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BJIACTMBOCTI KEPaMiK1 Ta METaJiB, 0 06YMOBJIEHO iX OCOOJIMBOIO HAHOIIAPYBATOIO CTPYKTYPOIO i KOMOIHOBaHUM
TUIIOM 3B's13Ky. [IpoTe BUCOKi Temnieparypu cuHTe3y MAX ¢a3 € BaKIMBOIO EPEMKOI00 IJ1s iX IMPOKOTOo
3aCTOCYBaHHs. BUKOpPMCTaHHS iOHHO-TIJIa3MOBUX METOZIB (Pi3MYHOTO OCA/IKEHHSI MOJKE JI03BOJIMTY 3HAYHO 3HU3UTU
TEeMIIEPATypPy CUHTE3Y 32 PaXyHOK BUCOKOI €Heprii 4aCTUHOK, SIKi yTBOPIOIOTb ITOKPUTTSL. TOMY aKTyaslbHUM €
PO3PO6JIEHHS TPOCTUX | EKOHOMIUHUX NPOLECIB CUHTE3Y IOKPUTTIB 3 BAKOPUCTAHHSM 6araTOKOMIIOHEHTHOTO
Karozy, o 3adesneuye crexiomeTpito MAX ¢asu. [IpencrasieHa aucepraliiina po6oTa CIIpsIMOBaHa Ha BUBYEHHS
3aKOHOMipHOCTEN (POPMYBaHHS CTPYKTYPU iOHHO-TIJIa3MOBHUX [TOKPUTTIB, SIKi OCa/IKeHi 3 KaTOAiB Ha OCHOBI MAX
¢da3 cucremu Ti-Al-C Ta BCTaHOBJIEHHS 3B'513KiB MK IapaMeTpaMu ix CUHTe3y, XiMiYHUM CKJIAZlOM, CTPYKTYPOIO i
dizuKo-MexaHIYHMMU BJIACTUBOCTSIMHU. Briepiie rpoBeieHi KOMILJIEKCHI TOPIBHSJIbHI OCTiIKEeHHS CKaay,
CTPYKTYPH Ta BJIACTUBOCTEN INOKPUTTIB, OCAI)KEHUX PI3HUMU iOHHO-TIJIA3MOBMMU METOLAMU 3 KaTOLiB HA OCHOBI
MAX ¢a3 cucremu Ti-Al-C, mo 6y/i1 BUTOTOBJIEH] TapsSuYMM IIPECYBaHHSIM IIOPOLIKOBUX CyMilei. BifnpanpoBaHo
IIPOLIECU OCAJIKEHHSI SIKICHUX ITIOKPUTTIB TOBLUIMHOK A0 10 MKM Ha TEXHOJIOTTYHO-3HAYYIIMX IiIKIAAKAX METOLAMMU:
iOHHOT'O PO3IMJIEHHS 3a LOIIOMOIOIO IyTOBOTO IKepeJia ra3oBoi [1J1a3MH, BAKYYMHO-IyTOBOTO OCaJKEHHS Ta
MarHeTpOHHOTO PO3NuJIeHHs. [I71s1 NOoCiIpKeHb CKIany i CTPYKTYPH KaTO[IiB Ta OCAIpKEHUX IIOKPUTTIB
BHMKOPHCTOBYBJIN PEHTIeHO(MIyOPECLIEHTHUI aHali3, CKAHYI0Uy €JIEKTPOHHY MiKPOCKOIIIIO 3 CUCTEMOIO
PEHTT€HOCIIEKTPAIbHOTO €HEPrOIUCIEPCIMHOTO MiKpoaHanidy, OXe-CleKTPOCKOIIiI0, PEHTTEHOCTPYKTYPHUN
aHasti3. BusHayany HaACTYIHI BIaCTUBOCTI MaTepiasliB: HAHOTBEPHIiCTh Ta MOLYJIb FOHTa, OMip 3HOIIYBAaHHIO i
KaBiTallillHy CTilKiCTb, OIip (PPETUHI-BTOMI, CTilKiCTb 10 OKMCJIEHHS Ta €JI€KTPOIPOBiIHICTh. [loKka3aHo, mo MAX
¢asa Ti2AlC HanexXUThb 10 BaKKOPO3NUIIOBaHUX MaTepianiB. KoedilieHT po3nunenHs MimeHi Ha ocHoBi Ti2AIC
ioHamu Ar+ y 1,5 pasu HWXKUYUH, HiX MillleHi 3 TUTaHy, Ta 3HWKyeTbcs Big 0,7 mo 0,2 aToM /ioH Npy 3MeHIIeHHi
eHeprii ioHis Big 1200 1o 400 eB. Buacninok 6oM6apayBaHHs ioHaMU Ar+ Ha IIOBEPXHIi MillleHi BioyBaloTbCs (a30Bi
