Da3u B HUX BBOJASATHCS MITYYHO.
Ix Matpuus, mo ABNsE co6OK0, HATIPUKIAM, — Y- TBEPAUIA
pozunH y Hikem 20 % xpomy, ab6o 15 % wmomibneny
CJIY’)KUTh OCHOBHUM KOHCTPYKTHBHUM EIICMEHTOM, SIKHI
BUTPUMY€ HAaBaHTAXKCHHS, a JHUCIEPCHI YaCTHHKH
TaIBMYIOTh PyX Ouciokamiid. OCOONUBICTh IHUCTIEPCHO-
3MIITHEHUX  METAJIeBUX  KOMITO3WIIIHHUX  MaTepialiB
OJISITa€ 'y TOMY, II0 BOHM 130TPOIHI 332 BIACTHBOCTSIMH.
OnrumanbHui eekT gocsraeTbes MpHU PO3Mipl YaCTHHOK
10...500 am 1 Bigcrani mixk HEME — 100...500 aM mpu
PIBHOMIpHOMY PO3HOALTL IX y MaTpuui. ABTOpU AIHIILIH
BHCHOBKY, 1[0 BBEJICHHS y MaTPHII0 TOHKOAUCIIEPCHHUX
MmopolIIKiB giokcuais Topiro (ThOz) abo 1upkoHio (ZrOy)
JTO3BOJISIE TIIBUIIUATH poOOTy TeMIepaTypy »KapOCTIHKIX
netaneit asuryHa 3 1000 °C o 1200 °C [92].
Kommosurilini MaTepiaid Ha MeTalleBii OCHOBI
MOJKYTh TaK0X BUKOPHCTOBYBATHCS K MOKPUTTS JeTaJeH
aBiaJIBUT'YHIB, sIKi IPAIFOIOTh IPU BUCOKKX TEMIIEPaTypax.
Tak, y po6oti [93] sk nepcrHeKTHBHUI PO3MIISAAETHCS
KOMITO3UT Ha METaleBiii OCHOBI 3 BHKOPHUCTAHHIM
qubopuny tutany-xpomy (TiCrB»). Cam qubopun tutany-
XpOMY CTaHOBUTH TBEPAMH PO3UYMH XpOMY y AHOOpUi
TUTaHY, BiIPI3HAETHCS BHCOKHUMU xKapo- Ta
3HOCOCTIMKICTIO 1 JOCTaTHHO HHU3BKOIO TyCTHHOIO
(4,5 r/cm®). Moro He0MmiKOM € BHCOKA KPUXKICTh. AJie SK
KOMITOHEHT KOMIIO3UTY 3 METAJICBOIO MAaTPHILICIO BiH MOXKE
CYTTEBO  TIABUIIUTH  JKAPOCTIHKICTh  MaTPUYHOTO
Mmarepiany. [TokazaHo, 1110 HEPCIIEKTHBHOIO MaTPHULICIO JUISI
JUOOPHUIY THTaHY-XpOMY € XPOMOHIKEJICBHH CIUIaB 3
nonaBanHsM amominito (NiAICr). Bin mobpe 3mouye
HAIIOBHIOBAY 1 HE B3aEMOJIE 3 HUM. SIK TIOKPUTTS Kparry
KapocTiikicTh mokasas komno3ut TiCrB, + 50 % NiAICr.
Ile mOsICHIOETBCS THM, 11O 301IBIICHHS YaCTKH METajIeBOT
(ha3u mokpaiye Gizuko-MexaHiqHI BIACTUBOCTI.
BaxumBoro rnpobiemoro € po3podka Boib(hpaMoBUX
MaTepialiB IS CKIAJHUX CHEPreTUYHHUX CHCTEM,
30KpeMa, TaKHuX sIK TepMOsZepHUi peakTop. Bimomo [94],
110 OCHOBHMMH HEJOJIKaMH BoJb(pamy, SIKUH oOMexye
HOro 3acTocyBaHHS B IOMIOHMX KOHCTPYKLISX, € HOTro
KPUXKICTh TIPA TIOMIpHUX TEMIIEPATypax i CXWIBHICTH J0
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OKPHUXYEHHS i/ Yac eKCIUTyaTarii, HaupuKiIag MpH il
HEWTPOHHOTO OIPOMiIHEHHS.

3pobutH Bosb(hpam OLIBII CTIMKMM 0 HEraTHBHUX
BIUIMBIB MOJKHA IIUISIXOM BHKOPHCTaHHS KOMIIO3UTHOTO
MiAXOTy. Bomwsdpamosi KOMITO3HUTH, apMoBaHi
Bonb(ppamoBuMu  BosokHamu  (W/W),  ycnimno
PO3pOOISIOTECS JUIsl TOJOJIAHHS BJIACTHBOI BOJIB(GpamMy
KPUXKOCTI IIpH 3BHYaitHuX Temneparypax (20 °C) Ta fioro
YYTJIMBOCTI JI0 KPUXKOCTI MmiJ 4Yac ekcruryatamii. Lled
Marepian OyB YCHIIIHO BHI'OTOBJICHMH 1 BHIPOOYBaHHMH
MPOTSTOM OCTAaHHIX POKIB, 1 Temep yBara MpUIUIIETHCS
TEXHOJIOTIYHIN peamizarii Horo mis BUKOPHCTAaHHS B
IUIA3MOBUX TEPMOSAEPHUX MPUCTPOsX. BunpoOyBaHHs
3pa3kiB maHoro MMK Ha ymap 3a Illlapmi mokazanm
MABUINEHY CHEprilo pyHHYBaHHA, B OCHOBHOMY,
BHACJIJIOK IUIacTHYHOI  aedopmanii  BoJIbGPaMOBUX
BOoJIOKOH. Bukopucranas MMK WI{/W wmoxe 3HauHO
pO3MIMPUTH 3aCTOCYBaHHS BONb(paMy Ta YCYHYTH
npobyieMu TIIMOOKOTO PpO3TPICKYBaHHS, sIKE 3a3BHYal
BUHMKAE TiJ| Yac IMKIIYHOTO HAaBAHTAXXEHHS BHCOKHM
TEIJIOBUM TMOTOKOM [95-97]. 3 MeTo OTpUMaHHS
BKa3aHOTO KOMIIO3UTHOTO MaTepiany Oymm po3pobieHi
TEXHOJOTiI ~ OTpUMaHHA  BOJb(pamy, apMOBAHOIO
Boib(ppamoBuM BosokHoM (W{/W) 3 3acrocyBaHHAM
mporiecy mopomkoBoi Mertamyprii  [98]. YV mpomy
JOCTiKeHHI Oyno po3pobneno HoBuit tun WHW 3
MOPHUCTOIO MaTpHLer0. Y MopiBHAHHI 31 3BMYaiiHuM W{/W,
PO3pO0IIEHI TEXHOJIOTIT TO3BOJIMITN 3MEHIITUTH B3a€EMOJIII0
Ha TPaHMIl  BOJNOKHO-MATpHI, IO  CHPOCTHIO
BUpOOHMYMH  mpomec.  MexaHiuHI ~ BUIPOOYBaHHS
MmoKasanyu, 1o Januid kommo3ut WI/W 3 mopucroro
MaTpHLEIO MpPOSIBISE TMCEBIOINIACTUYHY TOBEIIHKY 3
ITi/IBUILIEHOIO B’SI3KICTIO PYHHYBaHHS NOPIBHSHO 3 YHUCTHM
BOJIb()PAMOM.

TakuM 4YMHOM MOJKHAa BBaXKaTH, II0 HAaBEJCHI
pe3ysibTaTh € JI0Ka3oM IePCIEeKTUBHOCTI IIPOBE/ICHHS
nmociimkers KM 3 MeTaieBor MaTpHIEHO.

JlouminbHICTE apMyBaHHA  METaJEeBUX
BYIJICIEBUMH  BOJIOKHAMH. CtpiMKHii ~ PO3BUTOK
HAHOTEXHOJIOTiH OCTaHHIMH  pPOKaMu JI03BOJISIE
pO3pO0OIATH TepeaoBi HAHOKOMIIO3UTH 3 METAJIEBOIO
MaTpPHIICIO TUTSt CTPYKTYPHOL IHXKeHepil Ta
(yHKIIOHAJIBHUX NPHUCTPOiB. B ocTaHHI poku Byrieuesi
HaHOMaTepiaiay, BKIIOYAalOYM TrpadeH Ta ByrJeuesi
Ha"HoTpyOkm (BHT), cramm BaXIMBUM KJIacoM HOBHUX
MarepialiB JUTSt CTPYKTYPHOI iHXeHepii Ta
(byHKIIOHATIBHUX HIPUCTPOIB 3aBISIKM  IXHBOMY
HAJ3BUYAallHO BHCOKOMY MOAYJIO TPYXHOCTI Ta
MEXaHIYHIH MIITHOCTi, a TaKOXX BHUCOKIH eJIeKTpo- Ta
TEIUIOTPOBIMHOCTI. Y TOEIHAHHI 3 iX BHCOKUMHU
XapaKTepUCTUKaMK  CIIBBIJIHOLIEHHS  JIOBXMHH  JIO
nmiamerpa abo JOBXHHH 10 TOBIWHU TpadeH i BHT
BBA)XAIOThCS HAHOLIBII epEeKTUBHMMH apMyBaJbHHUMHU
HaloOBHIOBAYaMH  JUIS  BHIOTOBJIEHHS  KOMITO3UTHHUX
MaTepialis.

MaTpHIb

VYcmimue 3actocyBanHs BHT B momimepHHX
Mmatepianax (IIKM) oOymoBmIIO iHTEpEC 10 BUKOPUCTAHHS
iX SK apMyBaJbHOI (ha3M B KOMIIO3MTax 3 METAJIEBOIO
Marpuner. Y nopiBasHHI 3 [IKM, MKM, mo apmoBaHi
BHT, w™maroTe psg mepeBar TakuX K BHYTPIIIHA
CTaOUIBHICTh TIPM MiABMINEHIH TemrepaTypi, BHCOKa
MIIHICTH 1  JKOPCTKICTb,  4YyAOBa  €NEeKTpo- 1
TETJIONPOBITHICTb.

VY BIOMOBITHOCTI 3 AYMKOIO aBTOpiB pobortu [99],
rpadeH, 3aB/ISIKM CBOIM BHCOKHM BJIACTHBOCTSIM, (BiH Mae
MinHicTe Ha po3puB mo 1060 I'Tla, momyns FOHra Gins
1100 I'Tla i HU3bKY I'yCTHHY, siKa cTaHOBUTH 1,06 r/cM®) Ha
CbOTOJ/IHI, BB@)XKAETHCS 1/l€allbHUM 3MILHIOBauYeM JUIsl
METaJIO-MAaTPUIHUX KOMIO3WTiB. Ha maHWii MOMEHT Iie
MiATBEPIKYETHCA pe3yabTaTaMH AOCIiIKEHb HaBEICHIMU
B Oarateox pobOorax [100-105]. 3okpema, aBTOpH
BKa3aHUX pOOIT 3a3HA4alOTh, MO0 rpadeH Moxe
sminHoBaTH KM 3a TakuMmu MexaHi3MaMU SIK 3€peHHE
3MIIHCHHS, TUCIIOKAIlIiTHE 3MIIIHCHHS, @ TAKOXK 3MilHCHHS
3a MexaHi3MoM OpoBaHa, 3aBSIKH YOMY € IIEPCIEKTUBHUM
JI0 3aCTOCYBaHHSI.

e, 30kpeMa, MiATBEPIKEHO pe3yiabTaTaMH POOOTH
[106], aBTOpM sIKOi JOCH/DKYBaJM 3aCTOCYBaHHS
OJTHOMIPHHMX BYIJIELEBMX HAaHOTPYOOK Ta JIBOBHMIpHHUX
rpaeHOBUX HAHOJUCTIB, K apMyBILHUX €JIEMEHTIB Y
KOMITIO3MTaX 3 METaJeBOI0 MaTpHIer0. ABTOPH BKa3zaHOI
poboTH 3a3Ha4alOTh, L0 MOPIBHAHO 3 KepaMiuHUM
apMyBaHHSIM, BYTJIEIIEBI BOJOKHA Ta TpadiTOBi YaCTHHKH €
NpUBAOIMBUME apMYBAIFHUMH MaTepiallaMi  3aBISKH
CBOiH BUCOKIH TEIIONPOBIAHOCTI 1 HU3bKOMY KOE(IIliEHTY
TEIUIOBOTO PO3IIMPEHHS.

Cnix  BigMITHTH, 1O  BYIJIEIIEBI  BOJOKHA
JIEMOHCTPYIOTh BHCOKY MillHicTh Ha po3puB (~3,10-
4,07 I'Tla), ane npu BiZHOCHO HM3BKOMY Moxyini (~231-
248 I'Tla). IlimBumuTe MOIyns npykHOCTI 10 ~480 I'Tla
MOXHa HUIIXoM ix rpadituzauii. ITosicHIOeTbCsl BKa3aHe
I IBUILIEHHS MOJyJIst HPY>KHOCTI YTBOPEHHSIM
BHCOKOOPIEHTOBAaHWX T'padiTOBHUX MIapiB, MPOTE MIIHICTh
Opr  [OBOMY  JCMI0  3HWXKYETbCA.  ApMyBaHHA
BHUCOKOMOTYJIbHUMH BOJIOKHAMH HA/1a€ 3HAYHOT PO3MipHOT
crabigpHocTi. Jami MKM o0co0auBO MmigXOAsATh ISt
BUKOPHUCTAHHS B KOCMIYHOMY cepemoBHIII 3
CeKCTpEMAlbHUMH ~ yMOBaMH, TaKUMH SK  BaKyyM,
i0HI3yI04Ye BUIIPOMiHIOBAaHHS Ta mu1azma [106].

IIpore momo 3acTocyBaHHS BKazaHHUX MaTepiaiiB
ICHYIOTh TpOOJIEMHI MUTAaHHSA, SIKi MOTPEOYIOTh PIlICHb.
3okpeMa, aocuTh ckinagHo BBoauth BHT B metanw,
OCKIIBKM BOHHM MAalOTh TEHJICHINIO arioMepyBaTHUCh Y
KJIaCTepU BCEPEAMHI MaTpHIli. [HIma mpobiema BUHHUKAE
gepe3 mnoraHe 3MouyBaHHs BHT posmnaBneHnMu
MeTaJlaMH BHACIIIOK BEJIMKOi PI3HUII B IIOBEPXHEBOMY
HATATY BYIJICEBUX HAHOTPYOOK 1 MeTamiB, TaKOX
YTBOPEHHS MPOAYKTIB MiK(pa3HUX peakuii Ta mpoodiem,
NOB’SI3aHUX 3  TaJlbBaHIYHOIO  Koposieo.  Tomy,
HE3BKAIOYM HAa HaBeNEHI IiepeBaru, KOMepIliiiHe
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BUKOpUCTaHHS apMmoBanunx BHT-MMK  obOmexene
MOPIBHSHO 3 1X aHAJOTraMH 3 MOJIMEPHUX KOMIIO3HTIB 1€
i yepe3 BUCOKY BapTiCTh BUPOOHMIITBA.

KoMmmpomic Mik BHCOKOIO MIIHICTIO 1 T€BHUM
piBHEM B’S3KOCTI 4aCTO € BAXKKOIO JMJIEMOIO TpU BHOOPi
KOHCTPYKUIHHMX MarepianiB. Hanpuknan, Kommosur
Nb/NbsSiz BBAXKAETHCS KPUTHUYHO B)KJIIMBUM
KOHCTPYKIIHHUM MaTepiajloM IJIs 3aMiHH CYIepCIUIaBiB
Ha OCHOBI HIKEJIIO B aBlallifHMX JIBUTyHaxX yepe3 HOro
BHCOKY pobOouy Temmepatypy (6aussko 1400 °C), nobpy
CTIHKICTh IO OKHCIICHHS, BHCOKY MKOPCTKICTh, HH3BKY
TYCTHHY 1 BHCOKY MimHiIcCTh. OJHaK HHU3bKAa B’S3KICTh
koMno3uty Nb/NbsSis npu kiMHaTHIH —TemmepaTypi
YCKIIAJHIOE Horo 3acrocyBaHHs. B po6orax [107-110]
HArojomeHo, o kommo3ur Nb/NbsSiz Mae BHCOKY

pobouy TemmepaTypy, HHU3bKY TYCTHHY, BHUCOKY
KOPCTKICTh, BIJIMIHHY CTIHKICTHP D10 OKHCJICHHS Ta
BHCOKOTEMIIEpaTypHY MIITHICTb, i BB)KAETHCS

3aMiHHUKOM iICHYFOUHMX BUCOKOTEMIICPATYPHHX CIUIABIB HA
OCHOBI HIKEJIIO B raiy3i aBiallilHuX JBUTYHIB. AJle HU3bKa
MinHicTh  Kommo3uty  Nb/NbsSis  mpu  kiMHATHIH
TeMIepaTypi MEpemIKko/Kae MOro 3acTOCYBaHHIO B
apiamiiiaux gsurynax [111-114], i Ha ceoroani €
Ba)XJIMBUM MMUTAHHSM CaMe MiIBUIICHHS B’ SI3KOCTI TaHOTO
KOMITO3UTY TIpH KIMHATHIH TemmepaTypi. SIk mokazaHo B
Oaratbox pobotax [115-124], 3a3Bu4aii, yaapHy B'SI3KiCTh
noAiOHUX  MaTepiajgiB  IABHINYBaJM 33  PaxyHOK
MIPUHECEHHS B JKEPTBY I1X MII[HOCTI, IO 3BUYAWHO HE
OakaHo.

Hanpuknan, ajis migBUIIEHHS B’SI3KOCTI KOMITO3UTY
Nb/NbsSis mnpu  kiMHaTHIH  TeMmepaTypi HIMPOKO
BHKOPHUCTOBYETHCS MeTOJ JieryBaHHs [125-127]. Tlpore
3aCTOCYBAHHSIM BKa3aHOI'O METOJY JOCUTb  Ba)KKO
3aJI0OBOJILHUTH BHMOTH II0 PIiBHS B’SI3KOCTI, MII[HOCTI Ta
CTIHKOCTI JIO OKHCIICHHSI BHACTIIOK CYIEPEUTUBUX BUMOT
JI0 BKa3aHUX XapaKTepucTuk [127].

[MonimmeHHs MIiOHOCTI Ta ynapHOi B’S3KOCTI
koMro3uTiB  Nb/NbsSiz iHmmM nusaxom, a came,
JIOJIaBaHHAM B 1iX CTPYKTYypy TpadeHy MOCTiKyBaIH
aBTopu poGortu [128]. Ilo3UTHBHMI BIUIMB BHACIIIOK
JoJlaBaHHs rpadeHy aBTOPH BKa3aHOi pOOOTH MOSCHHIH
THM, 1110 TIPU TaKOMY MOJU(iKyBaHHI TPaHUIl CepeaHbOL
HeBiaNOBiAHOCTI y BKazanoMy KM TpanchopmyroTecs B
MYJIBTUTPaHUIl HU3bKOT HeBiamoBigHocTi Nb-NbsCs-
NbsSiz uepes BrimOYeHHS rpadeHy Ta YTBOPEHHS
HaHopo3Mipaux ¢a3 NbsC3 Ha rpanmigix 3eped. 1l
TpaHMIll  HU3BKOI  HEBIANOBIIHOCTI  MEPETBOPIOIOTH
KOHCTPYKIIIHI MaTepialii 'y MaTepiaad 3 YyJIOBUM
MOETHAHHSAM MIITHOCTI Ta B’S3KOCTi. B mamiii po0oTi
MOBIIOMJISIETBCSL  TIPO T, 1[I0 3 METOI0 BHUPIIICHHS
npoOiieMr KOMIIpOMiCy MIDK MIIHICTIO Ta YIapHOIO
B'SI3KICTIO  OyJl0O  3alpoNOHOBAHO  KijbKa METOJIIB.
Hanpuknan, HanamryBaHHS MibK(pa3HOT KOrepeHTHOCTI 3
BUKOPUCTAHHSM HAHO3CPHA-JIBIMHUKA Ta MEPEXiTHOL
HaHoda3u, MO Ja€ 3MOTY JHUCIOKAIlisiM KOB3aTH y3I0BXK

MEX 3epeH-ABIHHUKIB a0 TMepeMilmarucs B CYCIITHIX
3epHax 1 TAKUM YHHOM IIiIBUIIUTH ILIACTUYHICTb.

