O0Js1ikoBa KapTKa aucepTaii

I. 3arasibHi BimOMOCTI

Jep>kaBHHH 00J1iKOBHI HOMep: 0824U003462
Oco006J1uBi TO3HAYKH: BinKpura
JaTa peecrtpamnii: 05-12-2024

Craryc: Haka3 npo Bugady gumnioma

PexBi3utu Hakasy MOH / Haka3y 3akjazmy: N° 2196-yu iz 18.12.2024, HaujoHanbHuit

aepoKOCMiYHUI yHiBepcuTeT im. M. €. JKyKoBCBKOT0 "XapKiBCbKUH aBiallilHAN iHCTUTYT"

I1. BimomocrTi nipo 3400yBaya

Bsacue IlpizBuuie Im's I1o-6aThKOBI:
1. Xy Benbuse --
2. Wenjie Hu

KBasmigikamis: 132

InenTudikarop ORCID ID: He 3acrocosyetscs

Bupa, pucepranii: nokrop dinocodii
AcnipanTtypa/JIOKTOpaHTypa: tak

ITudp HayKoBOi cHeniaJIbHOCTI: 132

Ha3Ba HayKoOBOIi CcIeniaIbHOCTI: Marepiaso3HaBCTBO
T'anmy3b / rasysi 3HaHB. MexaHiuHA iHKXeHepis
OcCBiTHBO-HayKOBa Mporpama 3i CreniaJbHOCTI: MarepianosHaBCTBO
Jara 3axucTy: 09-12-2024

CnenianpHICTh 32 OCBITOIO: 132 Marepiano3HaBCTBO
Micue po6oTu 3400yBayva:

Kopg 3a €IPIIOY:

Micue3Haxoa KeHHS:

dopma ByracHOCTI:

Cdepa ynpasiriHHS:

InenTudgikarop ROR: He zacrocosyerscs



I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT
IIIudp cnenianizoBaHoi BYU€HOI pagH (Pa30Boi Crieliajai30BaHOi BYEHOI pazu). PhD 7123

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujoHanbHuil aepoKOCMiuHwMii yHiBepeuTeT im. M. €.

JKykoBcbKoro "XapkiBCbKUM aBiallilHUM iHCTUTYT"

Kog 3a €IPIIOY: 02066769

Micue3Haxoa>KeHHS: Bys1. Ukanosa, 6y, 17, Xapkis, XapkiscbKuii p-H., 61070, Ykpaina
dopma ByracHOCTI: Jlepxasna

Cdepa ynpaBitiHHS: MinictepcTBo oCBiTH i HayKu YKpainu

InenTudikarop ROR:

IV. BizomocTi nipo nmiznpueMcTBO, yCTaHOBY, OpraHisalliio, B sIKii 0yJ10
BUKOHaHO JHUCEPTALil0

IloBHe HaliMeHYBaHHSI IOPUAUYHOI 0COOH: HaujoHanbHuil aepokocmiunumii yHiBepeuter im. M. €.
JKykoBcbKOro "XapkiBCbKUM aBiallilHUI iHCTUTYT"

Kopg 3a €IPIIOY: 02066769

Micue3Haxoa>KeHHS: By/1. Ukanosa, 6y, 17, Xapkis, XapkiscbKuii p-H., 61070, Ykpaina

dopma ByacHOCTI: [lepxkasna

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH | HayKy YKpaiHu

InmenTudikarop ROR:

V. BimomocTi npo gucepraniio
MoBga guceprTalii: Anriiicbka
Koau TemaTUyHHUX PYOPHK: 53.49.21, 55.22, 55.23.09

Tema guceprauii:
1. XonopHe HanuIeHHS 3aXUCHUX i BiTHOBHUX MOKPUTTIB Ha JeTaJi aBialiiiHOI TEXHIKY 3 TUTAHOBUX CI1JIaBiB

2. Cold spraying of protective and restorative coatings on parts of aviation engineering made of titanium alloys

Pedepar:

1. Incepranifina po60Ta IPUCBIYEHA YOCKOHAJIEHHIO TEXHOJIOTII X0JI0JHOrO Ta30JMHAMIYHOTO HAIUJIIOBaHHSI
3aXVCHUX I BiTHOBJIIOBAJIbHUX IIOKPUTTIB HA TUTAHOBI CIIABY LIJIIXOM BCTAHOBJIEHHS OINTUMAJIbHOI FeOMeTpii
COIeJI [ HAllMJII0BaHHS, 3aKOHOMIPHOCTE! BIVIMBY ITapaMETPiB ra3dy Ha BXOJi B COILJIO Ta XapaKTEPUCTUK IIOPOIIKY
Ha MIBUJKICTh YACTUHOK B MOMEHT 3iTKHEHHS 3 MifKiankooo. O6'€KTOM TOCiIKEHHS € IPolieC MPUCKOPEHHS
YaCTMHOK IIOPOIIKY HaI3BYKOBMM IIOTOKOM B KaHaJIi COILIA AJ1s1 XOJIOAHOIO ra30AMHAMI4YHOIO HAMJIIOBAHHS Ta
BHCOKOIIBUIKICHOTO 3iTKHEHHS YaCTUHKM 3 TUTAHOBOIO MifKJanKomwo. [IpeamMeToM IoCigKeHHs € 3aKOHOMIPHOCTI
BIJINBY '€OMETPIi COIIa, IapaMeTpiB IIPOL,ECY XOJIOLHOrO ra304MHAMIYHOIO HAIUJIIOBAHHS Ta XapaKTEPUCTUK
[IOPOUIKY Ha MIBUJKICTb YACTUHOK B IIOTOL. AKTYyaJIbHICTb Ta HEOOXiAHICTb B IPOBELEHHI NOCIiIPKEHb 00yMOBJIEHA
iCHyI04010 ITPO6JIEMOIO IO OBXEHHS PECYPCY AeTanel aBialilHOi TEXHIKY, BUTOTOBJIEHUX 3 TUTAHOBUX CIIJIABIB.

OpHUM 3 MOKJIMBUX HaNPSIMKIB MiITPUMaHHS NPale3JaTHOCTI TaKUX JeTajeil, 3a6e3re4yeHHs] BUCOKUX



eKCIUlyaTaliiHMX NOKa3HYKIB Ta MiIBULIEHHS JOBrOBIYHOCTI, € PO3BUTOK Ta YOCKOHAJIEHHS iCHYIOUMX CIIOCO0iB
HaHeCEHHS [TOKPUTTIB. Y IucepTaliiiHiil poboTi IpecTaBieHO HOBi HAYKOBO-OOIPYHTOBaHi pe3yJsbTaTu
TEOPETUYHUX PO3PAaxXyHKIB i YMCEIbHOTO MOIE/IIOBAHHS, SIKi y3arajbHIOKOTh i 3a6€311e4yl0Th BUPillleHHs Hai6ibl
BXJIMBOI CKJIa[JOBOi HAHECEHHS MTOKPUTTIB — 3a0€3[1€4€HHS] MOKJIMBOCTI 3U€IlJIEHHS] YaCTUHOK [TOPOLIKY 3
[IOBEPXHEIO 3 OCTATHLOIO aAre3ilHOI0 MILIHICTIO Ta MTOJAJILIIOrO 3PDOCTAHHS IIOKPUTTA. B repiomMy posaii
PO3IJISIHYTO BUKOPHCTAHHSI TUTAHOBUX CIJIABIB B aBialliliHill Ta a€pOKOCMIUHIN ranyssx, eKCIryaTaliiHux nedeKTis,
IIPUYMH iX BUHUKHEHHS Ta MOKJIMBUX LIJISXIB [TONIEPe)KEHHS Ta yCyHeHHs1. HaBeleHO MeTonu HaHeCEHHS
IIOKPUTTIB Ta MicLie cepell HUX XOJIOJHOr0 ra30JuHaMiYHOrO HaMMJIIOBAHHS, IOTO N€PEeBary Ta NepPCHeKTUBU 00
MO>KJIMBOCTEW BUKOPUCTAHHS IJ1s1 OTPMMAaHHS ITOKPUTTIB Ha MTOBEPXHSAX 3 TATAHOBUX CIJIABiB. B Ipyromy posmisni
HaBeJeHO OCHOBHI PiBHSIHHS ra30JMHAMIKY, SIKi BUKOPMCTOBYIOTBCS 17151 OIIMCY IIOTOKY B 3BY>KYBaJIbHO-PO3LINPHUX
COIJIaX [1J1 XOJIOJHOrO Ta30JMHAMIYHOTO HAIWJIIOBaHHSI Ta PO3PAXyHKY iX FT€OMETPUYHUX XapaKTEPUCTHUK.
BukoHaHO aHasi3 Mofesel, sIKi BAKOPUCTOBYIOTBCS IJ151 3HAXOI)KEHHS TEMIIEPATYPHO-IBUIKICHUX XapaKTEPUCTUK
YaCTUHOK IOPOIIKY B Ta30BOMY I1OTOLli B KaHaJi coma. Tpetiit po3zin gucepraliiiHoi po60TH NPUCBSIYEHO

