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bytypns €.A. Po3poOka mnpumor 1 TEXHOJOrIi MasHHA >KapOMIITHUX
HIKEJICBUX CIUIaBIB JIOMATOK CYJHOBHMX Ta30BHX TYpOIH HOBOTO TOKOJIHHS —
Kgamidikamiitna HaykoBa mparis Ha IpaBax PyKOIHUCY.

Hucepraiiiss Ha 3700yTTS HAyKOBOTO CTyIeHs JokTopa diutocodii 3a
cnemianpHicTiIO 132 — MarepianosnaBctBo. — HamioHanbHull yHIBEPCHUTET
KopabsebyayBaHHs iMeH1 aamipana Makaposa, 2021.

PoGoTta npucBsiueHa HayKOBO-TIPUKJIAAHIN 3a1a4dl — po3poOLil NPUIIO0 IS
»apominaux HikeneBux ciaBiB (JKHC) HoBoro mnokosinHs. s cygHOBOTO
razoTypOoOyayBaHHsS 3aBXKIW  CTOsjaa IpoOjieMa  MiABUIIEHHS  poOO0YOi
TeMIepaTypu Ta pecypcy poOoTu TypOiH, sika YCKIaJAHIOETbCS YMOBaMU POOOTH
cynHoBux razotyp6innux nsuryHiB (I'TJ1). Cynnosi I'T]] mpairoroTh Ha BaXKOMY
MajauBl 13 JOMIMIKAMH CIpKH Ta B YMOBaX BUCOKOTEMIIEPATYPHOI COJIbOBOI KOPO3ii
(BCK), IBHIIKICTB SIKO1 B COTHI pa3iB OujIbIlIe, HIXK MIBUAKICTH KOPO31i B aBlalllitHUX
TypOiHax. Jlnsg cymHoBux TypOiH HoBoro mokominHs JIT HBKI «3ops»-
«Mamrmpoekt» 1 Di3uKO-TEXHOJOTIYHUM I1HCTUTYTOM MeTtaniB 1 crmuiaBiB HAH
VYkpaiau pospobsieno crmau CM93-Bl 1 CM96-BI, 1o m103BOSAIOTH TITHATH
pobouy Ttemmeparypy Ha 40-60 °C. OCHOBHMM Ta YyHIBEpCAJIBHUM CIIOCOOOM
3’eaHanHs nuBapHuX XKHC € nasiHHA, npu SKOMYy BUHUKA€E MpoOsieMa MiABUIICHHS
KAPOCTIMKOCTI 1 JOBTOTPUBAJIOI BHCOKOTEMIIEPATYpHOI MIIIHOCTI CIAassHUX
3’eaHaHb. Tomy, AJid PO3BUTKY CYAHOBOTO Ta30TypOOOydyBaHHsS aKTyajbHa
po3po0Ka MpuUMoo, KU 3a0e3rneunuTh HeOOX1AH1 (PI3UKO-XIMIYHI XapaKTEPUCTUKH
CHasiHOTO 3’ €HAHHS /11 HOBUX CIUIABIB.

MeTo10 AuUCEPTANIIHOTO JOCTIIKEHHSI € PO3po0Ka MPUIIOK 1 TEXHOJIOTI1
NassHHS KapoMinHuX HikelneBux criaBiB CM93-Bl 1 CM96-BI nns BupoOHHIITBA
CYJIHOBHUX ra3oBUX TypOiH HOBOT'O ITOKOJIIHHS 3 [T IBAIIEHHAM
BHCOKOTEMIIEpATypHOI MIIIHOCTI CHasHUX 3 €qHaHb He Hikde 80 % MIIHOCTI

OCHOBHOTI'O MCTAJTy.



HaykoBa HOBH3HA MOJIATAE€ B TOMY, II0:

1. Bnepuie o0rpyHTOBaHO JBOETATHUI METO]T pO3POOKH MPUIIOKO, CYTh SIKOTO
MOJITa€ B TOMY, 10 Ha IEPILIOMY €Talll, 3 BAKOPUCTAaHHSIM KOMIT FOTEPHUX MPOTpam,
po3paxoBaHa OCHOBA MPHUIIOIO0 3 BKIIOUEHHSM HAWOUTBIT €(EeKTHUBHUX JIETYIOUUX
CJIEMEHTIB, sIKi 3a0e3MeuyloTh TBEPJAOPO3UYMHHE 1 JUCHEpCIiHE 3MIIIHEHHS, Ta
IpaHUlIl JETYBaHHS IPUIIOI0 TYTOIUIABKUMHU METaJIaMU ISl 3a00iraHHsl YTBOPEHHS
THLY a3, 30kpema c-dasu, a Ha APYTOMY €Talll eKCIIEPUMEHTATLHO BUSHAYAETHCS
HE0OX1/1Ha KOHIICHTpaIlisl ACIPECaHTIB.

2. Brepiiuie BCTaHOBIIEHO, 1110 OaraToKOMITIOHEHTH1 nipunoi 3 Re 1 Ta cucremu
Ni-Cr-Co-Al-Ta-Re-W-Mo-Ti-Nb-B-Hf-Zr-C  3a0e3meuytors  KpaiioBi  KyTH
3mouyBaHHs cruiaBiB CM93-Bl 1 CM96-BI no 6°, nmurtomy mioily po3TiKaHHS
1,4-1,5 mm?Mr npu Ttemmeparypi 1200-1230 °C masHHS 1 BUIpaBJICHHS
MOBEPXHEBUX JE(EKTIB BiIJTUBOK.

