AHOTALNIA

I'pexosa M.B. CTpykTypa 1 BIaCTUBOCTI MOJIU(PIKOBAHUX KAPOMIITHUX HIKEIEBUX
CIUIaBIB JIJIsl JIeTajel pakeTHHX 1 PeakTHMBHHX ABUTYHIB. - KBamidikariiiHa HaykoBa
mparis Ha TIpaBax PyKOIIHCY.

Hucepraniss Ha 3700yTTS HAyKOBOTO CTymeHs JokTtopa ¢imocodii 3a
crnemianbHicTio 132 Matepiano3naBcTBo. — JIHINPOBCHKUIA HAllIOHATBHUNA YHIBEPCUTET
imeH1 Onecsa ['onuapa MinHicTepcTBa OCBITH 1 Hayku Ykpainu, M. J{Hinpo, 2021.

PoGora BukKOHaHa Ha Kadeapl TEXHOJOTii BUPOOHUITBA (DI3UKO-TEXHIYHOTO
(dakynpTeTy JIHIMPOBCHKOTO HAlLlIOHAJIBHOTO YHIBepcuTeTy iMeHi Oinecs ['onuapa.

Hucepraitiiina po6oTa MpUCBIYEHA MaTEPiaIOZHABUMM MUTAHHIM CTaOLIi3aIi
CTPYKTYPH 1 MiABUIIEHHS KOMILIEKCY (P13UKO-MEXaHIYHUX BIACTUBOCTEHN KAPOMIITHUX
HIKEJIEBUX CIUIABIB JUIs JIeTallel paKeTHUX Ta PEaKTUBHUX JIBUTYHIB.

Meta po0GoTH — MmiBUILIEHHS (PI3UKO-MEXaHIYHUX 1 KOPO3IMHUX BIACTHUBOCTEH
YKAPOMILIHUX HIKEJIEBUX CILUIABIB JIJIS JIeTajiell paKeTHUX Ta PEAKTUBHUX JIBUTYHIB Ha
OCHOBI BCTAHOBJIEHUX 3aKOHOMIPHOCTEH (OpPMYBaHHS CTPYKTYpH B pe3yibTari
Moau(IKyBaHHS HAHOAUCIEPCHUMU KOMITO3ZHIIISIMH.

[IpoBeneHuii aHami3 Cy4yaCHMX HaINpsSMKIB IIJABUIIEHHS  BJIACTHUBOCTEH
YKAPOMIIIHUX HIKEJIEBUX CILIaBIB, X XIMIYHUX CKJIaAiB, CTPYKTYpPHOI CTaOUIBHOCTI 1
($ha30BOrO CKJIATy, PEKUMIB TEPMIUHOI 00pOOKH, MpUBeAeHa Kiacu(ikallisd HIKeJIEBUX
crutasiB I, 11, 111, IV mokosmiaHs.

He pauBnsiunch Ha BENUKY KIIBKICTH HAYKOBHX POOIT, MPUCBIYCHHUX
PI3HOMaHITHUM acCleKTaM MarepiajiB 1 CydaCHUM TEXHOJIOT1SIM BUTOTOBJICHHS JeTallel
aBIallIfHO-KOCMIYHOI TEXHIKH, ICHye mpobiema MiABUIIEHHS (I3UKO-MEXaHIYHUX
Binactuoctelt JKHC. 1le BukiMkaHo TUM, 110 JeTajll paKeTHUX 1 aBlallliiHUX JIBUTYHIB
MiJ Yac eKCIuTyararlii CXWIbHI N0 [li arpecMBHOTO CEpENOBHUINA [MaUBa TIPH
MBUIIEHUX TEMIIepaTypax.

Haiikpamum crnoco6oM miBUILEHHS SIKOCT1 CIUIaBIB — € crocid MoaudikyBaHHS
TYTOTUJIABKMMHU CIIOJIyKaMH. TakoX PO3TISIHYTI COCOOM OTpUMAaHHS HAaHOAMUCIIEPCHHUX

KOMITO3UII1H. 3 ICHYIOUMX METO/IIB, IHTEPEC MPEACTABIISAE TUIA3MOXIMIYHUN CUHTE3, SIKUN



JI03BOJISIE OTPUMYBATH HAHOAMCIIEPCHI MOPOIIKK 3 33JaHUM CKJIaJ0M 1 (pakiisiMu
PI3HUX METAJIB 1 CIIOJIYK.