Ile omuH nUIIX BUPINICHHS BKa3aHOI MpoOiIeMu
mocrmiami  aBTopu  pobotm [129]. Bomm, 3 wMeToro
BUTOTOBIICHHsT ~ KoMmo3uty  Nb/NbsSis, apmoBanoro
BYIJICLICBUMH BOJIOKHAMH, 3aCTOCYBAJIUA METOJ ICKPOBOIO
IUIa3MOBOI0 CrikaHHA. Humu Oyrno JOCHIIKEHO BILIKB
temneparyp cmikauas (1450 °C, 1500 °C i 1550 °C) na
MIKpPOCTPYKTYpY TOBEpPXHI MOALLY MIDK Marpuuero Ta

BOJIOKHAMH 1 MEXaHIYHI BJACTHBOCTI KOMIIO3HTIB,
BKITIOYAIOYN  TBEPICTh, IUIACTUYHICTH Ta B'SI3KICTH
pyiiHyBaHHsA. B pesymerari Oyno mocsrayTo 99%-i

TYCTHHH 1 Maiike pIBHOMIPHOTO PO3INOJUTY NPAaKTHYHO HE
MOLIKO/DKEHNUX KOPOTKUX BYTJICLIEBHX BOJOKOH 110 BCHOMY
KoMITO3UTy. Ha Mexi motiny Mixk ByTJIEIIEBUM BOJIOKHOM i
MaTpPUYHMM CIUIaBOM OyJia BHsiBIeHa (aza, 110 BioBiae
ximiyHid  opmymi  NbsCs, 3aBmsiku  sikid  BOJIOKHA
JIOCTaTHRO ~MIITHO 3’€MHYBAJIMCh 3 MaTpulen. Y
BIJIMIOBITHOCTI 3 pE3yJbTaTaMU JAaHOTO JIOCIIIKCHHS,
HalKpalli MEXaHi4Hi BIACTHUBOCTI OyJIM Yy KOMIIO3UTA,
BUTOTOBJICHOTO TIpWM Temmeparypi cmikanas 1500 °C
3aBISIKH CBOTH BHCOKIH TyCTHHI, HU3BKOMY
MOLIKO/)KEHHIO  BOJIOKOH 1 3aJ0BLABHIM  MILIHOCTI
3’€IHaHHS MDX MaTpHLEIO 1 BojlokHaMH. [Ipu mixBuILeHH]
TeMIieparypu crikanus 1o 1550°C mexaHi9HI BIaCTHBOCTI
KOMIIO3UTY MOTIPIIYBaJUCh, IO aBTOPH IOSCHHIN
MOIIKOJKCHHSM BYTJICHICBUX BOJIOKOH, SIKE BiJJOYyBaJIOCH
BHACJIIIOK peaKilii Ha MeXi MOJiTy.

Y BignoBigHOCTI g0 pe3yabTariB podotu [130],
rpad)eH OyB BUKOPUCTAHUI JUIsI IOKPALICHHS MEXaHIYHUX
BIIacTUBOCTEH KoMIo3uTy Nb/NbsSis, sIKHil € KaHIUIATOM
y  HAcTymHEe  [OKOJIHHS  BHCOKOTEMIIEPATYPHHX
KOHCTPYKLIHHUX MarepiayiB Jis aBialliiHUX JBUTYHIB.
ABTOpamMy BKa3aHOi POOOTH CHCTEMHO JOCIIHKCHO
MIKPOCTPYKTYpPY Ta MEXaHiuHI BJIACTUBOCTI 3MIITHEHHX
rpapesom  kommosutiB  Nb/NbsSis 3 mixkdaszHo
HaHo(a30r NbsCs. 3minHeHUH TpapeHOM KOMIO3HUT
Nb/NbsSi; i3 BumaTHOW B’A3KiCTIO pyHHYBaHHS Ta
MIIHICTIO Ha CTUCK IpH KIMHATHIA Temmeparypi OyB
YCHIITHO BHUIOTOBJICHHWH 3a JOMOMOTOI ICKPOBOTO
IUIa3MOBOr0 cmikaHHs. [loka3aHo, M0 MIKPOCTPYKTYpa
IILOTO KOMIIO3UTY 3MIHIOETHCS BiJl IapyBaToi MopdoJorii
JI0 piBHOMIpHO posmoineHoi PiBHOBa)KHOT
MIKPOCTPYKTYpH 3  TIJBHIICHHAM  TEMICpaTypH
BurotoBieHns Big 1450 °C no 1550 °C. Bucoky MilHICTh
Ha CTUCK KOoMIo3uTiB Nb/NbsSis, 3Mil[HEHHX rpadeHoM,
MOSCHCHO TMEpelaucio HaBaHTa)KEHHS Ha rpadeH, |1
BKa3aHO, MmO I €()EeKTUBHICTH Mepeaadi HaBaHTaXCHHSI
MTOCHITIOETLCSL  3aBASAKH €QEeKTy 3YeIUieHHS Mix(a3HOl
HaHopo3MipHoi azu NbsCz. Bucoky MminHicTe aaHoro
KOMIIO3UTY TOSCHHJIM MOJMJIMBICTIO BHCMUKYBaHHSM
rpadeHy mNpu pyWHYBaHHI, a TaKOX BIIXUICHHIM i
MNEPEKPUTTSAM TPILNIUH, IO CHPUYHUHSAETBCS TpadeHOM.
UymoBe moOemMHAHHS MIIHOCTI Ta B’S3KOCTI KOMITO3HTIB
Nb/NbsSis, 3minHeHHX TrpadeHoM, MiITBEPIKYE, IO
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JMaHUH TUIX YCHIIIHO JOTIOMOKE BHPIMIUTH TpobiIeMy
KOMIPOMICY MDXK MIIHICTIO Ta B’SA3KICTIO MOJIOHUX
Marepiaiis.

[Toni6Hi pe3ynpTaTi HAaBEACHO TaKOX y podoTi [131].
B Hili MOBiOMIISETBCS, IO KOMIIPOMIC MiX MIITHICTIO Ta
B’SI3KICTIO € BaXKKOIO NPOOJIEMOI0 B KOHCTPYKLIHHHX
MaTepiasiax. ABTOpH JaHOI pOOOTH MPONOHYKOTH
CTpaTerilo CHHEPTIYHOTO TIiJABHINCHHS MIIIHOCTI Ta
B’a3kocTi koMno3uTiB Nb/NbsSiz nuisixoM BBeneHHS
BUCOKOE(EKTHBHOTO rpadeny JUIst ajanTamii
KOT'€pEeHTHOCTI Mi>k(ha3HOI IpaHHUIIi Ta 3MIITHEHHS MaTPHII.
BurotoBnenuii  3minHeHW ~ rpadeHOM ~ KOMITO3HT
Nb/NbsSiz  BuminsieTbcst  cepea BiJOMHX — MOAIOHUX
MarepiasliB TiABUINEHUMH BJIACTUBOCTAMH. MixdasHa
rpanuis Nb-NbsSis i3 cepeqHbOr0 HEBiAIOBIAHICTIO 3a
apaMeTpOM TPATKH MEPETBOPIOETHCS HA MYJIBTUTPAHHIIO
Nb-NbsCs-NbsSiz 3  HH3BKOIO HEBIAMOBITHICTIO 3a
napamMeTpoM TpaTKH 4epe3 JjgojaBaHHs rpadeHy Ta
yTBOpEeHHS HaHopo3MipHOI (azu NbsCz Ha TpanuLi Mix
rpad)eHOM 1 MATPHICIO, IO NPHUBOIUTH 1O YYAOBOTO
MO€IHAHHS MIIIHOCTI Ta B’sI3KOCTi. Ba)KIuBO Big3HAYMTH,
0 HH3bKAa HEBiANMOBIAHICTH TpaHuis NbsC3-Nb i
Nb4sCs-NDbsSiz € xopucHo mis (opMyBaHHS MILHOTO
3B’SI3Ky MDK BKa3aHUMHM (azamu, L0 CIpHsE Hepenadi
HaBaHTaXXCHHs BiJl Matpulli no rpadeny. Takoxk aBTopu
BiJ[3HAYAIOTh, 0 MEXaHI3MaMH 3MIIHCHHSI B I[bOMY
KOMIIO3UTI € BIAXWICHHS BiJi HAMPSIMKY IOIIUPCHHS Ta
MIEPEKPHUTTS TPIIIMH Ta MIKPOTPINIMH. TakuM YHHOM, IIe
JIOCITIPKEHHS PO3KPHUBAE CTPATETII0 BUPIMICHHS MTPOOIeMH
KOMIIPOMICY MiX MII[HICTIO Ta B’SI3KiCTIO B KOMIIO3HTaX
Nb/NbsSi; nuIssxom goJaBaHHS BHCOKOE()EKTHBHOTO
rpadeHy IS TMOKpameHHsS KOTepEeHTHOCTI Mix(aszHOoi
IPaHMUII Ta 3MIIIHCHHS MATPUII.

3acTocyBaHHs rpadeHny 3 pi3HOIO 00'€MHOIO YaCTKOIO
(0, 0,25 %, 0,50 %, 0,75 % ta 1,0 %) w1t apmyBanas MKM
3 marpuneto Gr/Nb-Si, nocnijkyBaiu aBTOpH poOOTH
[113]. BukxopucranHsi cydacHOI TEXHIKH, 30Kpema,
CKaHYBaJIbHOTO €JIeKTPOHHOTO MIKpPOCKOIa 3 IOJbOBOIO
emicieto HITACHI S4800 3 eneprogucmnepciiHum
CIIEKTPOMETPOM (FESEM/EDS); PEHTICHIBCHKOT
mudpakuii (XRD) D8; enexrpoHHOI Mikpockormii, o
npocBiuye (HRTEM) JEM-2100F 103BonHiI0 BCTAHOBHTH,
110 He 0yJI0 CYTTEBHX 3MiH Y po3Mipi Ta Mopdortorii pazu
Nb4C3 3i 306inbuieHHsIM 00’ €MHOT YacTKu rpadeny, npoTe
00'emna vactka (azu NbsCs 30inpmyBanace. ITokazano,
mo (aza NbsC3 Mae crpmkHENOMIOHY MOP(OIOTILO.
[IpumitHO, mo ogHa cTopoHa (a3u NbsCz milHO 3B’ s13aHa
3 TpadeHoM, a iHIIa CTOpoHa BOYTOBaHA MIITHO B MATPHIIIO
MKM. Ha nymky aBTopiB, Iisi (opma 3B’s3Ky CHpHsie
(opMyBaHHIO e(EeKTy 3aKPIIICHHS, THM CaMHM ITiBHIIYE
MIIHICTE MDK(A3HOTO 3B’S3Ky BHACIIJIOK 3MCHIICHHS
MiK(pa3HOi HEBIONOBIMHOCTI Ta QopMmyBaHHA e(deKTy
SKOpiHHA. ABTOpaMHM JaHOTO  JIOCHI/DKCHHS  OyJo
BCTAHOBJIEHO, 10 31 30iIbIIEHHSM O00’€MHOI YaCTKH
rpageny mo 0,75 % MIOHICTE Ha CTHCK KOMIIO3UTY

Oe3mepepBHO  MiABHIIYETHCS, MPOTE 3 MOJANBIIAM
30uIbIIEHHAM 00’eMHOI 4acTku rpadeny no 1,0% Bona
MOYMHAE€ 3MEHIIyBaTuCh. MIIHICT Ha CTHUCK Ta

nedopmarist kommosuty 0,7506. % Gr/Nb-Si cranoBsiTs
2692 MIla ta 9,87% BiamoBigHO, 110 TpuoIM3HO Ha 41% i
pubau3HO Ha 32% Oible y MOPIBHAHHI 3 HEAPMOBAHUM
kommo3utoM Nb/NbsSiz. Ile roBoputh mnpo Te, IO
MIIHOCTHI BiacTuBOCTI KoMmo3uTiB Gr/ Nb-Si MoXyTh
OyTH 3HAYHO MOKPAIIICHI IIISIXOM BBEJICHHS BiIIMOBIIHUX
KimpKOCTeH rpadeny.

3HWKEHHS MINHICHUX BiactuBoctet KM  mpu
1,006.% rpadena y KM Gr/Nb-Si mnoscHeHo
arnomepaniero rpageny. lllapm B araomepoBaHOMY
rpadeni 3B’s3aHi ¢izmuHUMU cwiiamMu BaHn-nep-Baanbca,
AKi Habarato HIKYi 32 MIIHICTh KOBAJIEHTHOTO 3B’S3KY
MDK aToOMaMu BYIJIEHIO y rpadeHi, TOMy arjomepais
rpadeHy IPU3BOIUTH IO PO3PHUBY MIX JIUCTaMU rpadeny
MIPU JTOCUTh HU3BKHUX HANPYKEHHAX, 110, B CBOIO YEPTy,
MIPU3BOIUTH JI0 3HIDKECHHSI MIlIHICHUX BIacTHBOCTe KM.

Kpim toro, aBTopamu anoi podotu 0yio mokasaHo,
0 TEHICHINSI 3MiHH B’S3KOCTI pPYHHYBaHHS Maibke
BIMOBiZIa€ HOro MIIHOCTHUM BIAacTHBOCTSIM. CepemHs
B'a3KicTh pyitnysanns (38,25 MITa-mY?) komnosuty 3
0,7506. % Gr/Nb-Si 36inburyetbes npubau3Ho Ha 67% Ta
Ha 32% TOpIBHAHO 3 HEApMOBAaHHM KOMIIO3UTOM
Nb/NbsSis (22,88 MIla-mMY?) Ta xomnosutom 0,25 06.%
Gr/Nb-Si (28,88 MIla-mM¥?) Bianosigno. Ili pesynbratn
MIOKa3yIOTh, 1[0 BBEAEHHS rpadeny B kommosutu Gr/Nb-Si
MOXe e(PEeKTHBHO MOKPAIIUTH 1X B’ A3KICTh pyHHYBaHHSI.

Ha cporomni pimieHHSAMH BKa3aHUX IpoOieM
3aIfikaBJIeHo Oarato mociigHuKiB. Hampukmam, B poOOTi
[132] mmpoko npeacTaBiIeHO CYYacHUM CTaH TEXHOJIOTI
BHT-MKM Bijg iXHBOTO CHHTE3Y 0 O€31i4i MOTCHIIHHUX
3aCTOCYBaHb Ul KiHIIEBOTO BHKOPUCTAHHS. Y BKa3aHii
po0OOTI  pO3TAAMAIOTBCSI  METOMW  OOpOOKH, IO
BUKOPUCTOBYIOTBCSA IUII CHHTE3y Ta BHUTOTOBJICHHS
BHT-MKM. Ilpu 1npoMy HaroJIOmyeTbcsi Ha METOAAX
nucnepryBanHss BHT B MeraneBux cucremax, L0 €
KJIIIOYOBUM  BHWKJIMKOM I YCHIIIHOI Ta IHPOKOL
peanizauii BHT-MKM. IIpencTaBieno MeTou KijbKicHOT
OLIHKM Ta MNOKPAalIeHOro KOHTposto po3noxairy BHT.
PosrnsayTo Mertoam xapaktepmsamii (cydacHi MeTOOH
BHU3HAYCHHS XapaKTEPUCTHK MaTepialiB Ta odnacted ix
3aCTOCYBAaHHS), SKi YHIKAJIbHO MiAXOISATH JJIS OMUCY IUX
HaHOPO3MIpHUX MaTepiaiiB Ta iX YUCICHHUX XIMIYHUX i
(iBUYHUX ~ B3a€EMONIH 3  METaJeBOI0  MAaTPHIICIO,
BKJIIOYAIOUM XapaKTepHCTHKY MeXaHi3MiB Jedopmanii B
peampHOMYy d4aci (in-situ). HaBomsaThcst pesymbraTh
€JIeKTPOHHO-MIKPOCKOIIIYHAX JOCIHIKEHb, Pe3yJIbTaTH
SIKMX 30aradyloTh TINOTE3d MIOJ0 MIiKPOMEXaHIYHOTO
MOJIENIIOBaHHs,  Mibk(dasHoro amzaiiHy, MeXxaHi4yHOI
MOBENIIHKN Ta (YHKI[IOHATBHUX BIACTUBOCTEH MOIIOHMX
KOMITO3UTHUX MaTepiaiiB. OxapakTepru30BaHi KOMIIO3UTH
3 MOJIBIHHUM apMyBaHHSM, SIKi MAFOTh HA METI IiJBUIIUTH
edextuBHicTh BHT 1 3abe3meunT 3ajaHi BIaCTHBOCTI
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Matepiary. HaBemeno kimpka Tabnwmp 3 TepesikoM
MeTOJiB 00poOKH, acorifioBanux cranie BHT i
BJIACTHBOCTEH, IO OTPUMYIOTbCS B pe3yibTaTi, 00
JIOTIOMOTTH ~ HACTYIIHOMY  TOKOJIIHHIO  JOCIIiTHHUKIB
po3BuBaTH Hayky Ta imkeHepito BHT-MMK. Kpim toro,
MPEJCTABICHO OTJISA]] TATEHTHOI JTITEPaTypH, OO IPOIUTH
CBITJIO Ha Te, SK MOXC BUIJSNATH TepIia XBUIS
koMmepriamizamii BHT-MKM 1 siki BHKJIMKH JOBEIETHCS
MOJIOJNIATH SIK 3 TEXHOJIOTIYHOI, TaK 1 3 KOMEPIHHOT TOUKH
30py.

IaTeHCHBHA MJIacTHYHA nedopmMaris €
6araTooO0IIII0YNM METOI0M BHTOTOBIICHHS KOMIIO3HTIB i3
HaJIpiOHO3EPHUCTOIO CTPYKTYPOIO, & TAKOXK KOMIIO3HUTIB 3
HaHOCTPYKTYpOI0. ICHYIOTH pi3HI crmocobm iHTEHCHBHOL
miactTuaHoi nedopmartii. Ha choromHi, JaHIMA METOIaMU
BUTOTOBJISIFOTh ~ IIUPOKHA  CHCKTP  PI3HOMAHITHUX
KOMIIO3HUTIB, SKi BKJIFOYAIOTh KOMIIO3UTH METaJl-METall,
KOMITO3UTH 3 METAJIeBOI0 MaTpuIelo Ta aMopdHi
KOMITO3UTH 3 MeTalieBoro matpuuero [133].

Hanpuknan, mNOpiBHSHHA TepPMiYHOI CTaOUIBLHOCTI
YIBTPaapiOHO3EPHUCTHX MIKPOCTPYKTYP Y 3pa3Kax YHCTOl
MiZi Ta KOMIIO3UTIB MiAb-ByIJIENeBi HAHOTPYOKH,
00poOIeHNX METOJOM KPYYEHHsI IiJI BUCOKUM THCKOM,
oKazaio, o MIKpPOCTPYKTYpa y 3pasKy,
KOHCOJITOBAHOMY 3 9YHCTOTrO mopomKky Cu, Mae Kparry
CTaOUIBHICTB, HIX y JInTOMY 3pasky Cu, a nogaBanus BHT
JIO TIOPOINKY Miji Ie OiNbIIe MiJBUIIMIO CTA0UIbHICT
MikpoctpykTypu UFG y KoHcomimoBaHii MaTpuii Mifi,
MepemKkopkaloun  pekpuctamizamii. IIpote 1me Takox
NIPU3BEJIO JIO 3POCTAHHS IIOPUCTOCTI Ta PO3TPICKYBaHHs
KOMNO3WUTy Tix dac Bimmamy. Twum He MeHm Oymo
Big3zHaueHo, mo gomaBaHHs BHT mo Cu mae 3arambHy
nepeBary oo ii TBEpJOCTi B Jiana3oHi TeMIepaTyp Bil
300 g0 1000 K [134].