Y1 CEeJIbBHOMY MOJEJIIOBAHHIO IIPOLIECY BUCOKOIIBUIKICHOTO 3iTKHEHHS YAaCTUHOK MTOPOUIKY 3 MiJIKJIaJIKOIO B IIPOLECi
XOJIOJHOTO ra30MHAMIYHOTO HANWJIIOBaHHSL. Brieplie 3ariponoHOBAaHO BUKOPMCTAHHS KPUTEPIio Y (BiIHOMEHHS
IJIMOVHY KpaTepy B [I0BEPXHi, yTBOPEHUU B pe3yJbTaTi 3iTKHEHHS 3 HEl0 YaCTUHKU IIOPOIIKY, 10 BUCOTH
IepopMOBaHOi YaCTUHKM), IKMI MO>Ke OyTU 3aCTOCOBAHMI /1711 BU3HAYEHHS KPUTUYHOI IIBUIKOCTI YAaCTUHKU B
MOMEHT 3iTKHEHH$, HeOOXigHO]I 1714 ii 3YensIeHHS 3 IOBEPXHEIO Ta IPOTHO3YBAHHS MOKJIMBOCTI YTBOPEHHS MiX
HUMHU aire3iliHUX 3B'SI3KiB. B ueTBepTOMY PO3/iji HaBeJeHO peKOMEHALii 1711 IPAKTUYHOTO BUKOPUCTAHHS
OTPUMAaHUX pPe3yJbTaTiB AUCepTaLiliHOI pobOTH, 30KpeMa reoMeTpii KaHasliB HaZI3ByKOBUX COIIeJI 1715l XOJIOJHOTO
HaIWJIIOBAHHS NIPSIMUX Ta IOBOPOTHUX [171s1 HAIIMJIIOBAHHS [TOKPUTTIB Ha BHYTPIIIHI IOBEPXHi JeTajeil 3 THTAHOBUX
CIJIaBiB, pO3pO6JIEHOr0 IPUCTPOIO AJIs1 IO avi MOPOUIKY B PO3MIKPHY YaCTUHY COILIA [IPY XOJIOJHOMY HalWJIIOBAHHI
BHCOKOT'O TUCKY, BUOODY ITapaMeTpiB HallWIl0BaHHS (TUCKY Ta TEMIIEPATyPU rady Ha BXOJi B COILJIO, PO3Mipy
YaCTUHOK IOPOIIKY), 10 3a0€3[1e4yI0Th JOCATHEHHS YaCTUHKaMU 3Ha4€Hb MIBUAKOCTI, HEOOXigHOI AJ1s1 iX 3ueryieHHs
3 [I0BEPXHEIO Ta (POPMYBaHHS NOKPUTTS. HaBeneHO pekoMeHallii 17151 NOA/IbIINX NOCTiIKEHb [TPOLIECY
XOJIOJHOTO ra30IMHAMIYHOTO HAWIIOBaHHS. HayKoBa HOBM3HA OTPMMAaHUX PE3YJIbTATIB [IOJISITA€ B TAKOMY: 1)
yIeplie 3a pe3yJbTaTaMu YACEJILHOTO MOJIEJIIOBAHHS OTPUMAHO 3aJI€KHOCTI IIBUAJIKOCTI YaCTUHKY MTOPOILIKY Ha
BUXOJ 3 cIpodisIbOBAaHOTO OJIHOKAHAJIBHOIO COIIA 711 HAIIMJIIOBAHHS Bif] TIapaMeTPiB ra3dy Ha BXO[li B COILJIO
(TemMnepaTypa Ta TUCK), XapaKTE€PUCTHK MOPOLIKY (MaTepias i po3mip 4aCTUHOK), Ta FEOMETPUYHUX XapaKTEPUCTUK
cora (IiaMeTp KpUTUIHOTO Iepepisy, HOro NOBXUHA, KyT IIOBOPOTY IIOTOKY B KDUTMYHOMY I1epepisi, JoBKuHa
PO3LINPHOI YAaCTUHU COILJIA, TOUKHU MiZBOMLY MOPOLIKY). 2) yIieplie BCTaHOBJIEHO OCOOJIMBOCT] IPUCKOPEHHS Ta
TPaAEKTOPii pyXy 4aCTMHOK NOPOIIKY B CIIPOQiIbOBAHOMY II0BOPOTHOMY COILJI Bif] TEMIIEPATypPy Ta TUCKY
OCHOBHOTO I'a30BOTO ITIOTOKY, TUCKY TPAHCIIOPTYIOYOTO [IOTOKY, MaTepiajy MOPOIIKY Ta po3Mipy HOro 4aCTUHOK. 3)
Ynepuie 3aCTOCOBAHO KpUTepill Y, sIKWii € BiHOLIEHHSIM ITIMOMHYU KpaTepy B [I0BEPXHi, yTBOPEHU B pe3ysbTari
3ITKHEHHS 3 HEI0 YaCTMHKHU [IOPOUIKY, 4O BUCOTHU A€()OPMOBAHOI YACTHUHKY, [1J1s OL[iHIOBAaHHS MOXJIMBOCTI
YTBOPEHHS MiXK HUMU 3B’513KiB TP HAIMUJIIOBaHHI TOMO- Ta TeTepOreHHUX marepiasis. 4) OTprMaB NOAbLIINIA
PO3BUTOK HAYKOBO-OOI'PYHTOBAHMI KOMILJIEKCHUM MiAXif, SIKUH 6a3y€eTbCS HA BUKOPUCTAHHI TEOPETUYHUX
PO3PaxyHKiB i pe3yJIbTaTiB YMCEBHOTO MOJEJIIOBAHHS Ta A€ MOXKJIMBICTb IIPOTHO3YBATU WIBUIKICTh YaCTUHOK
Pi3HUX NIOPOLIKOBUX MaTepiasiB Ha BUXOJi 3 COIJA, IO AO3BOJIWJIO OTPUMATHU Ta y3arajbHUTU LJISIXU 320€3[1€UYE€HHS