[TimBuIIeHHS SKOCTI CIIaBiB MOAM(IKYBaHHIM HaHOMaTepialaMy 3aTUIIA€ThCS
HE TIOBHICTIO BUBYCHHMM, XOuUa HasiBHI PO3POOKH 1 MOMEPEaH1 JOCIHIKEHHS 1HIIMX
YYEHHMX CBIAYaTh MPO HAA3BUYAWHY MEPCHEKTUBHICTh METOMY. TakuM YHHOM,
JOCITIKEHHS TI0 pO3p0o0IIi KapOMIITHUX HIKEJIEBUX CIUIaBIB Ha SKICHO HOBOMY piBHI
HUIIXOM MOJU(DIKYBaHHS HAHOIUCTIEPCHUMHU MaTeplajlaMy MatOTh aKTyaJbHE 3HAUCHHS.

Marepianamu  JgocnipkeHHs € JuBapHi  HikeneBi cmiaBu  JKC6Y-BI
(XH57BKIOTMBJI) 1 XKC6K-BI (XH65MBTKIOJI), siki € HaWO1IbII MOMIMPEHUMHU
MPOMHUCIIOBUMHU SKAPOMIITHUMHU CIUIaBaMH JUIsl BUTOTOBJICHHS POOOYMX JIOMATOK,
TypOIHHHUX JMCKIB, KUIELb 1 IHIIUX €JIEMEHTIB ra30BUX TypOiH, KaMep 3ropsiHHS, By3JIIB
neTtajel meyed 1 1HIMMX BUPOOIB, SKI TPUBAIMM Yac MPAIOIOTh MPHU MiABUIICHUX
TeMIiepaTypax.

JUisi BU3HAu€HHs BIUIMBY MOAM(IKaTopa Ha SAKICTh CIUIABY, JOCHIIKYBaIH
CTPYKTYPY, (pi3MKO-MeXaHIuHI Ta €KCILIyaTalliiiHl BIACTUBOCTI JOCTIKYBaHUX CILIABIB
710 1 MicJig MOAU(IKYBaHHS.

OriHKy Makpo- 1 MikpocTpyKkTypu HikeneBux cruiaBiB JKCO6K-BI 1 XKC6Y-BI no i
nicast MoAuGIKyBaHHS MPOBOIMWIM MeTanorpadiunuM aHaiizoMm. Posmoain neryrodux
€JIEMEHTIB 1 CTPYKTYPHUX CKJIQJOBUX B 00’€Mi1 HIKEJIEBUX CIUIABIB MPOBOAWIHA 3
BUKOPHUCTAHHSIM EHEPrOJMCIIEPCIHHOTO aHaji3y. 37aMu yIapHUX 3pa3KiB BHUBYAIU
dbpakrorpadiunuM aHaimizoM. [l BUBYEHHS TMOKAa3HUKIB  (hI3UKO-MEXaHIYHUX
BJIACTUBOCTEH MPOBOIWIM BUMIpP KOMIUICKCY MEXAaHIYHHMX BIIACTUBOCTEH. [ omiHkM
MOKA3HUKIB  E€KCIUTyaTaIllliHUX  BIACTUBOCTEH  BH3HAYalMd  JKApOCTIAKICTh  Ta
JIOBFOTPUBATY MIIHICTh CIUIABIB /10 1 micjast MoaudikyBaHHS. 3aCTOCOBaHI METOIU
CTaTUCTHYHOI OOpOOKM EKCIEPUMEHTAIBHUX pE3YyJIbTaTiB, a TaKoX METOIU
MaTeMaTUYHOTO IJIaHYBaHHS €KCIIEpUMEHTY 3 BUKopucTaHHsIM Microsoft Office Excel.

[Ippu mpoBeneHHI  EKCIIEPUMEHTAIBHUX  JOCHIKeHb JuBapHuX JKHC
3aCTOCOBYBAJIA CTAHIAPTHI METOIN: ONITUYHOI MeTajorpadii i eJIeKTPOHHOT MIKPOCKOTT1i
3 KOMIUIEKCHOIO METOJIMKOIO SIKICHOI 1 KIJIbKICHOI OLIHKH CTPYKTYPHHX CKJIaJ0BHX, a

TaKOXX CTaHJAPTHI METOAM KOPO3IMHUX 1 MEXaHIYHUX BUIPOOYBaHb.