3. VYIockoHanmeHO CHCTeMy JIETyBaHHs IpUIOI0, sAKa 3a0e3neuye
JIOBFOTPUBATY MILHICTh cnasiHuX 3’eaHaHb criaBiB CM93-BI 1 CM96-BI ipu 900
°C na piBHi 0,9 BiJ MIITHOCTI OCHOBHOTO METAIYy.

4. Jlicrano noaanblnii pO3BUTOK YSBJIEHHS MPO HAMPYKEHUW CTaH CHasHUX
3’€lHAHHAX 3 [POUIAPKOM IMPUIIOK0 3 WOro  BIJIHOCHOIO  TOBIIMHOIO
(s/d Bix 0,0025...0,01), o Mae BiAMIHHI BiJi OCHOBHOT'O MeTay (i3UKO-MeXaHIuH1
BJIACTUBOCTI, SIKa TMOJIATA€ B TOMY, IO Ha OLIBIIINA YaCTHHI By3Jla B OCHOBHOMY
MeTajl Hampy>XEHHs MPAKTUYHO BIJCYTHI TPH TEPMIYHOMY HABAaHTAXXEHHI Ta
JIHIAHO PO3MOJAUIEHI MPU CHJIOBOMY HABAHTAKEHHI. b1 30BHINIHBOI MOBEPXHI
3’€¢IHAHHA Ta B CaMOMY TWPOIIAPKY YTBOPIOETbCS 00 €MHUI HaIPyKEHO-
nedopMoBaHUl CTaH, IKUI IPU3BOAUTS JI0 3MIIIHEHHS 200 3HEMIITHEHHSI OCHOBHOT'O
MeTaly Ta MPOIIapKy.

IIpakTryHe 3HAYEHHSA POOOTH MICTUTD:

3anponoHOBaHUM 1 peai30BaHUM JBOCTATHUN METOJ PO3POOKH MPUIIOKO 13
BUKOPUCTAHHAM  KOMIT'IOTEPHUX TMporpaMm Juisi  po3poOku  mpumnowr. I3
BUKOPHCTAaHHSAM HOBOT'O METOJTy PO3po0sieHo nputiit SBM-4 Ta TeXHOJIOT110 MasHHS

1 BUIPABJICHHS TOBEPXHEBUX JAE(PEKTIB JMUTTS IPOMHUCIOBUX BIIUIMBOK JJIs



x)apominmHux HikeneBux criaBiB CM93-Bl 1 CM96-BI. Tlpumiit Mmae Temneparypy
nasHHs 1200...1230 °C, goBrorpuBaiy MilHICTb A7 criasiHuX 3’ eaHanb npu 900 °C
Ha piBHi 0,9 B piBHS OCHOBHOI'O METay 1 CTIMKICTh IPOTH BUCOKOTEMIIEPATYPHOT
COJILOBOT KOpO3ii Ha piBHI crurapy CM88Y-BI Ta mpoifiioB eTanu BIpoOBaKEHHS,
0 MATBEPKYETHCS BIAMOBIIHUMHU akTamMu.  Po3poOsieHuid Tpumii Moxe
BukopucroByBaTucs st iHmuX JXHC Ta OyB 3acTOoCOBaHM 1Jisi BiTHOBJICHHS
MAasTHHSM Y BaKyyMi TIOIIKOKEHUX BUCOKOTEMIIEPATYPHHX €IEMEHTIB 00JaHAHHS
3 skapominHoro cruiapy UYC88-BI st oTpuMaHHS BIJUEHTPOBUM TLIa3MOBUM
PO3NMIEHHSAM C(HEPUUHHUX MOPOIIKIB.

Y mnepmioMy po3aijli BUKOHAHO aHalli3 JaHUX JITEPaTypHUX JKEpes Ta
pO3TIIsIHYTa PI3HUIL YMOB poOOTH aBiamiiHux 1 cymHoBux [T/, ABialiifHi cIijiaBu
y CBOEMY CKjaal MaioTh 4-6 % Xxpomy, 10 JO3BOJIAE€ iM MpalOBaTH MPHU OUIBII
BHUCOKHMX POOOYMX TeMIlepaTypax, Hi’XK CyJHOBI. 3HHKEHHSI poO0UO0i TeMIiepaTypu
CYTHOBUX TypOiH OOYMOBJICHO KOHIICHTPAII€I0 XpOMYy B CILJIaBax Ha pIBHI
18,0-22,0 %. Take 3Ha4YeHHS XpPOMY HEOOXITHO I  3aXUCTy BiA
BHUCOKOTEMIIEpaTypHOI COJBOBOI KOPO3ii, fKa BHHHUKA€E B IPOIIECI eKCILTyaTarlii.
BucokoreMiieparypHy COJIbOBY KOPO31I0 TPOBOKYE KOMOIHAIllS IIKIJJIUBUX
dakTopiB, a caMe TOBITPS [JIsl 3rOPSHHSA NajdMBa Ma€ Mapd MOPCHKOI BOAM Ta
«BaXKKe» TaJIMBO, [0 Y CBOEMY CKJIQ/Il MICTHTh CIpKy. XpoM 3a0e3rneuye CTIHKICTh
npotu BCK, ane 3HMKYye BUCOKOTEMIEpATYpHY Mpale3JaTHICTh CIUiaBiB. Tomy
XIMIYHUHN CKJIaJl CYJTHOBUX 1 aBlalliiHUX TypOIH CYTTEBO BiApi3HsA€ThCA. JluBapHi
KHC wmatote mpobnemu npu 3BaproBaHHI IUIaBieHHSAM. OCHOBHUM CIIOCOOOM
3’eqHanHs JKHC € masHHA, aje 1edl Impolec BUKOHYETBHCS IPU TeMIEpaTypax
HUKY€e, HDK TeMIlepaTypa TUTaBJICHHS OCHOBHOTO METally, TOMY BUHUKAE MpoliemMa
CIIBBITHOIIIEHHS MIIIHOCTI CIIAsTHOTO 3’ €IHaHHS (MPOIIAPKY) 10 OCHOBHOTO METAIY,
sKe€ Ha ChOTOJIHIINIHINA Yac ckiagae 6mau3bko 0,8.