[IEPEeTBOPEHHS, NIOB'S13aHi 3 po3nagom MAX ¢asu Ta CeJIeKTUBHAM PO3NUJIEHHSIM JIETKUX €JIEMEHTIB. BCTaHOBJIEHO,
1[0 TIpY 3aCTOCYBaHHI KaTony (MimeHi) Ha ocHOBi MAX ¢asu Ti2AlC MarHeTpOHHI TOKPUTTS MalOTh XiMiYHUI CKiIag,
OJIM3bKUI [0 CKJIaNy KaToAy i CTOB6YACTy HAHOCTPYKTYPY HE3aJIeXKHO Bif], IOTYKHOCT] po3psLy B Aianasoni 600-
2800 Bt. EneMeHTHUI CKJIaf, iOHHUX i BAKYYMHO-JYTOBUX ITIOKPUTTIB Ipy NoTeHUiam nmigkaaaxu 50 B Takox
IIPAKTUYHO BIANOBifA€ CKIIAMy KaToay, OGHAK 3 pocTOM noreHuiany 1o 100-200 B BigHOCHMI BMICT ayIlOMiHIIO B
MIOKPUTTSIX Pi3KO MaJla€ BHACTIIOK CEJIEKTUBHOIO pO3nuieHHs. OCHOBHOIO ()a3010 B TAKMX MIOKPUTTSIX € TBEPAUI
PO34YMH aMoMiHiI0 y KpucTaiiyHii rparui TiC, sika mae Ky6iuny cTpykrypy Triry NaCl, mo 3yMOBIEHO HU3BKOIO
TeMIIepaTypOIo MigKIaaKy (< 4500), HeBiNNOBIAHICTIO cTexioMeTpii i HU3bKOIO eHeprielo YaCTUHOK, O (POPMYIOTH
OKpUTTSL. 3'sicoBaHo, mo popmysanHio MAX da3 Ti2AIC ta Ti3AIC2 y BaKkyyMHO-IyTOBUX IIOKPUTTSX CIIPUSIOTH
3aCTOCYBAHHS KaTOJy 3 MiBULIIEHUM BMiCTOM aJIOMiHil0 Ta 30iJIbII€HHS IOTYKHOCTi ioHHOTr0 60MbapAyBaHHs
IIOBEPXHi POCTY BKKMMU i0HAMU, YOTO JOCSITal0Th BBEIEHHSIM Y BaKyyMHY KaMepy aproHy Ta,/abo jieryBaHHSIM
marepiainy Katozna HiobieMm (mo 3amiHioe 10 - 20 at.% Ti). 3a eryBanHs MaTepiany Katoza 0JI0BOM (10 3aMiHIOE 10
50 aT.% Al) 3poctanHs BMicTy MAX ¢pazu He crioctepiranu. Y pasi ieryBaHHs o60Ma eleMeHTaMU, OJI0BO [IpUTHiuye
BILJIMB Hi06i10 Ha migBuieHHs BMicTy MAX ¢asu i cTabinisye ctpykTypy Kap6iny TiC. BusiBieHo, 110 BaKyyMHO-
nyrose nokputTs Ti0,65A10,07C0,28 3 nBoda3HOI0 CTPYKTYPOIO TBEpAUX po3unHiB Ha ocHOBI TiC+(n-Ti) mae omnip
3HOIIYBAHHIO i KaBiTaliliHy CTiMKiCTh y 1,5-2 pa3u Bullli, HiX MUPOKO 3acTocoByBaHe NOKpUTTs TiN. IIpu
koediuienTi tepta 0,5-0,6 nuTOMa MBUAKICTb 3HOMYBaHHS NOKpUTTS Ti0,65A10,07C0,28 ctaHOBUTD 1,26 x 10-4
MM3/HM 3a KiMHaTHOI Temneparypu i 3meHmyeTbcs 10 7,18 x 10-5 mm3 /HM npu 500°C. JleryBaHHS MaTepiany
KaToja HiobieM Mae HeraTMBHUI BIIJIMB HA TPUOOJIOTIYHI XapaKTEePUCTUKY IIOKPUTTIB 3 TBO(DA3HOIO CTPYKTYPOIO
TBepaux po3uuHiB Ha ocHOBI TiC+Ti3AIC2. TIpoTe, 3a JieryBaHHs 0JI0BOM IIMTOMA IIBUAKICTb 3HOLIYBAHHS [IOKPUTTIB

3MEHUIYETbCS Ha NOPsOK Ipu Temneparypi 20°C iy 6 pasis npu Temneparypi 500°C.