VY TperpoMy po3aui OOIpyHTOBAaHO BHOIp KOMIUIEKCHOTOo Moaudikartopa Ha
OCHOBI HAHOJWCIIEPCHUX KapOiiB TUTAHY Ta KPEMHIIO JJIsi OOpOOKH >KapOMIITHUX
HIKEJIEBUX CIUIABIB.

Ha mincraBi pe3ynbraTiB €KCHEPUMEHTAIBHUX JOCHIIKEHb, 3 BUKOPUCTAHHAM
METOIy MaTeMaTUYHOIO TUIAHYBaHHSI €KCIIEPUMEHTY po3p00JIeHO CKiia] Moaudikaropa,
IO JI03BOJISIE OTPUMATH OAHOPIAHY ApiOHO3EPEHUCTY CTPYKTYPY 1 BUCOKHI KOMILJIEKC
MEXaHIYHHUX BIACTUBOCTEH HIKEJIEBUX CILIABIB.

B pesynberari mogudikyBanns cmiaBiB JKCO6K-BI 1 JKC6Y-BI nanogucnepcHum
moaudikaropom Ha ocHOBI TiC Ta SiC oTpuMaHa IpiOHO3EpHUCTA CTPYKTYypa 3pa3KiB 3
MOKpAIIeHUM CTaHOM MEX 3epeH, Mopdororii kap6imHoi ¢da3u 0e3 MOBEPXHEBUX
nedexTiB. Y Moau(IKOBaHUX 3pa3Kax JOCSATHYTO MOAPIOHEHHs 3epHa 10 15...20 MkM
TOJIl SIK Y BUXIJIHOMY CTaH1 po3Mip 3epHa ckianas 60...100 MkMm, TOOTO B pe3yabrari
MonU(iKyBaHHS PO3MIp 3epHA 3MEHIIIYEThCS Y 4...5 pasiB.

Kap0Oinna aza y Buxignux 3paszkax cruiaBiB JKC6K-BI 1 XKC6Y-BI npucyths y
BUIJISA/II KPYITHUX BKJIIOYEHBb HA CTHKAX MEX 3€PEH, Kl € o4araM po3BUTKY TPIIIUH Ta
KOHIIEHTpAaTOpaMH HaIlpyr MNOpu ekciutyarairii aeraneil. Ilicnma wmonudikyBaHHsS
BiJ1I0yBa€eThCs MOAPIOHEHHS 1 TOOyNIsapu3aliis kKapOigHux ¢asz, Mo COpUsio 3MIITHEHHIO
CIUTaBIB 3a MEXaHI3MOM JHCIepciiHOro TBepAiHHSA. KapOigHi BKIIOYEHHS Ta
iHTEepMeTaniiHl (pa3zu po3mipom 1...5 MKM y Moau(iKOBaHUX 3pa3Kax PIBHOMIPHO
PO3IOICH] IO 00’ eMY.

MIiKpOpEeHTIeHOCIIEKTPAaIbHUM aHali30M MOJIU(]IKOBAHUX 3pa3KiB BCTAHOBIIEHO
M1JIBUIIICHUH BMICT KapO1/[iB TUTAHY, a TaKoXkK KapOigHux (a3 tumry MeC, Me»;Cs, MesC
B CIEKTpaxX BKJIO4YeHb. HasBHICTH aucnepcuux kapOimiB TiC migTBepmkye edekt
MOJIU(iKyBaHHS.