ITpoBenenwmii aHai3 Kepes o0 IPUIIOIB He TIOKa3aB BUCBITICHHS METO/IIB
PO3pOOKU MPUMOIB Ta POJII MPOMIKHOTO MPOIIAPKY B CHASHOMY 3’€IHAHHI, SIKUM

BIIMBA€ HA HANIPYXEHO-Ie(POPMOBaHUM CTaH 1 paIe3qaTHICTh 3’ € JHAHHS.



VY 3B’3Ky 3 MIABUIICHHSIM poOOUYOi TeMIlepaTypH IJs CYAHOBHUX TYypOiH
nonanq 900 °C B Di3WKO-TEXHOJIOTIYHOMY I1HCTUTYTI MeTamiB Ta cmuaBiB HAH
Vkpainu cointbHO 3 JII HBKID  «3ops»-«Mammpoekt» po3po0iieHO CIiaBU
CM93-BI i CM96-BLI.

Y napyromy po3aiii HaBeieH! XIMIYHMM CKJIaJ Ta TpaHULS MIIHOCTI
JOCITIKYBaHUX MaTepiajiB, 00aJHaHHS Ta METO/IU, III0 BUKOPHUCTAH1 B POOOTI.

B aucepramiitHoMy DOCHIKEHHI BUKOPHUCTAaHO OOJaJHAHHS TSI TIAsSHHS
3pa3KiB, sKE 3HAXOJUThCA Ha Kadeapl 3BaprOBajJbHOIO  BHPOOHMIITBA
HVYK im. angmipana Makaposa: miu CHBD 1.3.1-1611, BakyymMHa ycTaHOBKa
YACB-AT, HaaBucoxkoBaKyyMHHUI YyHIBEPCAJIbHUI TEXHOJOTIYHUI KOMIUIEKC
BBY-1/1. /lns BuUIIaBlIeHHS NPOMHCIOBOrO IPUIIOK Ta TEPMIYHOI OOpOOKHU
3acTOoCcOBaHO oOJiaHaHHs, sike 3HaxoauThesa Ha 1T HBKI «3opsi»-«Maimpoekt:
BaKyyMHUH 1HayKiHud Moaynb VIM-125, COB-11,54, BakyymHa mid «Schmetty.

Mexaniyni BunpoOyBaHHS BHUKOHaHI 32 CTaHJAPTHOI METOJUKOI0 13
BukopuctanuamM MII-1200 1 AUMA-5. JlocmikeHHs Makpo- 1 MIKpOCTPYKTYPH,
XIMIYHUW aHalli3 3pa3KiB BUKOHYyBajoch 3a jgomoMororo Heodor-21 Ta
POMMA-102-02. udepenmianpbHuii TEpMIUHUN aHalli3 BUKOHAHO HAa YCTAHOBII
BJTA-8M.

Bukopucrano mMeToj miaHyBaHHS €KCIIEPUMEHTY Ta CTaTUCTUYHA 0OpOoOKa
JAaHUX, 32 JIOMIOMOTOIO SIKOi CTBOpEHA MaTeMaTUIHA MOJIEb.

Y mporpamaomy komruiekcy «ANSYS» MeTogoM CKIHYCHHX €JIEMEHTIB
3MOJEIbOBAHUI  BY30J UWIHAP-UMIIHAP 13 BU3HAYEHHSM  HANpPyXEHO-
ne(hOpMOBAHOTO CTaHY CHASHOTO 3’ €HAHHS 3 MPOMIKHHUM MPOIIAPKOM.