YTBOPEHHSI 3B'$13KiB Mi’K YaCTMHKaMU ITOPOULIKY Ta MiJKJIAIKOIO.

2. The dissertation is devoted to the improvement of the technology of cold gas-dynamic spraying of protective
and restorative coatings on titanium alloys by establishing the optimal geometry of the spraying nozzles, the laws
of influence of gas parameters at the nozzle entrance and powder characteristics on the speed of particles at the
moment of impact with the substrate. The object of research is the process of acceleration of powder particles by
a supersonic flow in the nozzle channel for cold gas-dynamic spraying and high-speed collision of the particle with
the titanium substrate. The subject of the study is the influence of the nozzle geometry, parameters of the cold
gas-dynamic spraying process, and powder characteristics on the speed of particles in the flow. The relevance and
necessity of conducting research are determined by the existing problem of extending the life of aviation



equipment parts made of titanium alloys. The dissertation presents new scientifically based results of theoretical
calculations and numerical modeling, which summarize and provide a solution to the most important component
of coating application - ensuring the possibility of adhesion of powder particles to the surface with sufficient
adhesive strength and further growth of the coating. The first chapter examines the use of titanium alloys in the
aviation and aerospace industries, operational defects, their causes, and possible ways of prevention and
elimination. Methods of applying coatings, the place among them of cold gas dynamic spraying, and its advantages
and prospects regarding the possibilities of use for obtaining coatings on titanium alloy surfaces are given. In the
second chapter, the main equations of gas dynamics are given, which are used to describe the flow in narrowing-
expanding nozzles for cold gas dynamic spraying and the calculation of their geometric characteristics. An analysis
of the models used to find the temperature-velocity characteristics of powder particles in the gas flow in the
nozzle channel was performed. The third section of the dissertation is devoted to the numerical modeling of the
process of high-speed collision of powder particles with the substrate in the process of cold gas-dynamic spraying.
For the first time, the use of the criterion Y (the ratio of the depth of the crater in the surface, formed as a result of
the collision of a powder particle with it, to the height of the deformed particle) is proposed, which can be used to
determine the critical speed of the particle at the moment of collision, necessary for its adhesion to the surface
and to predict the possibility of formation adhesive bonds between them. The fourth chapter provides
recommendations for the practical use of the obtained results of the dissertation work, in particular, the geometry
of the channels of supersonic nozzles for cold spraying of direct and rotary for spraying coatings on the inner
surfaces of parts made of titanium alloys, the developed device for feeding powder into the extended part of the
nozzle during cold high-pressure spraying, selection of spraying parameters, which ensure that the particles
achieve the speed values necessary for their adhesion to the surface and the formation of the coating. The
scientific novelty of the obtained results is as follows: 1) for the first time, based on the results of numerical
modeling, the dependence of the speed of a powder particle at the exit from a profiled single-channel nozzle for
spraying on the gas parameters at the nozzle entrance (temperature and pressure), powder characteristics
(material and particle size), and geometric characteristics of the nozzle (diameter of the critical section, its length,
the angle of rotation of the flow in the critical section, the length of the expanding part of the nozzle, the powder
supply point). 2) for the first time, the features of the acceleration and trajectory of the movement of powder
particles in the profiled rotating nozzle were determined depending on the temperature and pressure of the main
gas flow, the pressure of the transporting flow, the material of the powder and the size of its particles. 3) For the
first time, the criterion Y, which is the ratio of the depth of the crater in the surface, formed as a result of the
collision of a powder particle with it, to the height of the deformed particle, was applied to assess the possibility of
forming connections between them during spraying of homo- and heterogeneous materials. 4) A scientifically
based comprehensive approach was further developed, which is based on the use of theoretical calculations and
the results of numerical modeling and makes it possible to predict the speed of particles of various powder
materials at the exit from the nozzle, which made it possible to obtain and generalize the ways of ensuring the
formation of bonds between powder particles and lining.
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