TakuM YHUHOM, 3 MOMEHTY BIIKPHUTTS BYIJICIIEBUX
HaHoTpyOok (BHT) ta iXx 49ymoBuX MeXaHIYHHX
BJIACTUBOCTCH, BOHH BHKOPHCTOBYIOTHCS SK BUHSITKOBI
HaHoBoJOKHA [135]. OnHOYacHe BAOCKOHAICHHS HASBHUX
MIPOIIECiB BUPOOHUIITBA YHCTUX BYTJICIEBUX HAHOTPYOOK
(BHT) Ta BHOCKOHAJEHHS ICHYHOYHX METOMIB IS
BUTOTOBJICHHSI KPAIIMX MATPHUYHHUX MATEPialiB MPOKIAIO0
LUBSIX 0 OTPUMaHHS BHUCOKOC(EKTHBHUX KOMITO3UTHUX
MaTepiaiB 3 ONTUMI30BaHUMU MEXaHIYHUMHU
BiacTuBocTsIMH. ChOrojiHI iCHye 0arato 3acTOCyBaHb
KOMITO3UTiB, apMoBaHux BHT, ane kommno3utu, apMoBaHi
BHT, Bce mie € neinnTHIMH i BUKOPHCTOBYIOTHCS JIUIIIE
B JIy’Ke crenudiuHux cepax 3acTOCyBaHHS.

BucnoBku

1. 3a pesynbTaTaMH HaHOTO ODNIALYy MOXHA
KOHCTaTyBaTH, 10 METAJCBI Ta HEMETAICBI KOMITO3UTH
BHACJIIJIOK CBOIX BHCOKHX 3HAaucHb (Pi3MKO-MEXaHIYHUX
MUTOMUX XaPaKTCPUCTUK YCHIIIHO 3aCTOCOBYIOTHCS B
aBiaiiHIi Ta KOCMIYHII TEXHIL IUTS
BUCOKOHABAHTAXXEHUX  JeTajei, 110  MiJJaroThCs
IHTEHCHBHOMY HArpiBaHHIO 1| BUCOKUM HABAHTAXKCHHSIM.

2. Tloka3aHo, 110 caMe B IMX IITyYHUX MaTepianax
BJAJIO TOEMHYIOTHCS BHCOKA MEXaHiYyHAa MIIHICTh 3 IX
BHUCOKHM MOJYJIEM IMPYKHOCTI, HEBEJIHKOI T'YCTHHOIO Ta
JIOCTATHBOIO B'SI3KICTIO PYHHYBaHHSI.

3. BcramoBneno, mo B jgaauid dyac KM
PO3TIIAIAIOThCS IS HEBEJINKO]T KIJIBKOCTI
BHCOKOBApTICHUX 3aCTOCYBaHb dUepe3 IiXHIO BHCOKY
KOILTOBHICTb.

4. v mporieci BUOODY ONTUMAJIEHOTO
BHUCOKOTEMIIEPATyPHOTO KOMITO3UTHOI'O Matepiany

BIJIMOBIAHO 7O TMOTped Ta BUMOT KOHKPETHHX YMOB
eKCITyaTalii CKJagaHHs JITepaTypHOTO OINSANY €
BaKJIUBUM CTAIIOM, PE3yJIbTATH SKOTO CYTTEBO BILIMBAIOThH
Ha BapTiCTh IPOEKTY 3arajioM.

5. CknamHUM HAyKOBO-TEXHIYHMM 3aBIaHHSAM, IIO
CTOITb y CBiTI Iepe BUPOOHMKAMH KOMIIO3MTIB, €
pO3po0Ka HOBUX TEXHOJOTIH iX BUTOTOBJICHHS 3 OULIBII
HU3bKUMU BUTpaTaMH, SIKI T ABUIIVIN o
KOHKYpPEHTOCIPOMOXXHICTE KM TI0 BIZHOIICHHIO [0
TPaTUIIIHHAX METAJIIB 1 CIIaBIB.

6. He muBnsauch Ha MOMITHI yerixu B ocBoeHHI BBK
ta KKM 11 MacoBoro BHpOOHHUIITBA JeTallel ABUTYHIB,
o0 HArpiBalOTbCA B MpOIECI eKCIUTyaTtarlii, HalOUIbII
IOLJIBHUM, Ha choroaHi, € MMK.
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Purpose. To compile a scientific and technical review of the state of the art, achievements and prospects for
development in the field of composites for use in the aerospace industry and the development of technologies for their
production. Summarise and critically analyse the known research results on the development and use of composites in
the aerospace industry. Identify areas where further research is needed. Indicate authoritative sources of research results
in the field of composites.

Research methods. A search was conducted for information on carbon-carbon, ceramic, and metal-matrix CMs
published over the past 15 years. The articles were found by searching the Internet in databases such as Scopus, Web of
Science, and Google Scholar. Zotero software was used to collect, organise and cite research materials.

Results obtained. The state of the art, achievements and prospects for development in the field of high-temperature
composites and the development of technologies for their production are systematised and analysed. The promising
opportunities for increasing the operating temperatures of high-temperature composites are considered. The choice of
the main directions of modern research on the use of composites in the aerospace industry is substantiated.

Scientific novelty. The information on the prospects of creating high-temperature composites with an increased
operating temperature and the development of technologies that will increase their operating temperature and reduce
technological energy consumption in the production of heat engine parts from them has been expanded.

Practical value. The information provided in this scientific and technical review can be used both for the
development of new high-temperature composites and for improving the compositions and production technologies of
known composite systems, for a reasonable choice of their phase components, as well as by graduate students when
choosing a dissertation topic; help to formulate the objectives of the dissertation research, to choose modern methods of
research.
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PO3POBKA METOJ1Y OTPUMAHHSA AJTIOMIHIEBO-IITUPKOHIEBOI
JUI'ATYPU METAJIOTEPMIYHUM CIIOCOBOM I3 ®TOPUTHO-
XJIOPUAHOI'O PO3IIVIABY

Mema pobdomu. Pospobxa memoody npoMuciogozo OMpUMAHHA AMOMIHIEBO-YUPKOHIEBUX Tieamyp Memano-
MEPMIYHUM CNOCOOOM i3 hPMOPUOHO-XTIOPUOHO2O PO3NIABY.

Memoou docnioxycennsn. Excnepumenmanvruii memoo ompumanns nieamypu. Cnexkmpomempuynuii ananiz. Teo-
PEeMmuyHULl aHani3.

Ompumani pesynemamu. Po3pobieno memoo npomucio8o2o ompumanisi anoMiHIE60-YUPKOHIEBUX Nicamyp Me-
MATOMEPMIYHUM CHOCOOOM 3 PMOPUOHO-XIOPUOHO20 PO3NIABY. ANioMinoOmepMiuHe GIOHOBNIEHHS OKCUOY YUPKOHIIO 3
MEemOoK OMPUMAHHSL ATIIOMIHIEBO-YUPKOHIEGUX CHIAGIE8 OYI0 6UOPAHO K HAUOLIbUL eKOHOMIUHO OoyintbHUll Memod. Ha-
8€0€HO pe3yibmamu 00CHIOHO-NPOMUCTOB020 BUPOOHUYMEA ieamypu ma 6NaU8 MexXHON0SIUHUX napamempis Ha mexHi-
KO-eKOHOMIYHI noxkasHuku npoyecy. Ilpogedeno nabopamopri 6unpo6y8anHs 018 OYiHKU ONMUMATLHUX MEeXHOL0STUHUX
napamempis npoyecy amomomepmii. Ha ompumanux memanesux 3paskax UKOHy8a10Cs CNeKMpoOMempuiHe 8U3HA4eH-
Hs 8MICIY YUPKOHIIO Ma NPOBOOUBCS PO3PAXYHOK NOBHOMU 1020 sunyuenHs. Ha ocnoei ompumanux pesynromamis 6yna
0Opana NPUHYUNOBA MEXHON02IUHA cXxema O/ OMPUMAHHS Jieamypu 3 emicmom yupkorito 5%. Becmanosneno, wo 3i
3MEHUIeHHAM MeMNnepamypu Hazpiey posniagy (riocy UIYYeHHs YUPKOHIIO 8 ANIOMIHIESUll PO3NIA8 30LIbULyEMbCAL.
3 memoro nidguwgenns GUIYYEHHS YUPKOHIIO 6YI0 3aNpoNnOHOBAHO 66€0eHHsl (QuoCy Ol OMPUMAHHS ATIOMIHIEGO-
YUPKOHIEBOT Nicamypu 8 po30asabhy niv 00 66e0eHHsL 8 PO3NIAE AIOMIHIIO ANIOMIHIEBO-YUPKOHIEBOT Ticamypu.

Hayxkoea noeusna. Iloxasano, wo Hauditbuia po3uuHHicms OKCUOy YUPKOHIIO 6 KPIonimi cnocmepieacmvcs npu
Kpionimuomy yucni pienomy 3,0. Lle niomeepoicye, wo po3uUHHUKOM OKCUOY YUPKOHIIO (K OKCUOY AIOMINIIO) € IOH
AlF®+. Tlpu snuocenni memnepamypu npoyecy ma 36ibuienni 4acy nepemiuly6ants posniacy GULYYeHHs YUPKoHilo 6
aieamypy 3pocmac. Ilpu usuenni piznux cnocoodié 66e0eHHs WUXMU 6 NIY MAKCUMAIbHE BUTYYEHHS YUPKOHIIO 8 Aicamy-
Py 8 1a00pamopHux 00caioax 00CASHYmMO Npu 86e0eHHI ANIOMIHIEBUX epaHyll Y coabosull po3nias i docazano 92-93%.
Tlonepeons 06pobKa po3niagy arominilo 6 po30asarviill neyi Qrocom 6i0 OMpPUMANHI ATIOMIHIEGO-YUPKOHIEBOT Niea-
mypu do3gonsae docaemu 99,5% sunyuenna yupxoHiio i3 ZrQOo.

Ilpakmuuna yinnicmo. Hasedeno pesyivmamu 00CHiOHO-NPOMUCTIOBO20 SUPOOHUYMBA ATIOMIHIEBO-YUPKOHIEBOT

Jieamypu MemaniomepMiuHuM cnocooom i3 (mopuoHo-XI0pUOHO20 DO3NIABY HA HAABHOMY NIYHOMY YCMAMKYBAHHI
3a600y 3 GUPOOHUYMEA NPOBIOHUK0BO-KabenbHol npodykyii TOB «Kpok I'Ty ma éniue mexHonro2iuHux napamempis Ha
MexXHIKO-eKOHOMIUHI NOKA3HUKU MEXHON02IYH020 NPOYecy NPOMUCTIO8020 OMPUMAHHS Ti2Amypu.

Knrouosi cnosa: nicamypa, amoMiniil, YupKoHill, alioOMiHOMEPMIs, (MOPUOHO-XTIOPUOHULL PO3NAAS, (ItoC, GUTY-

YEeHHA .

Beryn .o . . .
Ha BUKOPUCTAaHHI BIANOBIAHUX Jiratyp. UuM BUII BUMO-

AJTIOMIHI€BI CIUIaBH 3 PI3HUMH JIETYIOYHMH €JIeMEH-
TaMH 3aBJSKH CBOIM YHIKaJbHUM BJIACTHBOCTSIM 3HANIILIN
LIMPOKE 3aCTOCYBAHHS B PI3HUX Tasly3siX MPOMHUCIIOBOCTI:
aBiaOyayBaHHI, MamWHOOYTyBaHHI, €JIEKTPOTEXHINI TO-
mo. Po3BUTOK 3acTOCYBaHHSA pi3HMX BHPOOIB Ha OCHOBI
AIOMIHIEBUX CIUIAaBIB BU3HAYA€THCS HASBHICTIO TEXHOJIO-
rii iXx BHTOTOBICHHA a00 MOMKJIHMBICTIO PO3POOKH TakKoi
TEXHOJIOTI1 3 IPUHHATHAMHI TEXHIYHIMH Ta €KOHOMIYHH-
MH [TOKa3HUKaMH.

Cepen 1HIIOTO, TOCSTHEHHS! BUCOKUX EKCIUTyaTalliii-
HHUX XapaKTePHUCTHK AIIOMIHIEBUX CIUIABIB IPYHTYEThCS

I'M TPEeA'BISIOTHCS IO CIIOKMBUMX BJIACTHBOCTEH KiHIle-
BOTO MPOAYKTY, TUM CYBOpIIlli BUMOTH JI0 TIPENN3iHHOCTI
CKJIaIy CIUIaBy, CTabiIBHOCTI TEXHOJOTIYHUX ITapaMeTpiB
Horo OTpHMaHHS Ta TOAAIBIIOT 0OPOOKH.

[IpenmsifiHicTh CKITamy, y CBOIO HYepry, BH3HAYA-
€TBCS PSAIOM BIIACTUBOCTEH CHPOBHHH Ta MaTepialiB
(ximiuHUH, (a30BUH, TPAaHYTOMETPUIHUNA CKIJIAJ TOIIO),
Ta TEXHOJIOTIYHUMH ITapaMeTpaMu IPOLECIB CIUIABJICH-
HSl, TAKUX SIK TEeMIlepaTypa, TPUBAIICTh MpoIecy, Heoo-
XIIHICTh mepeMillyBaHHs a0o, HaBNAaK{, CTBOPEHHS
YMOB JUIsl CeJUMEHTalll rerepoda3Hoi CUCTEMHU «pO3Ii-
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nmaB—Kpuctanu». Ha Bce Ile HAKIAaTalOThCA OOMEKCHHS
IIOJI0 JIOCSTHEHHSI €KOHOMIYHOT €(DeKTHBHOCTI MPOLECY
B LIJIOMY.

AHaui3 1ocaigxKeHb Ta myoaikamii

Po3po0iieHo Ta npoWIIIM NPOMHUCIOBI BUIPOOYBaH-
HS TPU CIIOCOOM OTPHMaHHS JIIraTyp aJIlOMIHIIO 3 piaKic-
HUMU Ta pigkicHo3eMenbHuMH MeTamamu (PM ta P3M):
npsiMe ~ CIUTABJICHHS, aJIOMIHOTEpMIYHE BiJHOBIICHHS
JIETYIOUNX METAJIiB 3 IX COJeH Ta OKCHIIB, a TAKOXK €JIEKT-
postiTiaHe oTpuManHs Jiratyp [1-3].

[Ipame cromaBneHHS, SKe Mependadae IOMEpenHE
OTPHMMaHHS PiIKICHOTO Ta PiIKICHO3EMEIBHOTO METAy B
METaJIEBOMY CTaHi, 03BOJISIE TOYHO KOHTPOJIIOBATU CKJIaJT
Jiratypu, ajie BeJe J0 MiJBHIIEHHS co0iBapTOCTI Ipole-
Cy, OCKUIBKH BapTICTh METATy 3aBXKM 3HAYHO BUINA, HIXK
Horo crmojyk 3 iHmUMH enemeHTamu. Kpim Toro, s
CIUIABJICHHS aJIFOMiHIIO 3 HAa0arato OLTbLI TYrOIUIABKUMU
PM a6o P3M HeoOXimHO CTBOPIOBATH BUIII TEMIEpaTypH
MOPIBHSAHO 3 TEMIIEpAaTypaMHu NEpepoOOKH BIACHE allfoOMi-
Hito Ta ¥oro crmrasiB (3 750-900 °C mo 1200 °C i Buie)
[1-3].

OTpuMaHHA aMIOMIHIEBHX JIIraTyp B €JIEKTpOIIi3epax
o0Mexxye MOKIUBICTE BMicTy PM 4y P3M Tpoxu Oinbrie
HiX 3%. lle BU3Ha4aeThCSI BCTAHOBJIECHHSM PIBHOBaru B
CHCTEMI «pO3IUIaB METally—pO3ILIaB KPioJiTy» 3 BIANOBI-
nauMu cnionykamu PM a6o P3M. Ilpu nibomy HeoOXinHi
BHUIII TeMIepaTypH Ta OUTBIN KiNBKOCTI KpiomiTy HOpiB-
HSHO 3 aJIFOMiHOTEPMIYHKM BiTHOBIEHHsM [4, 5].

BuxopuctanHs  amrOMiHIHOTEpMIYHOTO  METOIY
OTpUMaHHS ATIOMiHIEBO-IIUPKOHIEBHX JITaTyp TO3BOJISIE
BUKOPHCTOBYBATH BKE BCTAHOBIICHE IIPOMUCIOBE 00Ial-
HaHHS 3aBIIKA CYMICHOCTI TeMIiepaTyp MPOTiKaHHs MPo-
1eciB 6e3 Horo peKOHCTPYKIIii, O € iICTOTHUM (haKTOpOM
TP IPUAHSATTI PIIEHHS PO OCBOEHHS HOBOTO TEXHOJIO-
riyroro npouecy [6-9]. OTpumaHHs CIUIaBiB alOMIHIIO 3
LUPKOHiEM, TaHIEM 1 CKaHIieEM 3a3BHYail 31iHCHIOETHCS
LIUISIXOM BBEJGHHS (TOpUMpKOHATYy (radHary) Kajiro B
pO3IUIaB XJIOPHUIIB Kalilo 1 HATpilo, IMICIs 4Oro BBOJISTH
xyopuz (pTopun) JEryrodoro Metany 3 NOJaIbLIINM BBeE-
JCHHSM MOPLiil amfoMiHi€EBO-MarHieBoro cruiay [7].

BuxopuctanHs OKCHAIB MUPKOHIIO Ta TadHIIO I
CHHTE3Y JITraTypH Yepe3 X HU3bKY PO3YMHHICTD i BUCOKY
KOpO3iliHy CTIMKICTh BHMAarae BHCOKOTO BiJHOIIECHHS
TJIOTEHITHOTO PO3IUIaBy JO AallFOMiHi€EBO-MarHi€BOTO
crnaBy (Big 1.2 mo 1.6) i temmeparypu 1000 °C [7, 8].
BigHoBneHHsT mpu OUIBIT HU3BKIM TeMIiepaTypi Ta MeH-
LIOMY CHiBBIIHOLICHHI COJILOBOTO PO3ILIABY 0 CILIABY
MOJXKHa IPOBOAWUTH 3 BUKOPHCTAHHSAM COJICH XJIOpHILY,
IpoTe e MPU3BOAUTH 10 3HAYHOTO BUHECEHHS PiAKICHUX
metaniB (HfCly - toosr = 315 °C; ZrCls - tosr = 333 °C) T2
HMoBipHOCTI BHOYXiB NpH po3repmeru3auii amapary. Y
3BSI3Ky 3 BHIeBHKIanAeHnM, aTopu [10,11] mpomoHyroTh
MIepeBEICHHS OKCHIIIB IIUX MeTaliB B okcupropuau. Ome-
pKaHHA OKCU(TOPUIIB 3 X IIOKCHIIB BHAUISETHCS B
OKpEeMY CTaJIilo MPOIIeCy, 10 MoJIATae B 00poOIli KOHIICH-
TPOBaHUMH PO3YMHAMHU TIJIABUKOBOI KUCJIOTU. B pe3yib-
taTi B ocai Buxoaatk Hf(Zr)Fs-nH20, sxi npu BupaneHHi
BOJIOTH Ha ToBiTpi npu Temmeparypi 200 °C garoTh OKCO-

¢ropumu. [IpoayKTH iXHBOTO TEPMIYHOTO PO3KIAJAHHS
MaroTh ckiaa: s rapuito — Hf4F1,0,, a ans nupkoniro —
Zr4F1003 [10—12].

Hatikpamumu moka3HUKaMH XapaKTePU3yEThCS CIIO-
Ci0 aMFOMIHOTEPMIYHOTO BiIHOBJICHHS IUPKOHIIO 3 (hTop-
LMUPKOHATY Kajiro a0 HATPIl0, SKUM JOCATAETHCS BUITY-
YeHHsI [IMPKOHi0 B miratypy g0 90-95 %. Onnak uepes
BHCOKY BapTiCTh 1 nedimuT (TOPIUPKOHATY el crocid
HE 3HAWIIOB IIMPOKOTO MPOMHCIOBOTO 3aCTOCYBAaHHS.
Haii6inpm MOCTYTHUM 3 IUPKOHIMBMICHHX CIIONYK €
OKCHI IHUPKOHIF0 — ZrO;. OmgHak pO3YMHHICTE HOrO y
KOMILUIEKCHUX (DTOPUCTUX CONSIX HEBUCOKA. Tak, y Kpio-
aiti mpu 1050 °C posunnsieTses Beboro 2,2 % [10].