Y TperboMy po3aiii BUKOHaHA po3poOKa MPUIIOK JJIs TASHHS CILIABIB
CM93-BI 1 CM96-BI. byna mpoBeaeHa crnpoba 3HU3UTH TEeMIEPATypy MNasHHS
npumoro SBM-3, ane migBUINICHHS KOHIICHTpAIlli KPEMHII0 HETaTHBHO CKa3aJIoCh Ha
CTPYKTYpl cHasHoro miBa. ToMy BHKOHaHa pPO3pOOKa HOBOTO TMPHUIIOI0, SKHIMA
orpuMaB Ha3By SBM-4. [Tpumniii po3po0iieHo 3a ABOETAITHUM METOJIOM, B IKOMY Ha
nepimoMy erari oOpaHa OCHOBA TMPHUIIOKD, HAa JAPYTOMY - EKCIIEPUMEHTAIbHO

BU3HAYEHO KOHIICHTpAIli10 JenpecaHTiB. byno 3actrocoBana nporpama PHACOMP,



3a JIOMOMOTOI0 SIKOi PO3paxOBaHl PO3MOJLIT €JIEeMEHTIB MK Y- 1 y'-hazamu,
TEMITepaTypy JIKBiAyca, COJliyca 1 KUTBKOCTI €IEeKTPOHHUX BakKaHCii. B skocti
ocHOBU Tpunoro oOpaHo cmiaB CM93-Bl no cknagy sikoro Oylio BHECEHO
KOpEeKTHBHU. BonbhpaMm 4acTKOBO 3aMIHEHO PEHIEM, KU Ma€ MEHIIY KYJIbKiCTb
CJIEKTPOHHUX BaKaHCIM, JOATKOBO BBENIEHO radHiil JJIs MOKpaIEHHS JMBApPHUX
BJIACTUBOCTEH, BBEICHO IMPKOHIA Il MOKPAIICHHS MPOHUKHOCTI MPUIIOK Y
Mykpo3azopu. CepenHili BMICT €JIEMEHTIB OCHOBHM mpumor ckianae (% wmac.):
13,0 Cr; 7,0 Co; 4,0 Al; 45 Ta; 3,75 Re; 2,5W; 1,5 Mo; 5,45 Ti; 0,25 Hf; 0,575 Zr;
0,4 Nb; 0,07 C; Ni — pemra.

Ha npyromy erari eKCriepuMEHTAIBHUM IUIIXOM BH3HAYCHA KOHIICHTPAITIS
Oopy mpH sIKOI crocTepiraerbcsi epeKTUBHE PO3TIKaHHS Mpumnor. o meprioro
Bapianty SBM-4 (Bmict 6opy 0,75 % wmac.) momaBanu crutaB 4]] i3 HacTymHUM
xiMiuauM  cxiagoMm  14,0Cr-9,5C0-2,5Al1-2,4B, 1mo [03BOJMIO 3MIHIOBATH
KoHIleHTpailito 6opy Big 0,915 no 1,245 %. MartematuuHa Mojielib, sika IPOTHO3YE
IJIOILY PO3TIKAHHS 13 BpaXyBaHHSM TeMIIEpaTypH MasiHHS Ta KUIBKOCTI ciuiaBy 4/1,
MoKa3ajla Maike TOBHE CITIBMA/IHHS EKCIIEPUMEHTAIbHUX 1 PO3pPaxXyHKOBHUX
3Ha4Y€Hb. YCTaHOBJICHO, IO Mpu KoHIeHTpalii oopy 1,0-1,2 % mnpumiit nobpe
3mouye noBepxHio KHC.

B 4erBepTOMY po3aiji HaBeACHO MOCHIIKEHHS MPOMHUCIOBOTO IPHUIIOO
SBM-4, ximiunwuii ckian skoro ckiangae (% mac.): (12,5-14,5)Cr;(6,5-7,5)Co; (3,0-
5,0)Al; (5,0-6,0)Ta; (3,0-4,5)Re; (2,0-3,0)W; (1,0-2,0)Mo; (4,7-6,2)Ti; (0,3-0,5)Nb;
(1,0-1,2)B; (0,2-0,3)Hf; (0,45-0,7)Zr; (0,07-0,10)C; Ni — pemra. IIpumii
BuriaBieHo Ha mignpuemctsl JI1 HBKI' «3ops»-«Mammpoekt». JlocmixeHHs
MOKAa3aJId BUCOKI TIOBEPXHEBI BJIACTUBOCTI MPUIIOI0 Ta JI0OpE 3amOBHEHHS 3a30DiB
KJIAaHOBUX 3pa3kiB 31 cruiaBiB CM93-BI 1 CM96-BI. TloBepxHeBa eHeprisi MpUIIO0
3a METOIOM JIekauoi kpamn cknagae 1,38 1 1,9 JIx/m? mpu temneparypax 1240 i
1220 °C BignoBigHo. J{OCHIIPKEHHST JOBrOTPUBAIOI MIIHOCTI CHAsHUX 3’€IHAHb
crutaBiB CMO93-Bl 1 CM96-BI BukonyBanu Ha MOJIKpUCTaTYHUX 3pa3kax. [Ipu
temriepatypi 900 °C na 6a3i 100 rox noBroTpuBaiia MiIHICTh 10piBHIOE 285 Mlla,

o ckiagae 0,91 1 0,89 Big MiHOCTI OCHOBHOTO MeTany i criaBie CM93-BI 1



CMO96-BI BinnosiaHo. [licas masHHs 1 MeXaHIYHOI 0OpoOKU OOpUAHA €BTEKTHKA B
30H1 ctuky BiacytHs. IlBuakicte BCK mpumoto SBM-4 cranosuts 0,4-1,32
MI/CM?-TOJ1, TAKE 3HAUEHHS BiJNIOBi1a€ TEXHIYHUM BUMoraM. [IpOHUKHICTh MPHUIIOK0
SBM-4 no3Bossie BUKOPUCTOBYBATH MOTO ISl PEMOHTY J€(EKTIB JIUTTS JIOMATOK
ra3oBHuX TypOiH..