[TpoBeneni mOCHIKEHHS 3MIHH MEXaHIYHHUX Ta EKCIUTyaTallliHUX BIACTHBOCTEH
crutaBiB JKCO6K-BI 1 )KC6VY-BI B pesynbrati MogudikyBanus. [IpoBeneHi BunpoOyBaHHs
3pazkiB crmiaBiB JKCO6K-BI 1 KC6Y-BI nHa XapoMILHICTh, >XapOCTIMKICTh Ta
JOBTOTPUBAIY MILHICTh. BCTaHOBIEHO MIABUIICHHS KOMIUIEKCY MEXaHIYHUX
BinactuBocTedt MoaudikoBanux craBiB JKC6K-BI 1 )KC6Y-BI B mopiBHsSHHI 3

HEMOAM(IKOBAHUM CTaHOM. JIOCSATHYTO OJHOPIAHMIA PO3MOALT JIETYIOUHX €JIEMEHTIB B



ctpykrypi cmiaBiB JKCOK-BI 1 JKC6VY-BI, Ta 30imbmieHHs MIKpOTBEPAOCTI MaTpHIli
cruiaBiB Ha 17...24%.

®paxTorpadivydi 10 CTIHKEHHS 371aMiB TTOKa3ali, 0 B HeMOIU(PiKOBaHOMY CTaHi
pYWHYBaHHS 3pa3KiB IHTEPKPUCTAJITHE, [0 TpaHUIX KpymHUX 3epeH. B
MOIU(PIKOBAHUX 3pa3kax MPUCYTHIA 3MIIIAHUMN, NEPEeBAXHO SIMKOBUH 371aM, MIO
CBIYUTH MPO B'S3KUI XapaKkTep pyHHyBaHHS.

HaykoBa HOBHU3HA OTPUMMAHMX Pe3YyJIbTATIB:

1. Ompumanu nodanvuwiuii po36umox YSIBICHHS TpPO BIUIMB MOAU(IKyBaHHS
pO3IIJIaBiB HA MapaMeTpH CTPYKTYPH Ta BJIACTUBOCTI KapOMIITHUX HIKEIEBUX CIUIABIB.
[linTBEpMKEHO, 1O BUKOPUCTAHHS KOMILIEKCHUX HAHOIAUCIEPCHUX MOIU(DIKATOPiB
J03BOJISIE AKTMBHO BIUIMBATH HA MAakKpo- 1 MIKPOCTPYKTYpPY, (I3MKO-MEXaHI4HI Ta
KOPO3iiiHI BIIACTUBOCTI HIKEJIEBUX CILJIABIB Ta JAcTajiei 3 HUX.

2. Bnepwe 3anpononogano  MeXaHI3M TOETanmHOI Jii  KOMILJIEKCHOTO
HaHomoaudikaropa Ha ocHoBl TiC Ta SiC npu kpucTanizauii CIiaBiB, IO MOJISATae B
TOMY, [I0 Ha TMepUIOMY eTami BiAOyBa€ThCsl KpUCTali3alliss MarpuyHoi 7y-(hasw,
HAaHOYAaCTUHKHU KapOiaiB po3mipoMm 50...100 HM ciyxaTb NEPBUHHUMH LIEHTPaMU
KpHUCTali3allii; Ha MOJaIbIINX eTanax BiAOyBa€ThCsl YTBOPEHHS Ta PICT KPUCTATIB Y -
da3u Ha ocHoBi NisTi, NisAl Ta yrBoproeThcs kapOinHa dasza Ha ocHoBi kap6iaiB Ti, Cr,
W, Mo, Nb.

Peanizariis mporo mexanizmy crpusie noapioHeHHto 3epHa criaiB JKCO6K-BI 1
KC6VY-BI B 4...5 pa3i, MIABUILEHHIO IUCIEPCHOCTI CTPYKTYPHHUX CKJIaJOBUX B 2...3
pasu 1 pIBHOMIPHOMY PO3MOALTY X B MaTpPHIIl CIJIaBIB.

JIOCSTHYTO MIABUIICHHS KOMILJIEKCY MEXaHIYHUX BIIACTUBOCTEH CIUIABIB Y
Moau(IKOBAaHOMY CTaHi: rpaHulll MiITHOCTI 65 — Ha 10...12%, rpaHuIll MIMHHOCTI Gy, —
Ha 12...14 %, BimHOCHOTO TIOZIOBXKeHHA O — Ha 14 %, ynapuoi B's3kocTi KCU — Ha 43%.