Meta poboTu

VY 1miif poOOTI CTaBUIIaCh METa MPOBECTH PO3POOKY
TEXHOJIOTIYHOTO TPOLECY MPOMHUCIOBOTO OTPHMAaHHSI
AJIOMiHI€BO-IIUPKOHIEBUX JIITaTyp Ha HAassBHOMY IIYHOMY
YCTaTKyBaHHI 3aBOJYy 3 BHUPOOHHIITBA IPOBITHUKOBO-
kabenpHOi mpoxaykmii TOB «Kpox I'T». Texnomoriuni
rapaMeTpH IpOIECiB Ta AKICHI XapaKTEPUCTUKHA CHPOBH-
HHU i TOTOBOI aTIOMiHiI€BO-IIMPKOHIEBOT JIITaTypH MOBUHHI
3a0e3rnedyBaTd MOXKJIHMBICTh BHUKOPHCTAHHS  yCTaTKYy-
BaHHJ, 110 3HAXOJTUTHCS B €KCIUTyaTaIii, 6e3 Horo pekoH-
crpykuii. Kpim Toro, Ha HasiBHOMY yCTaTKyBaHHi OyJo
HEOOXIJTHO JOCATTH TOPIBHSHHUX IIBUIKOCTEH (KI/rof)
BUTOTOBJICHHS JIIraTypH Ta I BUTPAT y pO3AaBalbHIi medi
JUIS TIPUTOTYBaHHS AallOMIHIEBOTO CIUIaBY, JICTOBAHOTO
LIUPKOHIEM, KM MOXXe OyTH BHKOPHCTAaHHU B CIICKTPO-
TexHiuHi#i npomucaoBocti [13-15].

TakuM 9UHOM, TeMITepaTypa MYHOTO TePeIiny pu-
TOTYBaHHS JIIOMiHIEBO-ITUPKOHIEBO1 JIiraTypu HE TIOBHUH-
Ha mepesunryBatu 850-900 °C. Temmeparypa «3acBo-
€HHSD» JITaTypH Yy pO3JaBaJIbHINA IMedi TaKOXK HE TMMOBHHHA
nepeumnyBatd 850-900 °C. ITlpum mpoMy bac «3acBoO-
€HHS» Mae€ OyTH TOpPIBHSHHUM 13 4acoM 3alOBHCHHS
PO31aBaJbHOI Medi PO3IUIABICHUM AIIOMIHIEM 13 IIaXTHOT
neui. Ilix «3acBOEHHSAM» pPO3yMI€ThCS MOBHHH Hepexin
BCHOT'O IIUPKOHIIO B JIiraTypi B pO34MH LIUPKOHIIO B PO3II-
JIaBi amOMiHII0 0€3 3aJIHMIIKOBOi HasIBHOCTI (a3 iHTepMe-
tanigiB ckiany AlxZry abo Bunaganss uux (a3 BHACHIIOK
nepexpucraiizamii. BMicT TupKoHio B Jiratypi Mae OyTH
MaKCHMaJIbHO JOMYCTUMHM 33 YMOBH BHKOHAHHS 3a3Ha-
YEHUX BHUMOT.

Marepian i MeToauKA T0CTiTKEHD

Sk KOMITOHEHTH COJTLOBOI CHCTEMH TIPH aJTFOMiHOTE-
PMIYHOMY BiJHOBJICHHI IpKOHitO 3 ZrOy y poboTi Oynu
oOpani ¢ropuan HaTpito, GTOPHUI AIOMIHIIO Ta XJIOPHUI
Kajiro. XJIOpH] Kalilo CIYXHTh cepeloBHIIeM ((HOHOM)
I/l 4ac MpOBEJICHHs Tpoliecy, 3a0e3neuyoyn HeoOXiTHy
PIAKOMOTOYHICTS COJBLOBOIO PO3IUIABY MPH MOMIPHO
BUCOKMX TemrepaTtypax. @Topuan HaTpito Ta alroOMiHIIO
0epyTh y4acTh y KOMIUIEKCOYTBOPEHHI IPH B3a€MOIIl 3
MPOCTHMH CHOJyKaMu IHpKoHifo. Propun amroMiHiro,
KpiM TOTO, Ma€ CHIBbHY ()TOpPYIOUy Hif0 HAa OKCHIH IPH
BHCOKHMX TeMmIieparypax mpouecy [16]. st owinku imo-
BIpHOCTI yTBOpPEHHS IHTEPMETAJECBHX CIHOJYK Yy IOCIi-
JUKYBaHHUX PEAKIisAX BiIHOBICHHS OYJIO PO3TIIAHYTO Jiar-
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pamu (a3oBoi piBHOBAru MetaneBux cucreM. BignosingHo
no [17-19], cucrema Zr—Al (puc. 1) xapakrepH3yeTbcs
YTBOPEHHSAM HACTYNHHX iHTepMeTaieBux cronyk: AlZr,
A|ZI’2, AIng, AIng, A|2ZI’3, A|3ZI’, A|3Zr2, AIng5, AI4Zr5,
AlgZrs. Tlpu Temmeparypax Bumie 1400 °C moxiuBe
YTBOPEHHSI CTa0iIbHUX KOHIPYEHTHUX IHTEpPMETaJIiliB
A|4Zf5, AIzZr, AlsZI’.

Weight Percenl Aluminum

10 20 a0 40 5D 60 70 80 80100
2000 : el o N “ i o
1855°C §.
18045 " E
1845°¢ L
58 - 5,
S freme] e, 1580°C 3
JEE T ] NN A
b o JELEN) lsoog | o
& | @ 35
@
v L
2
= 1275°C
=
o
4, 5
-
g < }
[ ok '
<H :
e (B
< I N I
=1 - - = E
- ] 3 [ el
=] ol =] =5} =]
SE0BC  I6e04s2°C
{Al}—w]
10 50 & w Y w0 100
Zr Atomic Percent Aluminum Al

Pucynok 1. ®a3osa giarpama cucremu Zr — Al [19]

KomrutekcHi ¢ropuay LMPKOHIIO YTBOPIOIOTHCS B
cuctemi NaF-ZrF, [19], mo Bu3Hauae MeTo[ X OTpUMAaH-
HS IIUISIXOM CIUIABJICHHS BIAMOBIIHUX KOMIOHEHTIB (pTO-
PHUIIB JIY)KHHX METaJIiB 3 (TOPHIOM UPKOHIIO:

3ZrO, + 4AIF33ZrF4 + 2Al,03; (1)
ZrF4 + 2NaF = NaZrFs. (1a)

IIpu crutaBienHi NaxZrFs 3 ximopumom Kamito yTBO-
PIOETHCSI TeKCO(PTOPLUHPKOHAT KaJIio:

NaxZrFs + 2KCl K2ZrFg + 2NaCl. 2)

[Tpouec anoMiHOTEPMIYHOTO BiJHOBJIEHHS (TOPLU-
PKOHATY KaJlito MPOTiKa€e 3a PeaKIli€ero:

3K,ZrFs + 4Al 3Zr + 2K3AIFg + 2AIF3. (3)
BigHOBICHMIT IUPKOHIN B3aEMOJIIE 3 AOMIHIEM:
AL + Zr = (AlsZr, AloZr, AlZr, AlZr,). 4

CymapHuii mporec:
K2ZrFs + Al = (AlsZr, AloZr, AlZr, AlZr;) +K3AIFe. (5)

3a nmaHmMmu OaraTboX JOCIHIIKEHb 1 3 (ororpadii
nuTiiB MOKHA MIWTH HEBTIITHOTO BHCHOBKY, IO yTBO-
proetbest AlsZr [18,19]. Takum unHOM, 3a pealbHUX YMOB
oprasizarii Ipomecy peaxiis Ma€ BUTIIS;

3K,ZrFs + 13Al = 3AlsZr + 2K3AIFg + 2AlFs. (6)

BuzHaueHHs! BMiCTY HUPKOHIIO B JIOCIITHUX 3pa3kax
AIOMiHI€BO-IIUPKOHIEBHX JIraTyp BHKOHYBAJIOCh CIIEKT-
POMETPUYHUM METOJIOM Ha ICKPOBOMY CHEKTPOMETpI
Spectrolab.

Pe3yabTaTn nociigxeHb

Opepxanust jiratypu Al-Zr npoBoanIu B Iedi or1o-
py CAT-0,16. (Bupobuuk: TOB «JIK «MEJIT», M. Merti-
TOTIOJb, YKpaiHa).

Jst OLiHKY ONTMMAalbHUX TEXHOJIOTIYHMX ITapaMeT-
piB mporecy amoMoTepMmii 0yJ0 poBeaeHO 1TabopaTopHi
BUIIPoOyBaHHA. Iy BOTO B TPH aIyHIOBI THTI Oyia
nomimena cymim cyxux ZrQOp, NaF, AlFs;, KCI. Tlicns
LILOTO THIJII MO Yep3i BCTAHOBIIOBAINCS B JIADOpaTOpHY
My(enpHy miy, /€ TPOBOJIUBCS HarpiBaHHs O 0OpaHOi
Temrepatypu. Ilicias HOCATHEHHs 3alaHoi TeMmrepaTypu
Ta TOBHOTO PO3IUIaBy (IIIOCY BBOAMIACS PO3paxyHKOBa
KUTBKICTh QJIFOMIHIIO Yy BUTJISI HapizaHoOTO ApoTy. Maca
AITFOMIHII0O BUOWpaacs CTeXiOMETPUYHOIO 3 BBEACHUM Y
¢roc oxcumoM IMpKoHifo. [licis BBEOEHHS aMOMIHIIO
KOXKHI T’ SITh XBIJIMH ITPOBOIMIIOCS TIePEMILITyBaHHS TPYO-
KOIO almyHAoBor. OHOYACHO 3 MEpeMIlIyBaHHSIM IIPOBO-
IUBCS BigOip OTPHMAHOTO METANeBOI'O PO3IUIABY i€l
TYHIOBOI TPYOKOO IIUIIXOM HaHECEHHs KpaIlul po3Iuia-
By Ha IOJIIpOBaHy crajeBy Iiury. Ha oTpumaHux mera-
JIEBHX 3pa3Kax BHKOHYBAJIOCS CIIEKTPOMETPUYHE BU3HA-
YCHHS BMICTY IIMPKOHIIO Ta TPOBOIMBCS PO3PAXYHOK
MOBHOTH Horo BuiTydeHHs. OTpUMaHi JlaHi peaCcTaBieHi
Ha pHC. 2.

Aepezamuuii ‘

CHAH QHOMIHITO

Pioxui

Teepoun

Azpecamuni
cman ghaiocy

Teepouit Pioxkuit

PucyHok 2. BunyuenHst upKoHito B sirarypy (Al-5Zr%)
3aJIe)KHO BiJ] PI3HOTO arperaTHOro CTaHy KOMIOHEHTIB IUXTH
(6e3 mepemimryBanns) npu temmepatypi 800-850 °C, gac Bu-
TPUMKH po31nIaBy — 20 XB. YMOBHI IT03HaUCHHS: TEMHO-CIpUH —
BiJICOTOK BWJIYYEHHS Zr B JIraTypy; cBITIO-cipnii — BincoToK Zr,
10 3aInmuBcs y (irroci

Ha ocHoBi oTpuMaHux pe3ynbTaTiB Oyia oOpaHa
NPUHLOMIIOBA TEXHOJIOTIYHA CXeMa JuIsl OTPUMaHHs Jira-
Typu 3 BMICTOM LHUpKOHIIO 5%, sika IpeAcTaBlicHA Ha
puc. 3.

Jns BunpoOyBanus B meui omopy CAT-0,16 Oyimo
00paHo BapiaHT BBEJICHHS TBEPAOTO aTIOMIHIIO B PO3IIJIaB
¢mrocy. OpnepkaHHS aNIOMiHIEBO-IMPKOHIEBOT Jiratypu
MIPOBOIMIIM IS TPHOX Temmepatyp: 850, 880 ta 920 °C.
[Ipobu MeTaneBoro po3IUIaBy BiAOMpanHCcs KOXKHI I SITh
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XBWIMH IIiCJIl PO3IUIABJICHHS ajloMiHil0. Pe3ynbrarn
npejacTaBieHi y Tadm. 1.

AlF;

ZrO0, KCl

}

| !

YacTaHA mIaBkHE 1

L

Inmi cononyrn

K: Zl.'Fﬁ

Kl

Al

!

Y

YacTHHA IIABKH 2

Y

Jiratypa

Pucynox 3. TexHosoriuna cxemMa BUPOOHHUIITBA aJIFOMiHI€BO-IIMPKOHIEBHX JIITATYp

Tabmums 1 — 3aneKHICTh BIITYYCHHS UPKOHIIO BiJl
4acy BUTPUMKH PO3ILIABY

Yac excro- Buurydenns Zr, y 3anexHoOCT1
3HIIi1, XB Big TemnepaTypu, %
850°C 880°C 920°C
5 50 65 89
10 70 80 88
15 81,5 95 87,5
20 88 93,5 86,5
25 91 92,5 85,5
30 95 91 84
35 93 90,5 83
40 92,5 90 82

3 posrmsany nmaHux Tabmuii 1 BHIHO, IO 31 3MEH-
IICHHSIM TEMIIEpaTypyu HArpiBy (IIOCY pO3IIIaBy BHITY-
YEeHHsI IUPKOHIIO B IIOMIHIEBUI po3IUIaB 30UIBIIY€ETHCS.
Yac BUTPUMKH IIPU KOXHOI TEeMIlEpaTypu XapaKTepH3y-
€ThCS HASBHICTIO €KCTPEMyMY AJISi BUXOIY LHPKOHIIO B
aJIOMiHIEBUH PO3IIaB.

Jlist oNTHManbHOTO TEXHOJIOTIYHOTO PeXuMy Oyia
oOpana Temmieparypa 850 °C i BUTpUMKa pO3IUIABYy MpO-
TaroM 25-30 XBWIMH. 3 METOK TiIBUIICHHS BUIYYCHHS
UPKOHII0 OyJ0 3ampoTNOHOBAaHO BBeACHHS (irocy s
OTpUMaHHS aJIOMiHIE€BO-IIMPKOHIEBOI JIiIraTypu B po3iaa-
BaJIbHY IIiY JI0 BBEJCHHS B PO3ILIAB AIIOMIHIIO aJlFOMiHie-
BO-IIMPKOHIEBOT JIIraTypH.

BucHoBkn

1. 3actocyBaHHS OKCUAY HHMPKOHIIO, SK HAMOIIBII
JIOCTYIHOTO i3 LUPKOHIEBHX CIIONYK, /IS OTPUMaHHs
AIIOMIHIEBO-IIUPKOHIEBOT  JIiraTypu METaJOTEPMIYHUM
CIOCO0OM € HANOIITBIIT CIPUIHHSATINBUM.

2. Haiibinpima po34YMHHICTh OKCHIY IHPKOHIIO B
KPIOJITI CIIOCTEPIraeThCsi MPH KPIOJTITHOMY YHCII PiBHO-
My 3,0. le miaTBepKy€e, MO0 POZUNHHUKOM OKCHIY ITUP-
KOHIIO (K OKCHy amoMiHio) € ion AIF®+,

3. Ilpu 3HIWKEHHI TemIepaTypu Mpolecy Ta 301Ib-
LIEHHI Yacy IepeMilllyBaHHs PO3IUIaBy BHIIYYEHHS LMp-
KOHIIO B JIITaTypy 3pOCTaE.

4. Ilpu BUBYEHHI PI3HUX CIOCOOIB BBEACHHS IUXTH
B IIiY MakCHMaJlbHE BHJIYYEHHs LIMPKOHIIO B JIraTypy B
Ja00paTOpPHUX AOCHIAax JOCATHYTO TPH BBEIEHHI alfo-
MiHIEBUX TpaHyJl Yy COJIbOBUH pO3IUIAB 1 JOCATANIO
92-93 %.

5. TlomepenHst 06poOKa po3IIaBy aTOMIiHIIO B PO3-
JaBaJbHINA TMedi (UIFOCOM BiJl OTPUMAHHS aJTIOMiHIEBO-
LIMPKOHIEBOT JIiraTypu m03BoJsie pocartu 99,5% Buiy-
YeHHsI HUPKOHII0 13 ZrO;.

Tloasiku

Crartsi mpuCBsiUyeTbes CBITHIH mam'sti Yamosa
Ouera OnekciiioBrnda nupektopa TOB «Kpox-I'T», sxuii
BHCTYNHB iHIIIaTOpOM pOOIT 3 OTpUMAaHHA KabembHO-
MIPOBIMHUKOBOI MPOAYKINi HAa OCHOBI CIUIaBIB MUPKOHIIO
Ta aMOMIHIIO, HAJaB MOTY>KHOCTI CBOTO 3aBOJY JJIS MPO-
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BE/IEHHS POOIT Ta BUpIIIMB OaraTo OpraHizalliifHUX IH-
TaHb.
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DEVELOPMENT OF THE METHOD OF OBTAINING ALUMINUM-
ZIRCONIUM MASTER ALLOY BY METALOTHERMAL METHOD FROM
FLUORIDE-CHLORIDE MELT
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Purpose. Development of a method for the industrial production of aluminum-zirconium master alloy by a metal-
thermal method from a fluoride-chloride melt.

Research methods. Experimental method of obtaining a master alloy. Spectrometric analysis. Theoretical analysis.

Results. A novel industrial production method for an aluminum-zirconium master alloy by metal-thermal method
from fluoride-chloride melt has been developed. The most economically feasible method was determined to be the alu-
minum-zirconium alloy production process, which involves the reduction of zirconium oxide through an aluminothermic
reaction. The findings of the research and industrial production of the master alloy, along with the impact of the tech-
nological parameters on the technical and economic indicators of the process, are presented. Laboratory tests were
conducted with the objective of identifying the optimal technological parameters for the alumothermy process. The
zirconium content of the obtained metal samples was determined by means of spectrometry, and the completeness of its
extraction was calculated. In light of the findings, a fundamental technological scheme was selected for the production
of a master alloy with a zirconium content of 5%. It was established that a reduction in the heating temperature of the
melt flux results in an enhanced extraction of zirconium into the aluminum melt. In order to enhance the extraction of
zirconium, it was suggested to introduce a flux for obtaining an aluminum-zirconium master alloy into a distribution
furnace before introducing an aluminum-zirconium master alloy into the aluminum melt.

Scientific novelty. The highest solubility of zirconium oxide in cryolite is observed at a cryolite number of 3.0, as
demonstrated in the findings. This finding confirms that the solvent of zirconium oxide (like aluminum oxide) is the
AIFS+ ion. As the temperature of the process decreases and the mixing time of the melt increases, the extraction of
zirconium into the master alloy increases. In the course of investigating various methodologies for introducing the
charge into the furnace, the maximum extraction of zirconium in the master alloy in laboratory experiments was
achieved when aluminum granules were introduced into the salt melt and reached 92-93%. The preliminary treatment
of the aluminum melt in the distribution furnace with flux derived from the production of aluminum-zirconium master
alloy has been demonstrated to facilitate the extraction of zirconium from ZrO; to a level of 99.5%.

Practical value. The results of the experimental and industrial production of an aluminum-zirconium master alloy
by the metallothermal method from a fluoride-chloride melt on the existing furnace equipment of the plant for the pro-
duction of conductor and cable products of “Krok GT” LLC and the influence of technological parameters on the tech-
nical and economic indicators of the technological process of the industrial obtaining of master alloy are given.