B nm’saromy po3gisi  METOOM CKIHUEHHHMX €JIEMEHTIB MPOBEICHO
MOJICIIOBaHHS HamnpyxeHo-nepopmoanoro crany (HJIC) cmasHOrO 3’€mHaHHS
TUMY MWIHAP-IWIHAP 3 KapOMIITHUX CIUIaBiB y IPY>KHOMY CTaHl 1 B yMOBax
MUTTEBOI TJIACTUYHOCTI.

[lokazaHo, 110 B CHAsHOMY BY3Jl 13 PI3HUMHU CIIBBIJHOIIEHHAMH MOJYJIS
MPYXKHOCTI, TeMIeparypHuX KoediiieHTiB JiHiiHOro posmmuperas (TKIIP) 1
TPaHMIb TUIMHHOCTI >KapOMILIHOTO CIUIaBY 1 NpOWApKy (MpUIIO0) Ha OUIBIIIMA
YaCTUHI CTUKY B OCHOBHOMY METalli HANpY>KEHHS MPaKTUYHO BIJICYTHI TNpHU
TEPMIYHOMY HaBaHTa)XCHHI Ta JIHIAHO PO3MOJIJIEHI MPU CUIOBOMY. TiUIbKH B
HEBEJIMKIN 30H1 OIS 30BHILIHBOI MMOBEPXHI 1 B MpomapKy (GopMyeTbes 00’ eMHUI
HAC, sxuii npu3BOAUTH 10 3HEMIITHEHHS (3HM)KCHHS PIBHSA TPaHUIll ITMHHOCTI 1
MIJBUIICHHS MJIACTUYHOCTI) YU JI0 3MIIIHEHHS (M1ABUIIEHHS TPaHUILl TUIMHHOCTI 1
3HIDKEHHSI TUTACTHYHOCTI) OCHOBHOTO METaly Ta MpPOIIApKy B 30HI CTHUKY B
MOPIBHSHHI 3 JIIHIWHUM HANPY>KEHUM CTaHOM.

MopentoBanus HJIC mokazano, 1o piBeHb MIIHOCTI CHAasHOTO 3’€IHAHHS
HAOMMKAETHCA IO PIBHS MIIHOCTI OCHOBHOTO METally MPU HAOIMKEHHI MO BCIH
JOBXXHMHI CTHKY KOe(il[leHTa »KOPCTKOCTI HAIpYy>KEHOIro CTaHy A0 ojauHuii. Lle
BIIOYBA€EThCS NpPH 3a0€3MEUYEHH] XIMIYHOI 1 CTPYKTYPHOI OJHOPITHOCTI METaily
CHAsIHOTO 3’ €HAHHS.

IlocTHii po3aij MPUCBSIYEHO MPAKTUYHOMY BUKOPHUCTAHHIO PO3POOIECHOTO
npomnoto SBM-4. [Tokazana CTpyKTypy BUIIPABICHOTO Ae(eKTa.

B po3mini  po3pobneHa TOCHITOBHICTH — OMeparii, $AKy HEO0OXiTHO
JOTPUMYBATHUCh TPU IIATOTOBIN JIOMATOK 10 IMasHHS Ta 32 SKUMH PEeKAMaMU
BUKOHYBaTH nasiHHs 11 criaBiB CM93-BI 1 CM96-BI. Ipu cknaganHi 1onaTok B

ITaKET, HA Bi,Z[CTaHi HE MEHIIIE 5 MM Bi,Z[ CTHUKY, BUKOHYETBCS 3a4UIICHHSA JIOIMATOK 10



MmeTtasnieBoro Ommcky. Ilpumiii 3amimryeTscsi OO0 MACTOMOMIOHOTO CTaHy 13
BUKOPHUCTAHHAM 5 %-r0 po3unHy akpmioBoi cmonu bBMK-5 Ha aretoHi, miciis 4oro
bikcyerbea Ha nerani. O6’eM MpuUIoro ckianae npubdauszHo 1,4 Bim 00’eMy, sSKHid
3aIOBHIOETHCS. [[asiHHS BUKOHYETHCS Y BAKYYMHIH 1Medi, sika 3a0e31neuye BaKyyM He
ripme Hix 1072 ITa. Temneparypa nasans npunoeM SBM-4 s ctay CM93-BI
ckinanae 1200-1215 °C, nnsa crutay CM96-BI 1220-1230 °C, yac BUTpUMKHU JIJIs
000x craBiB 1opiBHIOE 1545 xB. [licist mastHHS TOMATKK MOBUHHI OXOJI0KYBaTUCS
y Bakyymi 1o 1070 °C 13 BurtpuMmMKow 60 XB., HICIAS YOro MPOJOBKYETHCS
OXOJIOJIPKEHHS y BakyyMmi 10 Temmeparypu 200 °C.