3. Bnepue 6cmanogieno 1CHyBaHHS MEpPEPO3NOALTY JETYIOUUX €JIEMEHTIB Ta
YTBOPEHHS MEPEXAHOTO IIapy MiX 3MIIHIOIYMMH (Da3amMu Ta MaTpUIEIO CILJIaBiB, B
skomy BMicT W 1 Mo mepeBuiiye iX BMIiCT y MaTpHIll. Y TBOPEHHS MEPEXITHOTO MIapy
nepemkokae audysii TuTaHy 3 KapOimy TUTaHAa B MaTpUIiO, IO 3ale3rnedye

CTaOUTBHICTH (a3 Ta eQEeKTHBHICTh 3MIITHEHHS JOCHIDKYBAaHUX CIUIaBIB TIPHU



MBUIIEHUX TeMIIepaTypax.

4. Bnepwe scmanosneno, mo 3MilHIO0O4a Y -paza B MoaudikoBaHUX CIIaBax
3aitMae 00’em 75%, OTHOPITHO PO3MOAICHA B MATPHIll, HE CXHMJIbHA JIO KOATYJSIIiil i
PO3YMHEHHS NP Temreparypax ekciutyaraiii Jomarok I'T/I. y'-dha3a B MmogudikoBaHux
criaBax 30aradeHa aroMaMu Si, 10 JIO3BOJIMJIO MIABUIIUTH >KAPOCTIMKICTH
MoauGiKOBaHUX CIUIaBiB mpu Temmeparypax no 1000°C ta 3MEHIIMTUH TIUOHHY
MDKKpPUCTaITHOT KOopo3ii Ha 15...20% B nopiBHAHHI 3 HEMOU(IKOBAHUM CTaHOM.

IIpakTHYHe 3HAYEHHS OTPUMAHMX Pe3yJIbTaTIiB:

1. Po3pobneHo paiioHanbHUN CKIIaJl KOMIUIEKCHOTO MOAM(IKaTOpa Ha OCHOBI
HaHouyacTok TiC ta SiC po3mipom g0 100 HM, ofepKaHUX TUIA3MOXIMIYHUM CUHTE30M.
3 BUKOPUCTaHHSM METOAY PErpEeCIiiHOrO aHaji3y po3paxoBaHO KUIbKICTh KOMIUIEKCHOTO
monudikaropa 0,1% Bim macu posmiaBy y ckiani, mac.%: 30...40% kap6iga TuTany,
10...15% xap06ina kpemHito, 10...20% - mopoIiok anxroMiHieBOTO ciiaBy AMro6, pemirta
— NOAPIOHEHMI MOPOIIOK HIKEJIEBOTO CILIABY.

2. Po3po6iieHo TexHOIOT1YHY cxeMy MoaudikyBaHHs HikeneBux cruiaBiB KCOK-
BI 1 XKC6Y-BI, ekciepuMeHTalIbHO BCTAHOBJICHO TEMIIEpaTypHO-4aCOBI IMapaMeTpH il
monupikaropa: t=1560°C, 5...7 xB. TexHonoriyHa cxema MPOBEACHA BIAMOBIAHO 0
po3poOiieHOi B AaHi  gucepTaiiiiHii  poOOTI  TEXHOJOTIYHOI  IHCTPYKITIi
Ne102.25210.00138 (Homatok b).

3. OrpumaHa ofHOpiAHA APIOHO3EPHUCTA CTPYKTYypa CIUIABIB 31 3MEHIIECHHSIM
3epHa B 4...5 paziB. [liIBUIIEHO KOMIUIEKC MEXaHIYHHUX BJIACTUBOCTEH CIUIaBIB Yy
MOPIBHSHHI 3 HE MOAU(PIKOBAHUM CTAHOM:

. rpa"uIl MirHOCTI 65 3 990 o 1152 MIla (sa 10...12%),

. IPaHUI TIMHHOCTI G2 3 731 no 825 Mlla (na 12...14 %),

. BIJIHOCHE TIOJIOBXKeHH: O 3 3,3 110 4,2 (Ha 14%),

. ynapHa B s3kicts KCU 3 340 no 490 xJx/m? (Ha 43%),

. TpuBajua MiHicTh Ha 10%.

4. TTigBUIIIEHO >KapOCTINKICTh HIKEJIEBUX CIUIaBIB mpu Temmepatypax a0 1000°C
31 3MEHIIEHHSAM MHOWHUA MIKKPHUCTAIITHOI Kopo3ii Ha 15...20%.