Key words: master alloy, aluminum, zirconium, aluminothermy, fluoride-chloride melt, flux, extract.
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INFLUENCE OF ACTIVE GAS CONTENT IN POWDER ON MECHANICAL
PROPERTIES OF WORKPIECE BLANKS PRODUCED BY PLASMA
ADDITIVE TECHNOLOGIES

Purpose. Analysis of the influence of powder quality (content of active gases) on the level of mechanical
properties of workpieces produced by plasma additive technologies.

Research methods. Chemical composion of the powders was determined in accordance with regulatory document.

The presence of non-metallic inclusions and contaminants in the powders was determined visualy.

To quantify the oxygen in the powders, the vacuum extraction method was used in accordance with JCTY ISO
4491-4:2016. Oxygen and nitrogen gas analyser TC 500 (company LECO). Before being loaded into the dosing unit, all
powders were dried in an oven (temperature - 250°C, for 1 hour).

Samples (size 130x70x14 mm) were produced by additive growth by plasma powder surfacing (PPS) on a
specialised robotic device STARWELD 190H.

The chemical composition of the grown samples was determined by the spectral method using a SPECTROMAX
optical emission spectrometer according to standard methods in accordance with FOCT19863.1-19863.12.

The content of nitrogen and oxygen in the deposited metal was determined in accordance with TC 500 (company
LECO).

Microstructural analysis were carried out on the samples in the longitudinal and cross directions before and after
heat treatment, after etching in a reagent for electrowinning of heat-resistant alloys (HsPOs — 800 ml +CrO3 — 100ml).

The mechanical properties of the alloy were obtained on standard cylindrical samples according to TOCT 1497-
84, FOCT 1497-84, TOCT 10145-81s.

Results. The chemical composition of the deposited metal is determined by the chemical composition of the
powder. The content of oxygen and nitrogen in the deposited metal is determined by the content of these elements in the
powder itself, as well as by the protection of the weld pool with argon. It has been established that in the alloy DII-
648BU when the powder contains nitrogen in the amount of [N] > 0.03 wt. %, or oxygen in [O] > 0.02 wt. % in the
deposited metal at a temperature of 1100 °C, a significant decrease in its deformation capacity (¢ < 3.8 %) is recorded,
which under the influence of thermal stresses leads to the appearance of hot cracks, and as a result, we see a significant
decrease in the strength and plasticity in the longitudinal direction.

Scientific novelty. The influence of the quality of the alloy EII-648BH powder on the properties of workpieces
obtained using additive technologies has been established.

Practical value. The negative effect of the content of active gases on the mechanical properties of the grown
workpieces, established in this work, will allow to screen out powder with an unacceptable content of active gases ([N]
>0.03 wt. %, or oxygen in [O] > 0.02 wt. %) at the stage of incoming inspection.

Key words: additive technologies, plasma surfacing, mechanical propities, aircraft engines, growing

processes with a small bath and short crystallisation
times. The melt bath dimensions are in the range of 10-

Additive growth processes by microplasma 1000 pm, and the cooling rate can reach 10% K/s. Thus,
deposition using powder can be thought of as melting the theory of welding and rapid curing can be used to

Introduction
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describe the process and curing conditions in additive
manufacturing [1].

Like most complex alloys, nickel-based alloys
solidify within a temperature range (soft zone) determined
by the liquidus temperature (beginning) and the solidus
temperature (end of solidification). This is due to the
different solubility of elements in liquid and solid state,
which leads to an increase in emissions from the initial
liquid composition and a decrease in the liquidus
temperature during solidification [2].

As long as the diffusion rate is sufficiently high to
maintain thermodynamic equilibrium at the solidification
front with the actual liquid temperature, the flat
morphology of the solidification front is maintained and
growth occurs [3]. Cooling rates in casting processes and
powder bed additive growth processes are typically too
high [4]. The actual temperature at the solidification front
falls below the local liquidus temperature and
thermodynamic equilibrium cannot be maintained. The
flat solidification front becomes unstable and cells begin
to form. With a further increase in the degree of
constitutional hypothermia, dendritic morphology is
favoured over cellular morphology. As long as the heat is
dissipated through the solid, directional growth takes
place and a columnar dendritic solidification structure
develops. Once the constitutive supercooling becomes
high enough so that heat is dissipated through the liquid,
multiple nucleation centres can form and equirectly axial
dendritic growth begins [2, 5]. As the curing rate
increases, the potential for maintaining thermodynamic
equilibrium through diffusion decreases, and the range of
natural supercooling increases. This is reflected in the
influence of two combined parameters on the curing
structure: the ratio of the temperature gradient and the
curing rate

The specifics of transfer, heating and melting of the
filler ~ material  (powder) primarily  distinguish
microplasma powder surfacing from other surfacing
methods with a consumable and non-consumable
electrode [6].

The thermal cycle can be divided into a
crystallisation process with liquid-solid interaction and a
process that takes place in the solid state after complete
crystallisation [7].

The solidification process is determined by the
solidification conditions at and around the solidification
front as well as the elements involved and the forming
phases. The solidification conditions are a consequence of
the melt bath geometry and the process conditions (liquid
volume, heat flow and direction, etc.). In combination
with the thermophysical properties of the elements
present (liquid and solid solubility, diffusion coefficients,
etc.), both aspects determine the morphology of the
solidification front. From there, the type and scale of the
curing structure (microstructure) [2, 8].

The process of growing workpieces by microplasma
powder surfacing (MPS) can be represented as a set of the
following technological stages of a nickel heat-resistant
alloy that have a significant impact on the properties of

the grown workpiece:

1) production of cast metal by vacuum induction
smelting;

2) producing filler powder by spraying a cast billet;

3) applying a certain amount of deposited metal to
the surface of the workpiece to be grown by means of
compressed arc surfacing [9].

The first two technological stages affect the
chemical composition of the deposited metal and impart a
certain ‘heredity’ in the form of the content of impurity
elements of oxygen and nitrogen. This will ultimately
have a significant impact on the welding and
technological properties of the dispersed additive, the
energy conditions for the formation of the weld pool and
the specified cross-section of the metal to be deposited.
The third process step has an impact on the stress-strain
state and technological strength of the grown workpiece
[10].

Problem statement

The use of plasma powder surfacing is a promising
method of manufacturing workpieces for aircraft engines,
which allows for high accuracy of geometric shapes and
reduced material waste. However, the process of forming
the deposited metal is accompanied by a number of
challenges that affect the quality of the final parts. One of
the main factors affecting the mechanical properties of
products is the chemical composition of the powder, in
particular, the content of active gases such as oxygen and
nitrogen.

The urgency of the task is the need for an in-depth
analysis of the influence of the chemical composition of
powders on the processes of microplasma surfacing of
heat-resistant nickel alloys. It is known that an excessive
amount of oxygen and nitrogen in the powder leads to a
decrease in plasticity, increased brittleness and the
occurrence of cracks in the deposited metal. This, in turn,
significantly limits the use of such materials under high
mechanical and thermal loads.

The aim of the study is to determine the relationship
between the content of active gases in powders and the
structure and properties of the deposited metal, as well as
to assess their influence on the level of mechanical
characteristics of the workpieces obtained by plasma
additive growth.

Research objectives:

- analysis of the chemical composition of powders
and deposited metal to determine the content of active
gases;

- assessment of the influence of oxygen and nitrogen
on the crystallisation processes of the deposited metal, in
particular on the formation of the microstructure and its
defects;

- investigation of the relationship between the
content of active gases in powders and the mechanical
properties of workpieces grown by microplasma
surfacing;

- development of recommendations for ensuring the
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stability of mechanical properties by controlling the
content of active gases in powders.

The results of the study are expected to identify the
permissible limits for the content of active gases in
powders and develop recommendations for improving the
plasma powder surfacing technology. This will help to
improve the reliability and performance of parts produced
by the additive growth method, in particular for use in
aircraft engines.

Results and discussion

The objects of study were powders from the nickel-
based heat-resistant alloy XH50BMTIOB-BA
(OI1648BHN) of five different batches. The chemical
composition and content of oxygen and nitrogen in the
powder are given in tables 1 and 2.

As can be seen from Table 2, the oxygen content is
highest in powder Ne 5 (0,=0.026%), and lowest in
powder Ne2 (0,=0.0054%). The nitrogen content is
highest in powder Ne 1 (N»=0.0358 %), and the lowest in
powder Ne 3 (N2=0.0191%).

Table 1 — Chemical composition of powders

No Content of elements, %

- Mo w Cr Al Nb Ti Ni
1 3.25 49 33.7 0.6 1.0 0.7

2 2.9 4.7 32.8 1.0 1.0 0.96 ®
3 3.3 5.0 33.2 1.0 1.1 1.0 _rg
4 3.0 4.9 34 0.7 0.9 0.8

5 3.2 5.0 33.8 0.9 0.8 0.9

Table 2 — Gas content of powders

No Gas content, %

- 02 N2
1 0.0196 0.0358
2 0.0054 0.0271
3 0.0085 0.0191
4 0.015 0.0215
5 0.026 0.0230

In addition, it should be noted that the high content
of oxygen and nitrogen in powders can be the result of
insufficiently controlled conditions of their manufacture
or storage. It is important to bear in mind that even
minimal fluctuations in the content of these gases can
have a significant impact on subsequent stages of the
technological process, including the formation of the
deposited metal and its mechanical properties.

The chemical composition of the deposited metal
and gas content are presented in tables 3, 4.

Table 3 — Chemical composition of the deposited
metal

No Content of elements, %

B Mo W Cr Al Nb Ti Ni
1 312 | 472 | 346 | 0.62 | 0.98 | 0.72

2 297 | 481 | 33,6 | 097 | 1.03 | 0.98 ®
3 3.23 | 487 | 34.2 0.9 1.07 | 0.96 _c-‘g
4 | 3.08 | 497 | 334 | 0.72 | 0.93 | 0.83

5 3.13 4.9 332 | 0.93 | 0.81 | 0.88

From all five powders, samples of the following
sizes were grown on the STARWELD 190H using the
MPS method at the same modes 140/70/14 mm.

Table 4 — Gas content in the weld metal

No Gas content, %
- 02 N2
1 0.02436 0.0818
2 0.0068 0.03323
3 0.1093 0.02267
4 0.0187 0.02715
5 0.031 0.0290

After growing, the samples were heat treatment in
the following modes: hardening (Th = 1140 % 10°C,
T = 4 hours, air cooling); ageing (Ta. = 900°C,
t =16 hours, air cooling).

From tables 1 and 3, we can see that the difference
between the chemical elements in the powder and in the
deposited metal is insignificant and is within the range of
1-5%. Therefore, it can be concluded that the chemical
composition of the deposited metal is determined by the
chemical composition of the powder.

It should be noted that even minor deviations in the
chemical composition, such as increased oxygen or
nitrogen content, can affect the final properties of the
product, contributing to the formation of microstructural
defects, such as carbides or nitrides. This emphasises the
need to optimise the composition of powders to reduce
the impact of impurities.

From tables 2 and 4 and the shielding gas, we can
see that the difference between the oxygen and nitrogen
content of the powder and the deposited metal is in the
range of 20-30%. Based on this, it can be concluded that
the content of oxygen and nitrogen in the deposited metal
is determined by the content of these elements in the
powder itself, as well as by the protection of the weld
pool with argon (quality of argon and stability of its
supply).

It should be noted that an increase in the content of
active gases in the deposited metal compared to the
powder can also be caused by technological factors of
external contamination or insufficient equipment
tightness. This feature requires not only enhanced control
over the shielding gas supply conditions, but also proper
purity of the argon used during surfacing.

The samples were made after heat treatment, the
tests were carried out in the longitudinal and cross
directions relative to the growth layers, and the following
results were obtained [11, 12]:
for powder Nel:

- cross direction: o,= 878.1 MPa; co.= 532,1 MPa;
&= 16.4 %; y=15.2 %;

- longitudinal direction: oy = 443.9 MPa;
co.2= 485.1 MPa; §=2.2 %; y=5.9 %;
for powder No2:

- cross direction: oy = 918.3 MPa; 602 = 625.2 MPa,;
&= 20.6 %; y=26.0 %;
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- longitudinal direction: oy = 873.1 MPg;
60.2= 457.1 MPa; 6=13.8 %; y=15.8 %;
for powder Ne3:

- cross direction: oy = 883.0 MPa; co2= 633.1 MPa,;
6=23.7 %; y=42.3 %,
- longitudinal direction: oy = 906.5 MPa;
60.2= 689.9 MPa; 6=12.8 %; y=17.8 %);

for powder Ne4
- cross direction: oy = 945.7 MPa; co.= 645.8 MPa;
&= 18.7 %; y=24.7 %;

- longitudinal direction: oy, = 799.7 MPa;
60.2= 535.1 MPa; 6=9.2 %; y= 16.8 %;

for powder No5:
- cross directionn o, = 883.0 MPg;

60.2= 633.08 MPa; 6= 23.7 %; y=42.3 %;
- longitudinal direction: oy = 5753 MPg;
c0.2= 501.8 MPa; 6=2.8 %; y=9.1 %.

It should be noted that for specimens Ne 1 and Ne 5,
we can see a significant decrease in strength in the
longitudinal direction (for Ne 1 — more than two times; for
Ne 5 — one and a half times), and plasticity is practically
absent. The cause of the brittle fracture of the longitudinal
specimens are the cracks detected during the
metallographic examination. During testing, the load on
the longitudinal specimens is applied perpendicular to the
cracks, which leads to their development and subsequent
fracture of the specimens. Metallographic studies confirm
that the high content of active gases in the powder
contributes to the formation of cracks in the deposited
metal, which are concentrated at the grain boundaries.
This directly affects the ductility and strength in the
longitudinal direction. On the contrary, powders with a
minimum content of active gases demonstrate better
mechanical properties due to a reduction in the likelihood
of defect formation.

On cross-sectional specimens, the stress is applied
along the cracks, so they do not have a significant impact
on the mechanical properties.

Metallographic examination of the microgrooves of
samples Ne 1 and Ne 5, made in longitudinal and cross
sections, revealed cracks.

After electrolytic etching of the grinds in a 10%
oxalic acid solution, it was found that the cracks
developed along the grain boundaries along the heat sink,
across the layers (fig. 1). In the areas of crack
propagation, accumulations of large carbides along the
grain boundaries are observed (fig. 2). It should also be
noted that the crack surfaces have smoothed melted edg-
es.

The fracture fractogram shows that almost the entire
fracture surface (~98 %) of the opened crack is
characterised by a smoothed «melted» surface, which is
typical for hot crack fractures (see fig. 2). There are small
individual areas with a cellular structure, which is
characteristic of plastic fracture (see fig. 2).

The fractographic analysis also shows the
importance of proper thermal cycle control during the
surfacing process. The cyclical heating typical of repeated

surfacing can increase the tendency to crack formation,
especially in materials with high oxygen and nitrogen
content. Optimising cooling and heat treatment conditions
can significantly reduce the risk of such defects.

c
Figure 1. Crack on the samples: a — unetched grinding, x50;
b — unetched grinding, x200; ¢ — grinding after etching, x500

Figure 2. Fracture pattern of an open crack
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It is known that in the process of multilayer
surfacing, the surface of several previous rolls under the
weld pool is reheated to temperatures of 1100-1200°C
(fig. 3), and under conditions of transverse vibrations,
such cyclic reheating can also be present for the already
pre-crystallised metal behind the weld pool of the
deposited roller [13, 14]. Under these conditions, the
tensile welding deformations with residual stresses are
added up in the above-mentioned zones of the deposited
metal. In the case of a sufficiently high stiffness of the
additive structure, when their total value exceeds the
relatively small deformation capacity of the deposited
metal with a high content of dissolved gases within the
temperature of 1100°C, during repeated heating of the
deposited metal, its destruction occurs by the mechanism
of «ductility dip cracking» (classification according to
[15-16].

Tmax>Tm

2 mm \ ‘

] ————— Tmax = 1200°C
/ Tmax = 1100°C

Figure 3. Temperature of the previous rollers under
the weld pool

Thus, if the nitrogen content is [N] > 0.03 wt. % in the
initial filler material, or oxygen in [O] > 0.02 wt. % in the
welded metal of heat-resistant nickel alloys at a
temperature of 1100°C, a significant decrease in its
deformation capacity (& < 3.8%) is recorded.

Conclusions

1. It has been established that the content of active
gases ([O] and [N]) in the powder of the 3IT 648 BU alloy
significantly affects the mechanical properties of the
workpieces obtained by the plasma additive growth
method. At the same time, the chemical composition of
the deposited metal is determined by the chemical
composition of the powder, which is confirmed by
minimal deviations within 1-5%.

2. It has been proved that an excess of nitrogen [N]
> 0,03 wt.% or oxygen [O] > 0,02 wt.% in the powder of
the DI1-648BU alloy leads to the formation of hot cracks
in the deposited metal at a temperature of 1100°C. This
causes a significant decrease in its deformation capacity
(e £ 3,8%), which, in turn, affects the reduction of
strength and ductility in the longitudinal direction.

3. The microstructure of samples with a high content
of active gases shows a tendency to form cracks that
develop along grain boundaries. In the cross direction, the
samples retain better mechanical properties due to less
cracking. The cracks have melted edges characteristic of
hot cracks, which confirms the fracture mechanism of
«ductility dip cracking».

4. The content of oxygen and nitrogen in the
deposited metal increases by 20-30% compared to the
powder, which indicates the importance of argon quality
and stability of its supply. The use of high-quality

shielding gas is critical to reducing the risk of defects.

The results of the study can be used to improve the
technology of plasma powder surfacing by:

- selection of powders with acceptable limits of
active gas content ([O] < 0,02 wt.%, [N] < 0,03 wt.%);

- ensuring a stable thermal cycle during surfacing to
avoid hot cracks;

- use of high-quality protective argon to minimise
the penetration of oxygen and nitrogen into the weld
metal.

Thus, the results of the study provide a scientific and
technical basis for optimising the conditions of additive
growth, which allows to improve the quality and
reliability of aircraft parts.
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Mema pobomu. Ananiz éniugy AKOCmi NOPOWKY (6MICT AKMUBHUX 2A318) HA piBeHb MEXAHIYHUX 61ACMUBOCTHElU
3020MOB0K, OMPUMAHUX MEMOOOM NIAZMOBUX AOUMUSHUX THEXHOO2IU.

Memoou oocnioxncennan. XimiyHuil CK1a0 NOPOUIKI68 BUSHAUAU Y 8IONOBIOHOCMI 30 HOPMAMUBHUMU OOKYMeHma-
mu: FOCT 17745, OCT 1 90134, OCT 1 90136, OCT 1 90137, OCT 1 90138.

Hassnicms nememanesux sxniouens i 3a0pyOHeHb 8 NOPOUWKAX BUSHAYAIU WIAXOM 306HIUHBO20 0250).

Jna KinbKiCHOI OYIHKU KUCHIO ) NOPOWKAX 8UKOPUCIIOBYBANU MEMOO 8aKYYMHOI eKcmpakyii y ionogionocmi i3
JICTY ISO 4491-4:2016. I'azoananizamop kucuio i azomy TC 500 (pipma LECO). [leped 3a6anmaxicenusm y 003amop
YCMAHOBKU YCI NOPOWKU NPOUULIY Onepayiio npocyuilyeanus y neui (memnepamypa — 250°C, eénpo0oedic 1 200unu,).

3pasku (posmip 130%70x14 mm) Oyau 6ucomosieHi AOUMUSHUM GUPOULYBAHHAM MemMOOOM NIA3MOB0I NOPOUKOBOT

nannaexu (MIIH) na cneyianizosaniit pobomuzosaniti ycmanosyi STARWELD 190H.

Ximiynutl cknao supoujeHux 3pasKie UHAYANU CHEKMPATLHUM MeMOOOM 3 GUKOPUCTNAHHAM ONMUKO-eMICIliHO20
cnexmpomempy SPECTROMAX 3a cmandapmuumu memoouxamu y ¢ionogionocmi 3 I OCT19863.1-19863.12.

Buicm azomy ma xucuro y nannasnenomy memani susnauanu y gionogionocmi TC 500 (pupma LECO,).