Ilepen BunpaBiieHHAM Ae(EKTIB JIONATKA OBUHHI MPONUTH BECH CTYIIIHYATUI
IIUKJI TEPMIYHOI 00pOOKH, BKIIIOYAIOUM TOMOTeHi3alio npu temmneparypi 1180 °C
B1AMOBIAHO 110 TexHomoriynoro npouecy. Jledextu, o maisararoTh BUPABICHHIO
MOXXYTh BHIIPABIISAITUCA 3 HAmoOBHIOBaueM abo 0e3 Hboro. Micue pgedekrty
po3pooroeThes mig kyroM 90° < B < 120°, micisg 90ro BUKOHYETBCS OYHMCTKA Ha
BiJICTaHI HE MEHIIE 5 MM Ta 3HEKHUPIOEThCA. HamoBHIOBaueM MOXKE BHUCTYIIATH
noporiok CM88Y-BI, sikuii BUTOTOBIIETHCA « Y KPCHEICTAILTIOY, 00 po3pobIeHni
B HYK im. agmipana MaxkapoBa i HBKI' «3ops»-«Mammpoekt» npumiii SBM-3.
[Tpumiit 1 HamoBHIOBaY 3MiMIyOThea y miporopiii 1:1. KinbkicTh cyminii mpuroro i
HAIMOBHIOBaYa MOBUHHA OyTH Ouible Big 00’emy nedexty Ha 40-50 %. Ak 1 npu
NasiHHI, MOPOUIKOBA CYMIII 3aKPIIIIOETHCA 13 3aCTOCOBYBaHHAM 5%-TO PO3UHHY
akpuioBoi cmoiiu BMK-5 wa aneroni. TemneparypHi pexxumMu npu BUIIpaBICHHI
nedeKTiB aHAJIOTIYHI PEeKUMAM MasHHS.

KawuoBi ciaoBa: >xapoMillHUN CIJIaB, CTPYKTypa, XIMIYHMH CILJIaB,
mBuakicth BCK, mnasHHA, mnpumid, cnasHe 3’€IHaHHA, Jomarka TypOiHH,
BUTIPABJICHHS TTOBEPXHEBUX JNE(PEKTIB, BHUCOKOTEMIICpATypHA COJhOBA KOPO3if,
KOe(DIIIEHT >KOPCTKOCTI  HAMPYKEHOTO CTaHy, TMPOIIAPOK, MOJICTIOBAHHS
HaIpy>KeHO-1e(POPMOBAHOTO CTaHy, KOPOTKOYACHAa MIIHICTh, JIOBFOTpHBAJa

MILIHICTh, KPaliOB1 KYTH.
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ABSTRACT

Buturlia Ye.A. Development of brazing filler and brazing technology of heat-
resistant nickel alloys of new generation marine gas turbine blades - Qualifying
scientific work on the rights of the manuscript.

The dissertation on competition of a scientific degree of the doctor of
philosophy on a specialty 132 - Materials science. - Admiral Makarov National
University of Shipbuilding, Mykolaiv, 2021.

The work is devoted to a scientific and applied problem - the development of
brazing filler metal for heat-resistant nickel alloys of the new generation (HNA). For
marine gas turbine construction there has always been a problem of increasing the
operating temperature and service life of turbines, which is complicated by the
operating conditions of marine gas turbine engines (GTE). Marine GTE operate on
heavy fuel with sulfur impurities and in conditions of high-temperature salt
corrosion (HSC), the speed of which is hundreds of times higher than the corrosion
rate in aircraft turbines. Alloys CM93-VI and CM96-V I were developed for the new
generation turbines of Gas Turbine Research and Production Complex Zorya-
Mashproekt and the Physics-technological institute of metals and alloys of the
National Academy of Sciences of Ukraine, which allow to increase the operating
temperature of the gas by 40... 60 ° C. The base and universal way of joining
foundry HNA is brazing, which has the problem of increasing the heat resistance
and longevity of high-temperature strength of brazed joints. Therefore, for the
development of marine gas turbine construction, it is important to develop a brazing
filler that will provide the necessary physical and chemical characteristics of the
welded joint for new alloys.

The aim of the dissertation research is to develop brazing filler and brazing
technology of heat-resistant nickel alloys CM93-VI and CM96-VI for the production
of new generation vascular gas turbines with increasing gas operating temperature
and high temperature strength of brazed joints not less than 80% strength of the base

metal.



The scientific novelty may be that:

1. For the first time a two-stage method of brazing filler metal development is
substantiated, the essence of which is that at the first stage, using computer
programs, the brazing filler metal base is calculated with the inclusion of the most
effective alloying elements providing solid-soluble and dispersion hardening. to
prevent the formation of TDP phases, in particular the o-phase, and in the second
stage the required concentration of depressants is experimentally determined.

2. It was first established that multicomponent brazing filler metal from Re
and Ta systems Ni-Cr-Co-Al-Ta-Re-W-Mo-Ti-Nb-B-Hf-Zr-C provide edge wetting
angles of alloys CM93-VI and CM96-VI up to 6°, specific spreading area
1.4-1.5 mm?/mg at the temperature of brazing and correction of surface defects of
castings 1200-1230 ° C.

3. The brazing filler metal alloying system has been improved, which provides
long-term strength of CM93-VI and CM96-VI alloys at 900 °C at the level of 0.9 of
the strength of the base metal.