5. B ymomax Il «BO IIM3 im. O.M. MakapoBay mpoBeIeHO ONpOOyBaHHS



TEXHOJIOT1YHOI cXeMH MOAX(DIKyBaHHSI HAHOJUCTIEPCHUMHU KOMIO3UIIISIMU YKaPOMILIHUX
HikeneBux cruiaiB JKCOK-BI 1 JKC6VY-BI nns neraneit 1BUTYHIB.

ExcnepumentansHe BumpoOyBanHs B ymoBax [II «BO IliBnenuuit
MamyHOOymiBHUM 3aBox  iM. JIL.M. MakapoBa» (Homatok A) mokaszaino, IO
BUKOPHUCTAHHS KOMIUIEKCHOTO MOAM(DIKYBaHHS JI03BOJWIO MMIJBUIIATA MEXaHIYHI Ta
eKCIUTyaTallliH1 BIaCTUBOCTI BUPOOIB aBialliiHUX 1 PAKETHUX JBUTYHIB.

CrennoBi BUIPOOYBaHHS B YMOBax «XapKiBCBKOTO MEXAHIYHOTO 3aBOIY»
(lomarox B) mokazaim MiIBHUINCHHS MEXaHIYHUX BIIACTMBOCTEH JIOCIIIKYBaHUX
YKAPOMIIHUX HIKEJIEBUX CILIABIB.

Marepianu nucepraiiiHoi poOOTH BIPOBAKEHI B OCBITHIN Mpoiec Kadenpu
texHojorii BupooHunTBa JHY imeni Omnecs ['oHuapa mpu BUKIaAaHHI JUCLMILIIH
«CrnermianpHl Marepiaqd B aBla- Ta pakeToOyayBaHHI» 1 «HaHomarepianu Ta
HanotexHojyorii B PKT» mns OakamaBpiB Ta MaricTpiB 3a cheriaibHicTIO 132
Marepiano3naBctso (logatok I).

Kniouosi cnosa: >xapoMmilHi HIKeNEB1 CIJIaBU, MOIU(DIKYBaHHS, ®KapOMIIHICTb,
KApOCTINKICTh, MEXaHIYHI BJIACTUBOCTI, CTPYKTypa, HAHOAUCIEPCHUN MoaudikaTtop,

po0oul JIOMATKH, ra30TypOIHHUHN ABUTYH.

MNEPEJIK OITIYBJIKOBAHUX POBIT 3A TEMOIO JUCEPTAILII
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2019. No25(3). C.25-31 [Index Copernicus, Web of Science].
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3. Mexanunueckue U KOppO3UOHHBIE CBONCTBA MHOTOKOMIIOHEHTHBIX CILJIABOB,
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SUMMARY

M. Hrekova Structure and properties of modified heat-resistant nickel alloys for
parts of rocket and jet engines. - Qualified scientific work on the rights of the manuscript.

PhD thesis for the scientific degree of Philosophy Doctor in a specialty 132
Materials Science. - Oles Honchar Dnipro National University of the Ministry of
Education and Science of Ukraine, Dnipro, 2021.

The work was performed at the Department of Production Technology of the
Faculty of Physics and Technology of Oles Honchar Dnipro National University.

The dissertation work is devoted to material science issues of stabilization of
structure and increase of complex of physical and mechanical properties of heat -
resistant nickel alloys for details of rocket and jet engines.

The purpose of the work is to increase the physico-mechanical and corrosion
properties of heat-resistant nickel alloys for parts of rocket and jet engines based on the

rules of structure formulation as a result of modified nanodisperse compounds.



The analysis of modern directions of increase of properties of heat-resistant nickel
alloys, their chemical compositions, structural stability and phase composition, modes
of heat treatment is carried out, the classification of nickel alloys of I, II, III, IV
generation is resulted.

Despite the large number of scientific papers on various aspects of materials and
modern technologies for the manufacture of aerospace parts, there is a problem of
improving the physical and mechanical properties of the railway. This is because the
parts of rocket and aircraft engines during operation are exposed to aggressive fuels at
elevated temperatures.