MixpocmpyKkmypHuil ananiz nposoouUscs Ha WIiPax y N063008XHCHLOMY MA NONEPEUHOMY HANPAMAX 00 Ma Nicis
mepmooO6poOKU, NICs MPAGIeHHs Y peakmusi 07 eleKkmpompagienus scapomiynux cniagie (HaPOs — 800ma+CrOs —

100m).

Mexaniuni énacmugocmi cniagy 6U3HaA4aIUu Ha cmManoapmuux yuninopuunux spaskax no I'OCT 1497-84, TOCT

1497-84, T'OCT 10145-81.

© Serhii Chigileychik, Yurii Torba, Ruslan Kulykovskyi, Nataliia Shyrokobokova, Oleksandr Chechet, 2024

DOI 10.15588/1607-6885-2024-4-5

57


mailto:kulikovski@zp.edu.ua
mailto:nsonik11@gmail.com
mailto:Chechetalex1979@gmil.com

58

p-ISSN 1607-6885 HoBi marepianu i TeXHOJOTi B MeTayprii Ta MammmHoOyxyBanHi. 2024/4
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/4

Ompumani pesynomamu. Ximiunuii CK1a0 HANIAGLEHO20 MEMAaly 3a0aEmbCsl XIMIYHUM CKIA00M ROPOWKY. Bumicm
KUCHIO MA a30MYy Y HANIAGICHOMY MEMAi 3d0a€MbCsi BMICIOM KUCHIO MA A30MY Y CamMoMy NOPOWIKY, d MAKOIC 3aXU-
CIMOM Npu HANNABNEHHI 36aPI08ANbHOIL 8aHHU ap2oHOM. Becmanoeneno, wo 6 cnnasi OI1-648BHU npu emicmi y nopowky 3
asomy y kinekocmi [N] > 0,03 sae. %, abo xucuto y [O] > 0,02 eae. % 6 nannasnenomy memani npu memnepamypi
1100°C  ghixcyemoes 3naune 3HudicenHs 1020 oegpopmayitinoi 30amuocmi (€ < 3,8 %), wo nio 61ueom mepmiuHux Ha-
npye npuzgooums 00 NOAGU 2apauux MpiwuH, a K HACIIOOK Y NO3008AHCHLOMY HANPAMI MU O6AYUMO 3HAUHE NAOIHHSA

MiyHOCI ma NAACMUYHOCHII.

Haykoea nosusna. Bcmanoeneno enaus axocmi nopowky cnaagy EII-648BU na enacmugocmi 3a20moeox, ompu-

MAHUX 30 AOUMUBHUMU MEXHOLO2ISAMU.

IIpakmuuna yinnicms. Bcmarnognenuii 8 pobomi HecamusHU 8NIUE BMICTY AKMUBHUX 2A3i8 HA MEXAHIYHI 61dc-
mueocmi BUPOUWEHUX 320MOBOK 00380aUMb HA CMAJIL 6XIOHO20 KOHMPOTIIO 8IOCIAMU NOPOULOK 3 HENPUNYCIMUMIM 8Mi-
cmom akmusHux 2azig ([N] > 0,03 eaz. %, abo xucurwo y [O] = 0,02 sae. % ).

Kniouosi cnosa: aoumueni mexHonocii, niazmose HaniaeieHHs, MEXaHiyHi 61acmueocmi, agiayitini 08uyHuU, 8Upo-

WYy6aHHs.
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MOJIEJIIOBAHHS ITPOILIECIB B METAJIYPI'II TA
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MODELING OF PROCESSES IN METALLURGY AND MECHANICAL
ENGINEERING
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AOCJTIIZKEHHS BINIUBY PE3OHAHCHOI' O HAJLYBY
BEH3MHOBOI'O IBOTAKTHOI'O IBUT'YHA HA NOI'O IBU/JIKICHY
XAPAKTEPUCTHUKY

Mema pobomu. [locrioumu epexmuenicms pPe30HAHCHO20 HAOOY8Y O0B0MAKMHO20 OEH3UHOB020 OBUSYHA,
NOMINWUMU  eHeP2eMUYHI XaPaKMePUCMUKU  ICHYIOY020 OBUZYHA GHYMPIUHBLO2O 320PAHHI WIAXOM GCHMAHOGICHHS
MOOEPHIZ308AHOT CUCMEMU PE30OHAHCHO20 HAOOY8Y.

Memoou Oocnioncennsn. Hasedeno pesyrbmamu pO3pAxyHKy pe30HAmMoOpd CUCMEMU GUNYCKY O08OMAKMHO20
0eH3UH06020 08U2YHA 30 KOMOIHO6aHow memooukolo brepa i I'pueop’esa. Modeniosanns nomokis 6ionpayboeanux
2azie  suxonysaiocy 6 cepedosuwsi CAIIP SolidWorks Flow Simulation. /[us pospaxynxy yuxny odeueyna
sukopucmosysaiacy komn'romepna npozpama Engine Calculation. O6’ckm  Oocnidoicennss — 080maxmHuil
00HOYUNIHOPOGUIL Oen3unosull 0gueyn momoyuxna DK [Inanema Cnopm 350.

Ompumani pesynomamu. Bupiuieno akmyaivHe nUmMaHnHs RIOGUWEHHS ROMYICHOCMI 2-MAKMH020 OEH3UHOB020
/JIB3 3a paxynox peanizayii seuuya pe3oHAHCHO20 HAOOY8Y 8 CUCHEMI GUNYCKY GIONpaybosanux 2asig. Buxonano
PO3paxynox mepmoouramiuno2o yuxny ogueyna DK Ilnanema Cnopm 350 3 @usHauenHsM 11020 OCHOBHUX YUKTIOBUX
napamempis, mucky ma memMnepamypu GiOnpaybosanux 2azie. Buxonano pospaxynox pezonamopa, axuil 3abe3neuuns
MAKCUMATbHE NOKPAWEHHS NOKA3ZHUKIE 08USYHA HA HOMIHATILHOMY pescumi pobomu;nobydosano 3D modeni cucmemu
BUNYCKY 8 MpPbOX eapianmax: 6a3080i KoHcmpykyii (6e3 pezonamopa), 3 pe3oHamopom 3a600a-6UpoOHUKA, ma 3
PE30HAMOPOM B1IACHOL pO3POOKU aBMOpI8 00CHIOdNCeH s BUKOHAHO MOOeN08AHHS NepeMiyeHHs 8IONPaybOBAHUX 2d316
6 pezoHamopax piznux moodeneti ¢ cepedosuwyi SolidWorks Flow Simulation. Buxonwano cmenoogi eunpobdysamms
08USYHA HA HABAHMAIICYBATLHOMY CTEHOT, NOOYO08AHT WBUOKICHI XapaKmepucmuky npu pooomi 3 pisHUMU CUCEMAMU
BUNYCKY.

Haykosa nosusna. Ompumano mooenb pyxy pobouoi cymiuii 6 pe3oHamopi cucmemu 6URYCKY HA pPeHCUMi
pesonancy. JlosedeHo, wo 6 po3paxosanomy pezoHamopi OiicHo 8i0byeacmubcs nosepuenns 15...20 % pobouoi cymiuii
Hazao 0o yuninopy. Bemanoeneno, wo dsueyn DK Ilnanema Cnopm 350 3 M0OepHi308aHOI0 cUCmMeMOl0 8URYCKY 3d
PAxyHOK peanizayii pe3oHaHCHO20 HAOOY8Y MAE MAKCUMATbHY edhekmusHy nomydicHicmo 24,4 kBm — na 3 % 6invury,
Hidie 6a308Ull 08USYH.

Ilpakmuuna wuinnicms. Memoouka po3paxyHKy 6nausy egekmie pe3oHaHCHO20 HAO0OY8y OEeH3UH08020
2-makmuo20 08USYHA HA epeKmuHi NOKASHUKU OBUSYHA MOdice OYMU GUKOPUCMAHA NPU NPOEKMYSAHHI HOBUX Md
MmoOdeprizayii ichytouux [{B3 pisHoeo npusnauenHs.

Kniouosi cnosa: 2-makmuutl 08u2yH GHYmMpIHb020 320panHsl, GIONPAYbOBAHI 2A3U, eeKmUEHA NOMYICHICD,
PE30HAHCHULL HAOOY8, PE3OHAMOP, CUCEMA BUNYCKY, WBUOKICHA XaPAKMEPUCTNUKA.
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Beryn

B Garatsox cdepax Bukopucranus 2-taktHux /IB3 €
OUITBII JOIIIBHUM, HIXK 4-TakTHHX. 2-TakTHi JIB3 MaroTh
OimbIl  NPOCTY  KOHCTPYKILiIO,  OUIbIIYy  ITUTOMY
notyxHicTb. [Ipote ix po3BUTOK Ta chepa BUKOpUCTaHHS
CYTTEBO OOMEKEHI Cy4acCHHUMH E€KOJIOTTYHHMH BUMOTaMH.
Tum He MeHme, 2-taktHi J|B3 € akryadpHHUMH B Majii
aBiarii, 3aco0ax Maiol MexaHi3arii.

CyuacHi pmocmimauku [1-5] posrmsgarots, sIK
HAMOLIBII TEePCIIeKTHUBHI, HACTYIHI OCHOBHI HAINpPSIMKH
MABUIIIEHHS €KOHOMIYHOCTI Ta €KOJIOTIYHOCTI 2-TaKTHHUX
JIB3:

- IIOBEPHEHHsS YacTHUHM BIJNpPalbOBaHUX Ta3iB B
LWWIHAP — AJIs1 JIOTOPaHHs 3JIMIIKOBUX (HECIHaJICHHX)
BYTJICBOJIHIB;

- oprauizaiis
MaJIvBa B MUIIHID;

- Opradizamis TOIIApPOBOTO BBEICHHS
3apsmy.

Hpyruit 1 Tperii HampsAMKH  3a0e3NCUYIOTH
HaOLTPII eeKTHBHE MMOKPAIICHHS MOKA3HHUKIB IBUTYHA,
IpOTE BHMAraloTh CYTTEBOI 3MIHM KOHCTPYKIIi Ta
BBCJCHHS  JOPOTOBAPTICHUX  TEXHIYHUX  PIMICHb.
Peamizamis  mepmioro  mpWHOMIY ~— MOXimMBa  abo
OpraHi3alli€lo PermupKyysaIii YacTHMHU BiANPaIlbOBAHUX
ras3iB a00 BUKOPHCTaHHSM SBHIIA PE30HAHCY y BHITYCKHIH
CHCTEMI.

Came 110 001 sIBUIIIE PE30HAHCHOTO HAMITYBY BiIOMO
Ta JIOCHIPKEHO BXE JOBOJI JaBHO, NMPOTE MAIOTh MiCIe

6e3rmocepeIHbOTO  BIIOPCKYBAaHHS

CBIXKOTO

3HauyHi  mpoOneMu  IOJO0  HOrO  MPaKTUYHOTO
BIPOBA/DKCHHS B KOXXKHOMY OKPEMOMY BHIIAIKy I
OKpEeMHMH JBHTYH. A 3BaXalo4d Ha OYIKYBaHHS

BUYEPIIAHOCTI MAJIMBHUX EHEPropecypciB, MOKpAILEHHS
Jirounx 3paskiB 2-TakTHHX JIB3 pi3HOro npusHauyeHHs €
aKTyaJIbHIM HayKOBUM Ta MPAaKTHIHUM ITUTAHHSIM.

AHaIi3 JoCTiKeHb Ta myOumikamii

[IpuHIIMNIOBa  BiAMIHHICTE MK [IBOTaKTHHUM i
YOTHPUTAaKTHUM JIBUTYHAMH IIOJSITa€ B TOMY, IO B
JIBOTAaKTHUX ABWTYHAX BHITYCK BiNIpanbOBaHWX Ta3iB i
HA/IXOJDKEHHS HOBOI TOPIIi MaJWBO-TIOBITPSHOI CyMiImi
3MIMCHIOIOTBCS TPaKTH4YHO oJHo4YacHo. Ilpu 1pomy
BUHUKAIOTh  JIBI  mpoOJiieMdH: 3  OAHOTO  OOKYy,
BiJIIIPAIIbOBAHUIl ra3 YaCTKOBO 3AJIMIIAETHCS B IHIIHJPI,
0 3MEHIIYE MOTYXXHICTh NPU MNOAAIBLIOMY TaKTi,
OCKUJIBKHM CyMIilll, 110 3HaXOAWUTHbCS B Kamepl 3ropaHHs,
MEHIII CXWJIbHA [0 3aliMaHHsi. 3 iHHIOrO OOKy, uepes
BUIIyCKHE BIKHO pa3oM 3 BIANPalbOBaHHM Ta3oM
BUXOJWTH i YaCTHHA CBDKOI CYMIIIN, [0 TPU3BOAUTH JO
OinbII BUCOKOI BUTpATH MaJlMBa i CTBOPIOE 3arpo3y Ui
3a0pyaHEHHST HaBKOJMIIHBOTO cepenoBuina. Lli Hemomikn
MOXHa MIHIMI3YBaTH NIIIXOM CTBOPEHHS BHUITYCKHOL
TpyOu ocobnuBoi ¢popmu. Ilepur 3a Bce, BUumyckHa Tpyda
PO3IIUPIOETHCS KOHYCOIO1iI0HOIO HAaCaJKOI0 -
nudy3opoM. Y HbOMY, Ha BIIMiHY BiJl IIMITiHIpa, BUHAKAE
3HIKEHUH THCK, BHACIIJOK YOTO BigMpallbOBaHUH ras,
OTPUMAaHUIl B TIPOLIECi 3TOpPaHHA, BiICMOKTYETHCS MpPH
BIIKpUTTI BUITyCKHOTO BikHa muiiHzapa. Ilpote, Bimpasy
MICJIS IIPOTO HEOOXiHO CTBOPHUTHU IIiIBHUIICHUHN THUCK, IO
JIO3BOJIMTH yTPUMYBaTH B IIHApPI CBDKY IaJIUBHO-

MOBITPSIHY CyMIlll, 10 THX IIip, TIOKK 3HOB HE 3aKPHETHCS
BullyckHe BikHO. [I[00 cTBOpHTH nmaHWH THCK, MiCis
i y3opa BCTAHOBIIOEThCS APYTHiA, 3BYXKYIOUNH, KOHYC.
Binm HpOro BiIOMBAETHCA YacTWHA Ta3y, IO BHUXOIUTH
yepe3 IIIyIIHUK. BHacmiJoKk 1bOro 4yepe3 BUXIIHUH OTBIp
BUITYCKHOI TpyOM BHTIKa€ Jnie 4acTHHa raszy. YactuHa
XBWJI, IO 3aJMIIAETHCS, BINOWBAETHCS B HANPAMKY
BUITyCKHOTO BiKHa NWJIIHIApa 1 3aTPUMye€ TaM CBIXKY
TOPIIifO Ta3y HACTYMHOTO TaKTy (PUCYHOK 1).

Pucynok 1. Po3nozin THCKy y BUIIyCKHi# cucteMi [6]:

1 - BumyckHa cucreMa; 2 — natpy0oK; 3 — 30Ha IIOHIKEHOTO
THCKY; 4 — 30Ha HiIBHIIEHOTO THCKY

Jis  mocATHEHHS sSKOMOTa KpamluX ITOKa3HUKIB
JIBUTYHA HEOOXiJHO 3a0€3MCUYUTH CHIBCTABHICTh BEITUYUH
KUTPKOCTI 1 IIBHJIKOCTI BHUIIYCKHOIO Ta3y 3 4YacoM
BIJIKPHUTTS] BUITYCKHOTO BiKHA, JJIs1 3a0€3IEUCHHS SKiCHOT
MPOAYBKA —  BHCOKOTO  3HA4YCHHA  KoedirmieHTa
HATIOBHCHHS 1 HU3BKOTO  3HAYCHHA  KOeilieHTa
3anumKkoBuX TrasziB. Cimim MaTH Ha yBasi, IO PEXHM
pPE30HAHCY BIiANIpPaNbOBAaHHWX Ta3iB Ui  pe30HaTopa
MPOCTOl KOHCTPYKILIi MO)Ke BimOyBaTHCh TIIBbKH Yy
MIEBHOMY iama3oHi IIBAAKOCTENR obepTaHHA
KOJIHYacTOTO Bayly. Bennke 3HaueHHS Mae BEJIMYHMHA i
JIOBKMHA BUITyCKHOI TpyOu [7, 8].

SIki1o BUMyCKHA cUcTeMa OyJe HaaMIPHO BEIHUKOIO
B JllaMeTpasbHIii MJIOIKMHI, TO TUCK Oy/e 3aHaATO MalluM,
1 IOCUTH 0araTo CBIXkOI MAJMBHO-TIOBITPSHOI CyMilii Oyze
BUXOJMTH 4Yepe3 BUIYCKHY TpyOy. SIKIO * BHITyCKHA
cucTeMa 3aHaATO Maja, TO THCK XBWII Oyle Jyxe
BHUCOKHM 1 3rOpUIHHA ra3 HE 3MOXKE BHUXOIUTH HAJCIKHUM
YHHOM. 3OUIBIIEHHS THCKY Bele [0 IIiABHICHHS
TEMIepaTypH BHITYCKHOI CHCTEMH 1 JBUTYHA, IO
CTBOPIOE OLITBIIY BipOTiTHICTH MPOTOPAHHS MOPIIHS.

Bce me mae Benmke 3HAYCHHS, OJHAK, OCKUIBKH
IBOTAaKTHI JBHTYHH ICHYIOTH BXE JaBHO, 1 ixX
IOCHIIKEHHIM 3aiMaincs 0araTo BYEHHX TO BIJOMHIA
i psx GopMyn, [0 BpPaxOBYIOTh IapaMeTpH
2-taktHuX JIB3 [6-12].

OCKINBKH 1T  PO3PaxyHKy CHCTEMH
2-traktHOro JIB3 HEOOXiHO BpaxoByBaTH 3HAYHY
KIUTBKICTB EMITIpUIHUX Koe(illieHTiB, 11 ()
BCTAHOBJIOIOTHCS JIOCHIJHAM IIUIIXOM, HPH po3poOui
HOBUX JIBUTYHIB ONITUMAJIbHI PO3MIpH €JIEMEHTIB CUCTEMHU
BUITyCKY 4YacTO BHU3HAYAIOTh CKCICPUMCHTAILHO Ha
rajgpMiBHOMY cTenai. Hepinko cepis ekcrepuMeHTIB
JO3BOJIIE  3HAYHO  IIBHANIE 1  TOYHINIE,  HDK
PO3paxyHKOBHM IIISIXOM, BH3HAYUTH BCi HEOOXiTHI
XapaKTepUCTHKH KOHKPETHOI KOHCTpyKIii JIB3.

3a MuHYI IeciATKH pokiB po3BuTky [IB3 yBara
JIBUTYHOOYIIBHHKIB IO CHCTEM BHITYCKY TO cialIraia, To

BUITYCKY
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nocumoBaBess.  OCHOBHI  pe3ynbTaTh  JOCIHIKEHb
(Hacamnepen 3a MexamMM YKpaiHuM) Oynu OTpuMaHi 3
BIIPOBA/DKCHHAM 004YMCITIOBaNnbHOI TexHiku. B CPCP
JIOCHI/DKEHHST TPOBOJAMIIMCS HE HAJATO CHUCTEMAaTHYHO 1
HertoBHO. OJTHAK DOCSTHYTI pe3yJabTaTH CBiI4aTh MPO TE,
mo poOoTH Taki Benucst i OyiaM OCTaTOYHO MPHUIMHEHI
yime Hanpukiami 1980-x pokis.

Jo Toro yacy B €Bpormi CKamucs iCTOTHO BiAMiHHI,
BiJl IPUIHATHX B HAIilf MOTOPOOYIiBHIH TPOMHUCIOBOCTI,
cxeMH, KOH(]iryparii i METoau po3paxyHKY BUITYCKHHUX
cucteM 3rigHo 3 mparsmu ['purop’esa [10, 13]. ¥V nparax

brnepa [9, 14] onucyroThes IHIN — MIOXOAH 10
KOHCTPYIOBaHHS ~ pPE30HATOPIB, OJHAK caMe  Taki
PE30HATOPH  BCTAHOBJIOIOTHCS MPAKTHYHO HAa  BCIX

IMIOPTHUX MOTOLMKIAX 3 JIBOTAaKTHUMH JIBUTYHAMH.
OCHOBHUMH JJAHUMH ISl PO3PaXyHKY CHCTEMH BHITYCKY €
BEJIMYMHU  CEPEIHbOr0  e(EeKTHBHOIO  THCKY 1
TEMIIEpaTypH BiPalbOBAHUX Ta3iB.