4. Received a further development of the idea of the stress state of brazed
joints with a interlayer of brazing filler metal with its relative thickness
(s/d from 0,0025 ... 0,01), which has different from the base metal physical and
mechanical properties, which consists in because on most of the node in the main
metal stresses are virtually absent under thermal load and linearly distributed under
force load. In the outer surface of the joint and in the interlayer itself, a three-
dimensional stress-strain state is formed, which leads to the strengthening or
weakening of the base metal and the interlayer.

The practical significance of the work includes:

A two-stage theoretical and experimental method of brazing filler metal
development using computer programs is proposed and implemented. Using the new
method, SBM-4 brazing filler metal and brazing and correction technology for
surface defects of industrial castings for heat-resistant nickel alloys CM93-VI and
CMO96-VI were developed. The brazing filler metal passed the Gas Turbine Research

and Production Complex Zorya-Mashproekt, which showed the brazing temperature



of 1215...1230 °C, long-term strength for brazed joints at 900 ° C at the level of 0.9
of the base metal level and resistance against high-temperature salt corrosion at the
level of the alloy CM88U-VI. The brazing filler metal can be used for other HNA
and was used to restore by brazing in vacuum damaged high-temperature elements
of the equipment of heat-resistant alloy ChS88-VI to obtain centrifugal plasma
spraying of spherical powders.

In the first section the analysis of data of literature sources is executed and
the difference of conditions of work of aviation and ship GTD is considered.
Aviation alloys contain 4-6% chromium, which allows them to operate at higher
operating temperatures than ship. The decrease in the operating temperature of
marine turbines is due to the concentration of chromium in the alloys at the level of
18.0-22.0%. This value of chromium is necessary to protect against high-
temperature salt corrosion (HTSC) that occurs during operation. High-temperature
salt corrosion is provoked by a combination of harmful factors, namely the air for
fuel combustion has sea water vapor and "heavy" fuel, which contains sulfur.
Chromium provides resistance against HTSC, but reduces the high-temperature
performance of alloys. Therefore, the chemical composition of ship and aircraft
turbines differs significantly. Foundry HNA has problems with fusion welding. The
main way to connect the HNA is brazing, but this process is performed at
temperatures lower than the melting point of the base metal, so there is a problem of
the ratio of the strength of the brazed joint (layer) to the base metal, which is
currently about 0.8.

The analysis of the sources for brazing filler metalls did not show the coverage
of methods of brazing filler metalls development and the role of the intermediate
layer in the welded joint, which affects the stress-strain state and performance of the
connection.

In connection with the increase of operating temperature for ship turbines over
900° C in the Physics-technological institute of metals and alloys of the National
Academy of Sciences of Ukraine together with Gas Turbine Research and
Production Complex Zorya-Mashproekt CM93-VI and CM96-VI.



The second section presents the chemical composition and yield strength of
the investigated materials, equipment and methods used in the research.

The dissertation research uses equipment for brazing samples, which is
located at the Department of Welding Admiral Makarov NUS: SNVE 1.3.1-1611
furnace, UDSV-DT vacuum unit, Ultra-high-vacuum universal technological
complex VVU-1D. For smelting of industrial brazing filler metal and heat treatment,
the equipment located at GTRPC Zorya-Mashproekt was used: vacuum induction
module VIM-125, SEV-11,54, vacuum furnace "Schmett".

Mechanical tests were performed according to standard methods using MP-
1200 and AIMA-5. Studies of macro- and microstructure, chemical analysis of
samples were performed using Neofot-21 and REMMA-102-02. Differential
thermal analysis was performed on the VDTA-8M unit.

The method of experiment planning and statistical data processing were used,
with the help of which a mathematical model was created.

In the software complex "ANSYS" by the finite element method the node
cylinder-cylinder is modeled with determination of the stress-strain state of the
welded joint with the intermediate layer.

In the third section, the development of brazing filler metal for brazing alloys
CM93-VI and CM96-VI. An attempt was made to reduce the brazing temperature
of SBM-3 brazing filler metal, but the increase in silicon concentration had a
negative effect on the structure of the brazed seam. Therefore, the development of a
new brazing filler metal, called SBM-4. The brazing filler metal was developed by
a two-stage method, in which the brazing filler metal base was selected at the first
stage, and the concentration of depressants was experimentally determined at the
second stage. The PHACOMP program was used to calculate the distribution of
elements between y- and y'-phases, liquidus temperature, solidus and the number of
electronic vacancies. Alloy CM93-VI was chosen as the basis of the brazing filler
metal, which was adjusted. Tungsten has been partially replaced by rhenium, which
has a lower density of electronic vacancies, hafnium has been additionally

introduced to improve the casting properties, and zirconium has been introduced to



improve the permeability of the brazing filler metal to the microgaps. The average
content of the elements of the base of the brazing filler metal is (% wt.): 13.0 Cr;
7.0 Co; 4.0 Al; 4.5 Ta; 3.75 Re; 2.5 W; 1.5 Mo; 5.45 Ti; 0.25 Hf; 0.575 Zr; 0.4 Nb;
0.07 C; Ni - the rest.