The best way to improve the quality of alloys is to modify the refractory
compounds. Also considered are methods for producing nanodispersed compositions.
Of the existing methods, of interest is plasma chemical synthesis, which allows
obtaining nanodispersed powders with a given composition and fractions of various
metals and compounds.

Improving the quality of alloys by modifying nanomaterials remains not fully
understood, although the available developments and previous studies of other scientists
indicate the extreme prospects of the method. Thus, research on the development of heat-
resistant nickel alloys at a qualitatively new level by modifying nanodispersed materials
1s of great importance.

The research materials are foundry nickel alloys ZhS6K-VI and ZhS6U-VI, which
are the most common industrial heat-resistant alloys for the manufacture of blades,
turbine discs, rings and other elements of gas turbines, combustion chambers,
components of furnaces and other products that operate for a long time at elevated
temperatures.

To determine the effect of the modifier on the quality of the alloy, the structure,
physico-mechanical and operational properties of the studied alloys before and after
modification were investigated.

Evaluation of the macro- and microstructure of nickel alloys ZhS6K-VI and
ZhS6U-VI before and after modification was performed by metallographic analysis. The

distribution of alloying elements and structural components in the volume of nickel



alloys was performed using energy dispersion analysis. Fractures of impact specimens
were studied by Fractography analysis. To study the indicators of physical and
mechanical properties, a complex of mechanical properties was measured. Heat
resistance and long-term strength of alloys before and after modification were
determined to evaluate the performance properties. Methods of statistical processing of
experimental results, and methods of mathematical planning of experiment with use of
Microsoft Office Excel are applied.

In conducting experimental studies of foundry, ZhNS used standard methods:
optical metallography and electron microscopy with a comprehensive method of
qualitative and quantitative assessment of structural components, as well as standard
methods of corrosion and mechanical testing.

The third section substantiates the choice of a complex modifier based on
nanodispersed titanium and silicon carbides for the processing of heat-resistant nickel
alloys.

Based on the results of experimental research, using the method of mathematical
planning of the experiment, the optimal composition of the modifier was developed,
which allows obtaining a homogeneous fine-grained structure and a high set of
mechanical properties of nickel alloys.

As a result of modification of alloys ZhS6K-VI and ZhS6U-VI by the
nanodispersed modifier based on TiC and SiC the fine-grained structure of samples with
the improved condition of grain boundaries, morphology of a carbide phase without
surface defects is received. In the modified samples, grain grinding was achieved up to
15... 20 mkm, while in the initial state the grain size was 60... 100 mkm, as a result of
modification the grain size decreases by 4 ... 5 times.

The carbide phase in the initial samples of alloys ZhS6K-VI and ZhS6U-VI is
present in the form of large inclusions at the joints of grain boundaries, which are the
centers of crack development and stress concentrators in the operation of parts. After
modification, the carbide phases are ground and globularized, which contributed to the

strengthening of alloys by the mechanism of dispersion hardening. Carbide inclusions



and intermetallic phases with a size of 1... 5 mkm in the modified samples are evenly
distributed by volume.

Micro-X-ray spectral analysis of the modified samples revealed an increased
content of titanium carbides, as well as carbide phases such as MeC, Me»;Cs and MegC
in the spectra of inclusions. The presence of dispersed TiC carbides confirms the
modification effect.

Studies of changes in mechanical and operational properties of ZhS6K-VI and
ZhS6U-VI alloys as a result of modification are carried out. Tests of samples of alloys
ZhS6K-VI and ZhS6U-VI on heat resistance, heat resistance and long-term durability
are carried out. An increase in the complex of mechanical properties of modified alloys
ZhS6K-VI and ZhS6U-VI in comparison with the unmodified state is established. A
homogeneous distribution of alloying elements in the structure of alloys ZhS6K-VI and
ZhS6U-VI was achieved, and an increase in the microhardness of the matrix of alloys
by 17...24%.

Fractography studies of fractures showed that in the unmodified state the
destruction of the samples is intercrystalline, within large grains. In the modified
samples there is a mixed, mainly pit fracture, which indicates the viscous nature of the
fracture.

Based on the conducted researches and the received results application of ZhNS
and the nomenclature of details of rocket engines and aviation equipment is presented.