Bbnep crimpaerscst Ha pe3ynbTaTH BEJIMKOI KiJIBKOCTI
eKCIICpUMEHTIB, Jaloul po3pobieHi HuUM ¢opmynn. Ha
JKaJlb, HOTO METOJMKH PO3PaXyHKY HE JAIOTh KOHKPETHUX
BIINOBiNCH B MHUTAHHAX B3a€MO3B’SI3KYy TOBXKHH i
JiaMeTpiB €JIeMEHTIB Pe30HATOpa Ta CHCTEMH BUITYCKY i
e(heKTUBHOCTI pOOOTH IBUTYHA.

MeTta po6oTu

Hocmimutn e(peKTHBHICT PE30HAHCHOTO HAIIYBY

JIBOTAaKTHOTO  OEH3WHOBOTO  JBHUTYHA;  TOJIIIIUTH
EHEepreTHYHI  XapaKTePHCTUKU  ICHYIOHYOTO  JIBUTYHA
BHYTPIIIHBOTO  3TOpPaHHA  [UIIXOM  BCTaHOBIICHHS

MOJICPHI30BaHOI CHCTEMH PE30HAHCHOTO HAJTYBY.
Marepian i MeToAuKA 10CTiIKEHD

JlocmikeHHsT BIUTMBY PE30HAHCHOTO HAIIYBY Ha
IIBUJIKICHY XapakTepUCTUKY JBUTYHa BHUKOHAHO 3a
HACTYITHOIO METOJIUKOIO.

- PO3paxyHOK TePMOAMHAMIYHOIO IMKIY JABUTYHA 3
BU3HAYCHHSIM HOr0 OCHOBHHMX ILMKJIOBHX [apaMeTpiB,
THCKYy Ta TEeMIIepaTypH BigNpalbOBaHMX Tra3iB — 3a
JIOTIOMOTOI0 KoMII foTepHoi nmporpamu Engine Calculation
[15];

- pO3paxyHOK po3MipiB  pe3oHaTOpa, AKHH
3a0e3reunTh BUCOKWI pPIBEHb pE30OHAHCY B CHCTEMI
BUIIYCKY Ha BCIX peXuMax poOOTH JABUTYHa, — 3a

MeTouKoro [9, 14];

- mobynoBa 3D wMomeni pe3oHaropiB 0a3oBOi
KOHCTPYKIIi, Ta MOJCPHI30BAHOIO — B CEPEJOBHIII
SolidWorks;

- MOJECINIOBAaHHSA TMEpeMIlIeHHS BiIIpanbOBaHIX
ra3iB B pe30HATOpax pPIi3HUX MOAEICH — B CEpeIOBHIIL
SolidWorks Flow Simulation;

- eKCIepHMCEHTAalbHa TepeBipka e(eKTUBHOCTI
0a30BOi CHCTEMH BHUIYCKYy, a TaKOX CHCTEMH 3
pe30HaTOPOM — 3 MOOYJOBOIO 30BHINIHBOI MIBUAKICHOT
XapaKTepUCTUKHU.

B po0oTi pO3riIsHYTO Ta MOPIBHAHO 3 BapiaHTH
CUCTeMH BHUITycKy aBuryHa wmotorukiaa DK Ilmanera
Cropt 350:

- cucteMa 06a30BOi KOHCTPYKIIii, 0e3 pe3oHaTopa;

- CHCTEMa 3 PE30HATOPOM, 3aIPOIIOHOBaHA 3aBOIOM-
BUPOOHHKOM;

- cucTeMa 3
aBTOpaMH poOoTH.

PE30HATOPOM, 3alpoIrnioHOBaHa

Buxkiag 0CHOBHOI0o MaTepiajy 10CaiIKeHHsI

BuxoHnaHo po3paxyHOk pe3oHaropa ais asuryHa DK
ITmanera Cmopr 350. Ockimbkn ICHye  BeNHKe
PI3HOMAHITTS CHCTEM pPE30HAHCHOTO HaAIyBy, OYI0
HPUIHATO pillIeHHS Ui BCTaHOBIICHHS Ha
JOCHIIKYBaHUH JIBUTYH PE30HAHCHOTO HAALyBy 3
JIBOCTYIIHYACTHM TU(PY30pOM BHUITYCKHOI CUCTEMH.

CucrtemMa pE30HAHCHOTO HAJJIyBYy 3aJEXKHUTh BiJ
BEJINKO1L KIJIBKOCTI 1H/IMB1 Ty aIbHIX [IOKa3HUKIB
JIBOTAaKTHOTO JIBUTYHA. B sikocTi 00’€kTa JOCHIIHKEHHS
oOpaHo 1-1uiTiHapoBHUH OEH3WHOBUH JIBUTYH MOTOLIMKIIA
DK Inamera Cmopr 350 poGouum 06’emom 340 cm?®,
CTyIIEHEM CTUCHEHHS 10...10,5, HOMIHAJIbHOIO
noryxHictio Ne = 22,1 kBt nmpu n = 6100...6700 xsL.
MaxkcumanpHul 00epTanbHUE MOMeHT ABUryHa 35 H-m
npu  n=5600...5800 x8X. MakcumansHa  uYacToTa
obepranHs koniHdacToro Bady n=7200xs?. Cxema
MPOXYBKH — TPbOXKaHAIbHA, 3 II'ATbMA NPOAYBOUHUMHU
BikHaMHu. JIBUTYH KapOropaTopHHiA, 3 KapOopaTopom
MIKUNI AEX, i3 HOBITPSIHUM OXOJO/KCHHSM IWIIIHAPA
HabIralo4YuM MoTOKOM moBitpst [16].

B pospaxynkax poGotn cuctemMun Bumycky DK
IInanera Coopr 350 mnpuiimManoch, 10  BHIIYCK
BiI0yBAa€THCSI IPH [TOBOPOTI KOJIHYACTOrO Bajy Ha 94° 5
BiI BepxHBOi MepTBOi Touku (BMT), BHIyCKHE BiKHO
3aJHUIAEThCS BiTKpuTUM 171°, TOOTO BHITyCKHE BIKHO
MOBHICTIO 3akpuBaeThesi depe3 265°5° TIKB. IIpomec
J03apsay BigOyBaeTbCsl MicHs NPOXOUKEHHS HIKHBOI
MeptBoi Toukm (HMT), mnpubmusno 85°5° tpuBae
IHTCHCUBHUI BHITyCK BiIIpaIlbOBaHUX ra3iB, MOTIM IIIe
npudanzno 10° I[IKB — Bumyck 3a paxyHOK iHepllii, konu
MOPIIEHB ITiJHIMAETHCSI BBEPX. TOMY HpPH PE30HAHCHOMY
HaJU1yBY TIpoLieC N03apsay Moxke BinOyBaeThbes 31 190° no
265° 5" i TpuBae 75° 5" TIKB [16].

[licnst  po3paxyHKy TEPMOJIMHAMIUYHOTO LUKy
JIBUTYHA 32 JIOTIOMOT'00 KOMIT 10TepHoi nporpamMu Engine
Calculation [15] Ta BU3HAauYCHHS BEIWYHHHA CEPEIHBOTO
epexTuBHOTO THCKY pe = 0,7 MIla, 3a emmipHuHOIO
(GopMynol0  pO3paxoBaHO  CEPETHIO  TEMIIEpaTypy
BHITyCKHHX Ta3iB NPH NPOXOKEHHI BHUITYCKHOTO BiKHA

[9]:
T. = 534,67¢%08P: = 534,67e00%7 =794 5 K, (1)

ne 534,67 1 0,048 — emmipuuni koediumieHtn; Pe —
cepenHii eeKTUBHUI THCK, Oap.

Jani BH3HAYeHO MIBMAKICTb THCKY XBHJb, SKa
BHUKOPHCTOBYETECS B PO3paxyHKy pe30HaTopa:

80 = [yRT, =/1,4-287-7495= 5488 m:c”’, (2

ne vy = 1,4 — emmipuunuii koediuient; R = 287 Jlx-krt-K?
— yHiBepcaibHa ra3oBa crama; Tk-— Temmeparypa
BHITyCKHHUX rasiB, K.
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Busnaueno noBxuHy pe3oHaropa Lt 3a momomororo
meronuku brepa [9, 14], ska mokasye, 10 JOBXHHA
pEe30HATOpa BU3HAYAETHCSI IO KiHIS 3BY)KYHOUOTO KOHYCY

L = 1000-a5-Qc, 1000-548,8-171= 1167 mwm, (3)
12n 12-6700

e ap — MBHUAKICTH 3BYKy B BiANPalbOBaHUX Ta3ax, M-C;
Qep — MOBXKMHA a3y BUITYCKY, © MOBOPOTY KOJIHYACTOTO
Baixy (IIKB) [10]; n — kinmpKicTh 00epTiB NBUTYHA, I
AKHX PO3PAXOBYEThCS PE30HATOP, XB .
EdextnBHmii miameTp BHUIYCKYy — IiameTp TpyOw,
SIKMH B1JIIIOBI1a€ BUITYCKHOMY BIKHY T'lJIb3H JIBUTYHA

D, :F: 430322 somm,  (4)
n 314

e a — IIMpPWHA BHITYCKHOTO BiKHa, MM; b — BHcCOTa
BHITYCKHOTO BiKHA, MM; 2 — KiJIbKiCTh BHIIYCKHHX BIKOH
PO3paxoBaHOTO JBUTYHA.

Hami po3paxoBaHO KOE(QImi€EHTH BHITyCKY, IO
BUKOPUCTOBYIOTBCS B PO3PaxyHKy pe3oHaTopa. BoHm €
(GYHKIISIMU PEXKUMY Ta TUITY JBUTYHA!

- KoeQillieHT A BHU3HAYCHHS JiamMeTpa KiHIA
3BYXKYIOUOT0 KOHYyca (KoH(DY30p):

Ko = 1,0322¢:049%8P. = 1,0322¢004%87 = 0,73; (5)

- koeQiieHT JUis BU3HAYCHHS I0YaTKOBOTO
JiaMeTpa KoHyca, 10 PO3MIHPIOETHCS (audy3op):

Ki = 1,9899¢ 0%81P. = 1 9899¢ 005817 = 1 33; (6)

- koedimieHT A BU3HAYCHHS  JliaMeTpa
[EHTPAITHLHOI UTIHAPUIHOT YACTHHHU pEe30HATOpPA!

Kz = 0,8439¢01226P. = (,8439¢012267 = 2 01, (7)

BukoHaHO po3paxyHOK PO3MIpiB JIOBXXHH OCHOBHHX
YaCTMH BHITYyCKHOI CHCTEMH 3  JBOCTYMIHYaCTHM
po3umpeHHsM audy3opy, 3a Metoaukoro [10]:

- JOBXKMHA BUITYCKHOTO MarpyOKa, 10 3HaXOAUTHCS
y LWIIHAPI JBUT'YHA, BUMIPIOETHCS BiJl CTIHKH MOPIIHS JI0
(raHI KPIIUICHHS pe3oHaTopa

L1=0,1-L4+=0,1-1167 = 116,7 MM, (8)
ne Lt — noBXHWHA MOJEPHI30BaHOI BUITYCKHOI CHUCTEMH,
MM;

- IOBXKUHA TepIoi cTymeHi audysopa

L.=0,41-L:=0,41-1167=478,5mm;  (9)
- IOBXKMHa ApYroi cTyneHi audysopa
L3 =0,14-L;=0,14-1167 = 163,4 mm;  (10)

- JOBXXKHMHa HeHTpaJ'ILHOI III/IHiH[[pI/I‘lHO.I. HYaCTUHHU
BI/IHYCKHOI CHUCTEMU

Ls=0,11-L;+=0,11-1167 = 128,4 mm; (11)
- IOBXKMHa KOH(DYy30pa
Ls=0,24-L:=0,24-1167 =280 mm; (12)
- JIOBXKHMHA KIHIIEBOI IWIIHIPHYHOI YaCTHHH
(XBOCTOBHKA)
Le = Ls =280 mm. (13)

Po3paxyHOK giaMeTpiB OCHOBHUX YacTHUH BUITYCKHOL
cucremH, 3a Mmetoaukoro [10]:

- MOYATKOBHH JiaMeTp ABOCTYIIIHYACTOTO TU(PY30pa

D; =K1 Dy =1,33-50 = 66,5 mm; (14)

- cepemHii niaMeTp JBOCTyIiHYacTOro audysopa

(15)
D;

LZ 1,33
D, ] L+l

478,5

D, = 66,5(1:0,5)[478,5%64,3) — 87

1
- TiaMeTp MEeHTPATbHOI MIIHAPUIHOT YACTUHN

D3 =KoD, =2,01-50 = 100,5 mm;  (16)

- KiHIIeBUH iameTpa KoH(y30pa

Ds=KoD;=0,73-50=36,5mm.  (17)

[licns  mpoBepeHHS  PO3pPaxyHKY  PE30HaHCHOI
BUITYCKHOT CHCTEMH IIPOBEJEHO MEsAKl YTOYHEHHS, Y
3B’S3Ky 3 THM, OI0 Ha KOHKPETHOMY MABHTYHI JesKi
po3Mipu 3MIHHTH HEMOXJIHBO. llogaTkoBHil miamerp
mudyszopa Di, mo skoro Oynme mnpuenHaHo (raHeb
KpiIUTeHHS pe30HaTopa A0 IMIHAPa IBUTYHA, MIPHHHSATO
52 mM. [loBuHY BHITyCKHOTO maTpyOka Li mpuitHATO
88 mMm. JlaHi po3Mipy BUMIpSHO Ha AiI0YOMY JIBUT'YHI.

HpOBeZ[eHO NEePEPpaxyHoOK JOBXWHU Lo 3
ypaxyBaHHAM  TOro, Mo MOﬂepHi?)OBaHa JOBXHWHaA
pe30HaTOpPa HE MOBUHHA 3MIHIOBATHCE:

L2 nepepaxoBase — L2 + Ll - L2 niiicHes (18)

L2 nepepaxosane = 478,5 + 116,7 — 88 = 507,52 mm.

3 ypaxyBaHHAM JaHUX PO3MIpiB i
o0y I0BaHO CXeMy pe3oHartopa (puc. 2).

BukonaHo MOPIBHSUIBHY XapaKTePUCTUKY
KOHCTPYKTUBHHX OCOOJIMBOCTEH BHITYCKHOI CHCTEMH

MOMPABOK
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6a3oBoro i MoJiepHi30BaHOTO ABMIYHIB. ba3oBa cucrema
BUIYCKY (puc. 3a) Mae KOHIYHYy Ta UWIIHAPHYHY
YacTHHY, alle BIICYTHIH audy30p Mmichns MWIHAPHUIHOT
YacTHHU. BiACyTHICTH JaHOI 4YaCTMHM HE Ja€ 3MOTHU
BinOyBaTHCS PE30HAHCHOMY HAJUIyBY, BHACIIJOK YOTO
HEJIOTAJICHa 4YacTHHA pPO00YOi CyMIllll BUKUAAETHCS
0e31m0BOpOTHO B aTMocdepy. ToMy BUKOPUCTAHHS JaHOL
BUITYCKHOT CUCTEMH € HeGa)KaHHUM.

Po3pobnena aBropamu poOOTH cHcCTEMa BHITYCKY
(pucyHok 3g), Ha BIOMIHY BIiI CHCTEMH BHIIYCKY,

MIPOTIOHOBAHOI 3aBOJOM-BUPOOHWKOM (puc. 36), Mae
JBOCTYHIHYAacTHH  KOH(QY30p, 3a paxyHOK SIKOTO
NepexifiHuii  peKUM €  Olmbll  TuiaBHUM. Takox

3MEHIIWINCH PO3MIPH BHUITYCKHOI CUCTeMH Oe3 BTpatH il

OCHOBHHMX XapaKTEPUCTHK, 10 € BAKIUBUMHU IIPH
BCTaHOBJICHHI HA MOTOIIMKII.
IloOynoBano TpuBHMIpHI Momem 0a30Boi Ta

MOJICPHI30BaHUX CHCTEM BHIYCKY, MPOBEICHO iX aHai3
B cepenoButi SolidWorks Flow Simulation. JIns mporo
Oyno 3agaHO TapaMeTpH pyxXy poOodoi cymimi Ta
OTpUMaHa MOJENb PyXy po0oYoi cyMimi Ha peXuMi

pesonancy (puc. 4). 3a pe3ynbTaToM JOCIHIiJKEHHS
BcTaHoBJIeHO, 1o 15...20 % pobouoi cywmimmi, ska
3aJMIlIae BHUIYCKHE BIKHO, MOBEPHYJNOCS Hazal [0
HWTHAPY ABWryHA. L[4, ToOBepHyTa, YacTHHA CyMimIi
3a0e3medye CyTTeBE 3pOCTaHHS MTOTYKHOCTI ABUT'YHA, IIPH
HE3MIiHHI{ TOJUHHIN BUTpATI NAJIUBA.

3a JONMOMOrol0 BHIIPOOYBaJbHOTO HAaBaHTAXKYBallb-
HOTO CTEHJy BIIACHOi PO3pOoOKM BU3HAYCHO e(EeKTHBHI
nokasHuku asuryHa DK ITnanera Cnopt 350 3 Tphoma
BapiaHTaMH CHCTEMH BHUITYCKY JBHTI'YHA:

- cucrema 6a30BOT KOHCTPYKIIii, 6€3 pe3oHaTopa;

- CHCTEMa 3 PE30HATOPOM, 3aIPOIIOHOBAHA 3aBOJIOM-
BHPOOHUKOM;

- cHucreMa
aBTOpaMu POOOTH.

Ha pmc. 5 HaBeneHO MIBHIKICHI XapaKTepHUCTHKH
e(peKTHBHOI TOTY)KHOCTI, 3aJeXHOI BiA YacTOTH
oOepTaHHs JBUTyHAa. BCTaHOBIEHO, MIO0 MOTYXHICTH
JIBUTYHa Ha PEXHMI pe30HaHCy 3pocrae Ha 3 % mpu
HE3MIiHHII BUTpaTi najiusa.

3 PE30HAaTOPOM, 3alpOIIOHOBaHA

t~ g
N S Al
2 8 % g
| i
] 1 - —
5072 1634 1284 280 28

Pucynox 2. Ecki3 cripoekTOBaHOTO pe30HaTOpa 3 OCHOBHUMH PO3MipamMu

Lo

B

Pucynox 3. Bumyckni cucremu auryna DK ITnanera Cnopr 350 (Bapiantn):

a — 6a30Ba BUITYCKHA CUCTEMA; 6 — MOJEPHI30BaHa BUITYCKHA CHCTEMa PE30OHAHCHOTO HA/yBY, IPONOHOBAHA 3aBOIOM-BUPOOHUKOM;
6 — MOJICpPHI30BaHa CHCTEMa PE30HAHCHOTO HAJYBY, 3alIPOIIOHOBaHA aBTOPaMH pobOTH
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Pucynok 4. Cxema pyxy BiAIIpallbOBaHHUX Ia3iB y BUIIYCKHUX CHCTEMaX:

a — 0a30Ba BUITYCKHA CUCTEMA; O — MOJEPHI30BaHa BUITyCKHA CHCTEMa PE30HAHCHOTO HA/yBY, IPONOHOBAHA 3aBOIOM-BUPOOHUKOM;
6 — MOJICpPHI30BaHa CUCTEMA PE30HAHCHOTO HAJyBY, 3alIPOIIOHOBaHa aBTOPaMH poboTH
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PucyHok 5. 3anexHicTb 3MiHU MOTYXHOCTI ABUryHa DK
ITnanera Criopt 350 Bix KiNbKOCTI 00EPTIB KONIHYACTOTO BaLy:

a — 6a30Ba BUIIYCKHA CUCTeMa; 6 — MOZICPHiI30BaHa BUITYCKHA
CHCTEeMa PE30HAHCHOTO HaIyBY, IPOMOHOBAHA 3aBOIOM-
BHPOOHHUKOM; 6 — MOJCPHI30BaHa CHCTEMa PE30HAHCHOTO

HaJUTyBY, 3alPOIOHOBaHA aBTOPaMH POOOTH
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CHCTEMH BHITyCKY y pexumi pe3oHancy. Jlany mojens
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Purpose. Investigate the efficiency of resonant charging of a two-stroke gasoline engine; to improve the energy
characteristics of an existing internal combustion engine by installing an improved resonant exhaust system.