In the second stage, the boron concentration at which effective brazing filler
metal spreading is observed is determined experimentally. To the first variant SBM-
4 (boron content 0.75% wt.) Was added alloy 4D with the following chemical
composition 14.0Cr-9.5Co-2.5AI-2.4B, which allowed to change the concentration
of boron from 0.915 to 1.245%. The mathematical model, which predicts the
spreading area taking into account the brazing temperature and the amount of 4D
alloy, showed almost complete coincidence of experimental and calculated values.
It was found that at a boron concentration of 1.0-1.2%, the brazing filler metal wets
the surface of the gastrointestinal tract well.

The fourth section presents a study of industrial brazing filler metal SBM-4,
the chemical composition of which is (% wt.): (12.5-14.5) Cr; (6.5-7.5) Co; (3.0-
5.0) Al; (5.0-6.0) Ta; (3.0-4.5) Re; (2.0-3.0) W; (1.0-2.0) Mo; (4.7-6.2) Ti; (0.3-0.5)
Nb; (1.0-1.2) B; (0.2-0.3) Hf; (0.45-0.7) Zr; (0.07-0.10) C; Ni - the rest. The brazing
filler metal was smelted at the enterprise of GTRPC Zorya-Mashproekt. Studies
have shown high surface properties of the brazing filler metal and good filling of the
gaps of clan samples from alloys CM93-VI and CM96-VI. The surface energy of
the brazing filler metal by the method of a lying drop is 1.38 and 1.9 J/m? at
temperatures of 1240 and 1220 °C, respectively. Studies of long-term strength of
brazed joints of alloys CM93-VI and CM96-VI were performed on polycrystalline
samples. At a temperature of 900 ° C on the basis of 100 h long-term strength is 285
MPa, which is 0.91 and 0.89 of the strength of the base metal for alloys CM93-VI
and CM96-V1, respectively. After brazing and machining boride eutectic in the joint

area is absent. The HTSC speed of SBM-4 brazing filler metal is 0.4-1.32 mg/cm?h,

this value meets the technical requirements. The permeability of the SBM-4 brazing
filler metal allows it to be used to repair defects in the casting of gas turbine blades.



In the fifth section, the finite element method is used to model the stress-strain
state (SSS) of a cylinder-cylinder welded joint made of heat-resistant alloys in the
elastic state and in the conditions of instantaneous plasticity.

It is shown that in a welded joint with different ratios of modulus of elasticity,
temperature coefficients of linear expansion (TCLR) and yield strength of heat-
resistant alloy and layer (brazing filler metal) at most of the joint in the main metal
stresses are practically absent under thermal load and linearly distributed under
force. Only in a small area near the outer surface and in the layer is formed bulk
SSS, which leads to weakening (lowering the yield strength and increasing ductility)
or to strengthening (increasing yield strength and reduced ductility) of the parent
metal and the layer in the joint area compared to linear stress state.

The SSS simulation showed that the level of strength of the welded joint
approaches the level of strength of the base metal when approaching the stiffness
coefficient of the stress state along the entire length of the joint. This occurs by
ensuring the chemical and structural homogeneity of the metal of the welded joint.

The sixth section is devoted to the practical use of the developed brazing filler
metal SBM-4. The structure of the corrected defect is shown.

The section develops the sequence of operations that must be followed when
preparing the blades for brazing and the modes of brazing for alloys CM93-VI and
CM96-VI. When assembling the blades in a package, at a distance of at least 5 mm
from the joint, the blades are cleaned to a metallic luster. The brazing filler metal is
kneaded to a pasty state using a 5% solution of acrylic resin BMK-5 in acetone, and
then fixed on the part. The volume of brazing filler metal is approximately 1.4 times
the volume to be filled. Brazing filler metal is performed in a vacuum furnace, which
provides a vacuum of not less than 102 Pa. The brazing temperature of SBM-4
brazing filler metal for alloy CM93-VI is 1200-1215 °C, for alloy CM96-VI
1220-1230 °C, holding time for both alloys is 15+5 minutes After brazing, the blades
must be cooled in vacuum to 1070 °C for 60 minutes, after which cooling is

continued in vacuum to a temperature of 200 °C.



Before correcting the defects, the blades must go through the entire step cycle
of heat treatment, including homogenization at a temperature of 1180 °C in
accordance with the technological process. Defects to be corrected can be corrected
with or without filler. The defect site is developed at an angle of 90° < B < 120°,
after which cleaning is performed at a distance of at least 5 mm and degreased. The
filler can be powder SM88U-VI, which is manufactured by «Ukrspetsstal» or
developed at Admiral Makarov NUS and GTRPC Zorya-Mashproekt brazing filler
metal SBM-3. The brazing filler metal and filler are mixed in a ratio of 1:1. The
amount of mixture of brazing filler metal and filler should be greater than the volume
of the defect by 40-50%. As with brazing, the powder mixture is fixed using a 5%
solution of acrylic resin BMK-5 in acetone. Temperature modes for defect correction
are similar to brazing modes.

Keywords: heat-resistant alloy, structure, chemical alloy, HTSC speed,
brazing, brazing filler metal, brazed joint, turbine blade, surface defect correction,
high-temperature salt corrosion, stress stiffness coefficient, interlayer, modeling of

stress-strain state, short-term strength, long-term strength, edge angles.