Scientific novelty:

1. Got further development of 1dea about influence of retrofitting of fusions on the
parameters of structure and property of heatproof nickeliferous alloys. It is confirmed,
that the use of complex nanodispersible modifiers allows actively to influence on macro
and microstructure, mechanical and corrosive properties of nickeliferous alloys and
details from them.

2. The mechanism of stage-by-stage action of complex nanomodifier is first
offered on the basis of TiC and SiC during crystallization of alloys, that consists in that
on the first stage there is crystallization of matrix y phase, nanoparticle of carbides the

size of 50...100 nm serve as by the primary centers of crystallization; on the further



stages there are formation and height of crystals y” of phase on the basis of Ni;Ti, Ni3Al
and a carbidic phase appears on the basis of carbides of Ti, Cr, W, Mo, Nb.

Realization of this mechanism assists growing of grain of alloys of ZhS6K-VI and
ZhS6U-VI shallow in 4...5 times, to the increase of dispersion of structural constituents
in 2...3 times and even distribution them in the matrix of alloys.

The increase of complex of mechanical properties of alloys is attained in the
modified state: op - by 10...12%, 60> - by 12...14%, 6 - by 14%, KCU - by 43%.

3. Existence of redistribution of alloying elements and formation of transitional
layer is first set between strengthening phases and matrix of alloys, in that content of W
and Mo exceeds their content in a matrix. Formation of transitional layer prevents to
diffusion of titan from the carbide of titan in a matrix that provides stability of phases
and efficiency of strengthening of the investigated alloys at increase temperatures.

4. It is first set that a strengthening v phase in the modified alloys occupies a
volume 75% homogeneously up-diffused in a matrix, not apt to coagulation and
dissolution at the temperatures of exploitation of shoulder-blades of GTE. y'a phase in
the modified alloys is enriched by the atoms of Si, that allowed to promote heat-tolerance
of the modified alloys at temperatures to 1000°C and to decrease the depth of corrosion
on 15...20 comparing to the unmodified state.

The practical significance of the results:

1. A rational composition of a complex modifier based on TiC and SiC
nanoparticles up to 100 nm in size obtained by plasma chemical synthesis has been
developed. Using the method of regression analysis, the optimal amount of complex
modifier 0.1% by weight of the melt in the composition, wt. %: 30...40% titanium
carbide, 10 ... 15% silicon carbide, 10... 20% - powder aluminum alloy AMg6, the rest
- crushed powder of nickel alloy.

2. The technological scheme of modification of nickel alloys ZhS6K-VI and
ZhS6U-VI is developed, the temperature-time parameters of action of the modifier are
experimentally established: t = 1560°C, 5...7 min. The technological scheme is carried
out in accordance with the technological instruction Ne102.25210.00138 developed in

this dissertation.



3. The homogeneous fine-grained structure of alloys with grain reduction in
4... 5 times 1s received. The complex of mechanical properties of alloys in comparison
with not modified condition is increased:

* o from 990 to 1152 MPa (10... 12%),

* 69 from 731 to 825 MPa (by 12... 14%),
* 0 from 3.3 to 4.2 (by 14%),

« KCU from 340 to 490 kJ/m? (43%)

* long-lasting strength by 10%.

4. Increased heat resistance of nickel alloys at temperatures up to 1000 ° C with a
decrease in the depth of intergranular corrosion by 15... 20%.

5. In terms of SE "VO PMZ O.M. Makarov" tested the technological scheme of
modification by nanodisperse compositions of heat-resistant nickel alloys ZhS6K-VI
and ZhS6U-VI for engine parts.

Experimental test in the conditions of SE "VO PMZ O.M. Makarov" showed that
the use of complex modifications has improved the mechanical and operational
properties of aircraft and rocket engines.

Bench tests in the conditions of the Kharkiv Mechanical Plant showed an increase
in the mechanical properties of the studied heat-resistant nickel alloys.

The materials of the dissertation are introduced into the educational process of the
Department of Production Technology of Oles Honchar National University in teaching
disciplines "Special materials in aircraft and rocketry" and "Nanomaterials and
nanotechnologies in RKT" for bachelors and masters in 132 Materials Science.

Keywords: heat-resistant nickel alloys, modification, heat resistance, mechanical

properties, structure, nanodisperse modifier, blades, gas turbine engine.
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