Research methods. The results of calculating the resonator of the exhaust system of a two-stroke gasoline engine
using the combined Blair and Grigoriev method are presented. The modeling of exhaust gas flows was performed in the
SolidWorks Flow Simulation. The Engine Calculation computer program was used to calculate the engine cycle. The
object of the research is a two-stroke single-cylinder gasoline engine of the IZH Planeta Sport 350 motorcycle.

Results. The current issue of increasing the power of a 2-stroke gasoline internal combustion engine by
implementing the phenomenon of resonant charging in the exhaust system has been resolved. The thermodynamic cycle
of the 1ZH Planeta Sport 350 engine has been calculated with the determination of its main cycle parameters, exhaust
gas pressure and temperature. The resonator has been calculated, which will provide maximum improvement in engine
performance at nominal operating mode; 3D models of the three versions of exhaust system have been built: basic
design (without resonator), with a resonator of the manufacturer, and with a resonator of the authors of the study's own
design. The movement of exhaust gases in resonators of different models has been simulated in the SolidWorks Flow
Simulation environment. Bench tests of the engine have been performed on a load bench, and speed characteristics
have been built when working with different exhaust systems.

Scientific novelty. A model of the movement of the working mixture in the resonator of the exhaust system in the
resonance mode was obtained. It was proved that in the calculated resonator, 15...20 % of the working mixture is
actually returned back to the cylinder. For the first time, it was established that the 1ZH Planeta Sport 350 engine with
a modernized exhaust system due to the implementation of resonant charging has a maximum effective power of
24.4 kW - 3% more than the basic engine.
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Practical value. The method for calculating the influence of the effects of resonant charging of a gasoline 2-stroke
engine on the effective performance of the engine can be used when designing new and modernizing existing internal

combustion engines for various purposes.

Key words: 2-stroke internal combustion engine, exhaust gases, effective power, resonant charging, resonator,

exhaust system, power curve.
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ENERGY-EFFICIENT DESIGN OF SCREW PRESSES

Purpose. To improve the energy efficiency of screw presses by developing structures for the rational use of the
flywheel kinetic energy, reducing losses on the return stroke and increasing the impact efficiency. This will reduce energy
costs and improve productivity in forging, stamping and other technological operations.

Research methods. Increasing the energy efficiency of screw presses is achieved by developing and implementing
design solutions aimed at reducing the energy accumulated during the reverse stroke, as well as ensuring its efficient use
during the forward stroke. The main emphasis is placed on optimising the press mechanisms to minimise energy losses,
which will significantly increase the overall efficiency of the equipment.

Results. As part of the study, a new design of the slider was proposed, which includes a kinematic disconnection of the
nut. This reduces the energy usually accumulated by the flywheel during the reverse stroke and ensures more efficient use of
energy during the forward stroke, which in turn reduces energy consumption and increases the efficiency of the press.

Scientific novelty. For the first time, designs have been developed that provide kinematic disconnection of the slider
nut during the reverse stroke. These designs allow to reduce the accumulated energy and ensure its more rational use
during the forward stroke. In addition, the design of the flywheel has been improved to optimise its moment of inertia
depending on different press operating modes, which makes it possible to significantly improve the performance of press
equipment under variable operating conditions.

Practical value. The results of the work make it possible to increase the energy efficiency of screw presses, which
can be implemented in forging and stamping industries, especially in precision stamping technologies. The application
of the developed structures increases the energy efficiency of screw presses, which reduces energy costs and ensures
long-term and stable operation of the equipment.

Key words: press, screw, slider, nut, key, flywheel, drive, hydraulic circuit, frame.

Introduction productivity of the equipment. To address this problem, in-

In modern production, presses are widely used to per-  novative design solutions are being offered to optimise the
form a variety of technological operations. The efficiency  operation of presses and reduce energy losses.
of their operation largely depends on their design features,
in particular, on the use of flywheel kinetic energy. The ac-
cumulation of this energy on the return stroke remains one Researchers pay considerable attention to improving
of the key issues affecting the energy efficiency and press designs to increase their energy efficiency. One of the

Analysis of research and publications
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main areas of research is the introduction of mechanisms
for the accumulation and rational use of flywheel kinetic
energy. Various designs have been proposed to reduce the
amount of energy accumulated during the return stroke, in-
cluding the installation of a nut in the slider with the possi-
bility of kinematic disconnection or the use of a flywheel
consisting of two parts [1-3]. Such innovative solutions
have the potential to significantly improve the performance
of press equipment, but require further research.

Purpose of the work

The aim of the study is to develop constructive solu-
tions to optimise the operation of presses by rationally us-
ing the flywheel's kinetic energy. This involves the intro-
duction of mechanisms that reduce energy losses on the re-
turn stroke and increase the efficiency of striking by accu-
mulating energy on the forward stroke.

Research results

In recent years, screw presses have taken their rightful
place in the list of forging and stamping equipment, espe-
cially among the equipment used in precision stamping
technology, such as gas turbine engine blades, gears and
other parts [4-6]. This led to the development of screw
press designs and their individual components. This was
especially true for the designs of drives for both the for-
ward and reverse strokes of the press, especially the for-
ward stroke drives for accumulating impact energy [7-9].
The most developed were direct-acting electric drives or
those using a gear transmission with a ratio of i =4 : 5, a
main motor with a synchronous speed ne..» = 500 : 600 and
a unit power of 250 kW.

The motors operate in reverse mode on the down
stroke and up stroke, operating in transient mode. And, as
you know, theoretically, the transient mode efficiency is
0.5, and in the presence of slippage in the motor itself, it is
even lower [10].

The developer of such presses is Weingarten. Along
with these types of drives, hydraulic motors for driving the
flywheel (Hasenklever) were developed simultaneously
[11]. These types of drives are used for the manufacture of
presses with a force of up to a nominal force Pn = 12,500
tf and a cold stroke force of up to 25,000 tf. The angular
speed of the flywheel does not exceed 200 rpm, and the
stroke frequency is =~ 4.5 x/min (PZS presses). For presses
with hydraulic motors, the number of slider strokes is 12
x/min for HSPRZ presses with a maximum force of 6300
tf and 6 x/min for HSPRZ presses with a maximum force
of 25,000 tf [12].

The design of these presses uses the main drive in re-
verse mode to reverse the stroke, so it operates twice per
cycle in transient mode with a theoretical efficiency of 0.5.
At the same time, the maximum current exceeds / > 1000A
[13].

All screw press designs currently in operation have a
significant drawback: an increase in the reverse stroke
speed increases the energy accumulated by the flywheel,
which must either be damped by the brake or the main
drive operating time on the reverse stroke reduced [14].

The following design solutions are proposed to in-
crease efficiency [15]. Use of pneumohydraulic drives
(Fig. 1, 2). They are mounted in the upper crosshar of the
press. The design of these accumulators allows for efficient
operation of the reverse stroke drives. The principle of op-
eration is clear from the hydraulic diagram of this reverse
stroke energy storage device.

4 --\----%-"‘
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Figure 1. Screw press with energy storage: 1 — bed;
2 — slider; 3 — energy storage shield; 4 — handwheel;
5 — screw spindle

Figure 2. Hydraulic diagram of the reverse stroke energy stor-
age: 1 — energy storage device; 2 — energy storage device shield;
3 — check valve; 4 — spool valve; 5 — pneumohydraulic accumu-

lator; 6 — charging valve; 7 — pressure gauge

To reduce the level of accumulated energy, we pro-
pose the design of a slider with a nut, which makes it pos-
sible to exclude the flywheel from the reverse stroke as the
main accumulator of kinetic energy (Fig. 3). The slider 1
has a rotatable nut 2, which is in kinematic contact with the
screw 3. The slider 1 has rotary keys 4 and a system of lev-
ers 5, which are triggered when the slider 1 rises and take
the slider 1 and nut 2 out of kinematic contact. During the
upward movement, the handwheel and screw 3 stand still,
only the nut 2 rotates, the moment of inertia of which is
much lower than the moment of inertia of the handwheel.
The design has a slider of a complicated construction.
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Figure 3. Slider construction: 1 — slider; 2 — nut;
3 — screw spindle; 4 — swivel key; 5 — lever system

According to the design, the flywheel consists of the
following parts: outer flywheel 1, inner flywheel 2, key 3,
return stroke 4, brake 5, slider 6, and screw 7. The principle
of this design is clear from Fig. 4.

5

|es

Figure 4. Slider construction: 1 — outer handwheel;
2 — inner handwheel; 3 — keyway; 4 — drive; 5 — brake;
6 —slider; 7 — screw

Conclusions

The problem of increasing the speed of screw presses
can be solved by design means: the use of energy storage
devices for reverse stroke, or a slight complication of the
slider or driven flywheel. A preliminary analysis shows
sufficient efficiency of the structures under consideration

References

1. Bocharov, Y. A. (1976). Screw presses. Moscow:
Mashinostroenie, 247.

2. Polovina, N. N., Obdul, V. D., Polovina, Y. N.
(1976). Certificate No. 517509 USSR., Bulletin No. 22.

3. Obdul, V. D., Matiukhin, A Yu., Shirokobokov,
V. V., Obdul, D. V., Matiukhina, T. G., Vysotskaya N. I.
(2023). Ukraine. Patent No. 127676 23, Bulletin No. 47.

4. KeSner, A., Chotéborsky, R., Linda, M. (2017).
The effect of microstructure on abrasive wear of steel. IOP
Conference Series: Materials Science and Engineering,
237, 012040. doi: 10.1088/1757-899X/237/1/012040

5. Pajak, M. (2010). Machine elements. To innova-
tive production presses via roller screw planetary drives.
Konstruktion, 1-2, 24-25.

6. Pennington, J. N. (2003). High-energy process
cuts long products. Modern Metals, 59(5), 21-25.

7. Zheng, K., He, Z., Qu, H., Chen, F., Han, Y.,
Zheng, J.-H., Li, N. (2023). A novel quench-form and in-
die creep age process for hot forming of 2219 thin alumi-
num sheets with high precision and efficiency. Journal of
Materials Processing Technology, 315, article ID 117931.
doi: 10.1016/j.jmatprotec.2023.117931

8. Askarov, E., Zhankeldi, A., Absadykov, B.,
Smailova, G. (2018). Design features of a cam-screw press
with a large effort. News of the National Academy of Sci-
ences of the Republic of Kazakhstan, Series of Geology and
Technical Sciences, 5(431), 192-200. doi:
10.32014/2018.2518-170X.49

9. Landgrebe, D., Rautenstrauch, A., Kunke, A., Pol-
ster, S., Kriechenbauer, S., Mauermann, R. (2016). The ef-
fect of cushion-ram pulsation on hot stamping. AIP Con-
ference Proceedings, 1769, article ID 070014. doi:
10.1063/1.4963414

10. Kriechenbauer, S., Mauermann, R., Muller, P.
(2014). Deep drawing with superimposed low-frequency
vibrations on servo-screw presses. Procedia Engineering,
81, 905-913. doi: 10.1016/j.proeng.2014.10.108

11. Endou, J., Murata, C. (2015). New forming tech-
nologies using screw type servo press. Excellent Inventions
in Metal Forming, 60, 127-133.

12. Mabrouki, T., Boudeau, N., Maier, C. (2018). On
energy consumption and optimization in hot metal forming
processes. International Journal of Mechanical Sciences,
136, 134-145. doi: 10.1016/j.ijmecsci.2018.01.003

13. Schroder, C., Smirnov, E., Bogdanov, N. (2019).
Analysis of energy efficiency of presses with servo drives.
Manufacturing Review, 6, article ID 35. doi:
10.1051/mfreview/2019032

14. Kim, J. H., Lee, S. W., Kim, K. H. (2014). Devel-
opment of energy-saving servo press technology. Journal

© Vasyl Obdul, Anton Matiukhin, Anna Kawalek, Anton Riabenko, Oleksandr Yepishkin, Viktoria Fedoseeva, 2024

DOI 10.15588/1607-6885-2024-4-7

69


https://doi.org/10.1088/1757-899X/237/1/012040
https://doi.org/10.1016/j.jmatprotec.2023.117931
https://doi.org/10.32014/2018.2518-170X.49
https://doi.org/10.1063/1.4963414
https://doi.org/10.1016/j.proeng.2014.10.108
https://doi.org/10.1016/j.ijmecsci.2018.01.003
https://doi.org/10.1051/mfreview/2019032

70

p-ISSN 1607-6885 Hogi martepiany i TEXHOJIOTIi B MeTanyprii Ta MammHoOyxyBanHi. 2024/4
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/4

of Advanced Mechanical Design, Systems, and Manufac- 15. Oh, J. Y., Park, S. H. (2020). Energy optimization
turing, 8(3), article ID 112-1109. doi:  strategies for high-speed mechanical presses. Journal of
10.1299/jamdsm.2014jamdsm0006 Manufacturing Processes, 50, 670-680.

doi: 10.1016/j.jmapro.2020.01.008
Received 16.12.2024

EHEPI'OE®EKTHUBHI KOHCTPYKIIII TBUHTOBUX IPECIB

Bacuns O0myn KaHA. TEXH. HayK, JIOICHT, JOICHT Kadeapu o0OpoOKM MeETaliB  THCKOM
HamionansHoro yHIBEepcHTETY «3amopi3bka MOJITEXHiKa», M. 3amopixoks, YKpaiHa,
e-mail: obdul@zp.edu.ua, ORCID: 0000-0001-6490-8884

AHTOH MaTIOXiH KaHI. TEXH. HayK, JOLEHT, 3aBimyBau kadeapu OOpoOKM MeETalliB THCKOM
HamionaneHoro yHiBepcHTETYy «3amopi3bka MOJITEXHIKa», M. 3amopixoks, YKpaiHa,
e-mail: matiukhin85@gmail.com, ORCID: 0000-0002-2261-0577

Anna Kosainek JIOKTOp TexHIYHUX Hayk, mnpodecop PCz, UYUeHCTOXOBCHKUN MOMITCXHIYHUMA
YHIBEPCHUTET, YeHcroxona, [onbmia, e-mail: anna.kawalek@pcz.pl,
ORCID: 0000-0003-0274-0582

Antou Pg6enko KaHa. ¢i3.-MaT. HayK, JOLEHT, JOUEHT Kadempw CHUCTEMHOTO aHamizy Ta
oOuncmoBabHOI ~ MaTeMaTUKd  HarioHambHOrO — yHIBEepCcHUTETY — «3amopizbka
nojiitexHikay, M. 3amopixoks, Ykpaima, e-mail:  rjabenkoae@gmail.com,
ORCID: 0000-0001-7738-7918

Onekcanap Crimkin acucTeHT Kadenpu oOpodKka MeTaiB THCKOM HallioHaTbHOTO YHIBEPCHTETY

«3anopi3bKa MoJiTeXHIKay, M. 3amopixks, YKpaina, e-mail: yepishkin@zp.edu.ua,
ORCID: 0000-0003-1447-9473

BikTopis ®emoceeBa  CTyACHTKa, kaeapa 0OpoOKH MeTalliB THCKOM HallioHaNbHOTO YHIBEPCUTETY
«3anopi3pKa moiTexHiKay, M. 3anopixoks, Ykpaina, e-mail: joxi.victoria@gmail.com

Mema pobomu. [Tiosuwenns enepeoedhekmueHocmi 28UHMOBUX NPecie yepes po3poOKY KOHCMPYKYil 0as payio-
HAIbHO20 BUKOPUCTNAHHS KIHEMUYHOT eHep2ii Maxo8uKa, 3MeHuleHHs 8MpPam Ha 360pOMHOMY X00i ma niosuuyeHHs epex-
musnocmi yoapy. Lle 0036onums 3nHusumu emepeemuyni umpamu ma NOJINWUMU NPOOYKMUSHICIMb NPU SUKOHAHHI
KOBKU, WMAaMNY8aAHHA MA iHUWUX MeXHOL02TYHUX onepayill.

Memoou oocniodxcennsn. Iliosuwenns enepeoehpekmusHOCmi 26UHMOBUX NPECI8 D0CA2AEMbCSL WIISIXOM PO3DOOKU
ma 8npo8aoHCceHHs KOHCMPYKMUBHUX PilleHb, AKI CNPAMOBAHI HA 3MEeHUeHHS eHepeii, HaKONUYY8aHoi nio yac 360pom-
HO020 X00Y, a MaKodic Ha 3abe3nedenis ii epekmusHo20 GUKOPUCMANHS Ni0 Yac npsamozo xo0y. OcHOGHUY akyenm 3po0-
JEHO HA ONMUMI3AYTIO0 MeXaAHI3MI8 npeca OJisk MIHIMI3ayii enepeemudnux empam, wo 003804UMb 3HAYHO RIOSUUMU 3a-
2a1bHY ehekmusHicms 001AOHAHHSL.

Ompumani pesynomamu. Y pamxax 00cuioxceHHs 6)10 3anponoHo8ano Ho8y KOHCIMPYKYIl0 NO83YHA, WO MICMUmb
KiHemamuuHe iOKIoueHHs eatku. Lle 00360.15€ 3meHwumu enepeiro, Ky 3a36udail HAKORUYYE MAX08UK Ni0 4ac 360pom-
HO20 X00Y, i 3a0e3neyye Oinv eghekmusHe BUKOPUCMAHHSA eHep2ii Ha NPAMOMY X00Y, WO 8 C80I0 Uepey SHUNCYE BUMPAMU
enekmpoenepeii i nioguwye epekmuenicms pobomu npeca.

Haykoea noeusna. Ynepuie po3pobieno KOHCmMpyKyii, wjo 3abesneuyoms Kinemamuyte GiOKIIOUEHHA 2alKu no-
63VHA 8 npoyeci 360pomH020 xX00Y. Lli KoHcmpyKyii 00360110 Mb 3MEHUUMU HAKONUYEH) eHepaito I 3abesneuumu Oinbiu
payionansvHe ii BUKOpUCTNAHHA HA NpAMOMY X00Yy. Kpim moeo, 6y10 800cKoOHaAIEHO KOHCIMPYKYIIO MAXO0BUKA, WO O03601AE
onmMuMizyeamu tlo2o MOMeHm iHepyii 3a1edCHO 8I0 PIHUX PedCUMie pobomu npeca, Wo 0ae MONCIUBICIbL 3HAYHO NOKPA-
wumu pobomy npeco8oeo 0OIAOHAHHSL 8 YMOBAX SMIHHUX POOOUUX YMOB.

IIpakmuuna yinnicme. Pesyromamu pobomu 003601510mb NiOGUWUMU eHeP2oeeKMUBHICIb 26UHMOBUX NPeECIs,
Wo modsce 6ymu 8npo8aOICEHO 8 KOBANbCLKO-UMAMNYBANbHUX 8UPOOHUYMBAX, 0CODIUBO Y MEXHONO0IAX MOYHO20 WMA-
MRny8auHa. 3acmocy8aHHs po3poOIeHUX KOHCMPYKYIL niosuuyye enepeoeghekmusHicms 28UHMOBUX NPeCi8, WO 00360.15€
3MEHWUMU GUMPAMU HA eHepeilo ma 3abe3neyumu 00820mpusaly ma cmadiibHy pooomy 001a0HAHHS.

Knrouosi cnosa: npec, e6unm, nog3yH, eatika, WNOHKA, MAXO0BUK, HAKONUYY8ay, 2I0pocxemd, CMAaHUHA.
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