2. Bortnytska M.O. Formation regularities and properties of ion-plasma coatings based on MAX phases -
Qualification scientific work on the rights of manuscript. Dissertation for the degree of Doctor of Philosophy in
specialty 104 - Physics and Astronomy (Field of Knowledge 10 - Natural Sciences) - National Research Center
"Kharkiv Institute of Physics and Technology" of the National Academy of Sciences of Ukraine, Kharkiv, 2024.
Surface modification technologies are widely used as an effective way to improve the complex characteristics of
materials. MAX phases, which combine the properties of ceramics and metals due to their special nanolayered



structure and combined type of bonding, are a promising material for multifunctional coatings resistant to high-
temperature oxidation, corrosion, wear, irradiation, etc. However, the high synthesis temperatures of MAX phases
are an important obstacle to their widespread use. Application of ion-plasma methods of physical deposition can
significantly reduce the synthesis temperature due to the high energy of the particles that form the coating.
Therefore, it is important to develop simple and economical processes for the synthesis of coatings using a
multicomponent cathode that provides MAX phase stoichiometry. The presented thesis is aimed at studying the
regularities of the structure formation of ion-plasma coatings deposited from cathodes based on MAX phases of
the Ti-Al-C system and establishing the relationship between the parameters of their synthesis, chemical
composition, structure and physical and mechanical properties. For the first time, comprehensive comparative
studies of the composition, structure and properties of coatings deposited by different ion-plasma methods from
cathodes based on MAX phases of the Ti-Al-C system, which were made by hot pressing powder mixtures, were
carried out. The processes of deposition of high-quality coatings up to 10 um thick on technologically significant
substrates by the following methods were worked out: ion sputtering using an arc gas plasma source, vacuum arc
deposition, and magnetron sputtering. X-ray fluorescence analysis, scanning electron microscopy with an X-ray
energy dispersive microanalysis system, Auger spectroscopy, and X-ray diffraction analysis were used to study the
composition and structure of cathodes and deposited coatings. The following material properties were
determined: nanohardness and Young's modulus, wear resistance and cavitation resistance, fretting fatigue
resistance, oxidation resistance and electrical conductivity. It has been shown that the MAX phase of Ti2AIC
belongs to the hard-to-spray materials. The sputtering coefficient of a target based on Ti2AIC with Ar+ions is 1.5
times lower than that of titanium targets and decreases from 0.7 to 0.2 atoms/ion when the ion energy decreases
from 1200 to 400 eV. As a result of bombardment with Ar+ions, phase transformations occur on the target surface
associated with the decay of the MAX phase and selective sputtering of light elements. It has been established that
when using a cathode (target) based on the MAX phase of Ti2AIC, magnetron coatings have a chemical composition
close to that of the cathode and a columnar nanostructure regardless of the discharge power in the range of 600-
2800 W. The elemental composition of ionic and vacuum-arc coatings at a substrate potential of 50 V also
practically corresponds to the cathode composition, but with an increase in potential to 100-200 V, the relative
aluminium content in the coatings drops sharply due to selective sputtering. The main phase in such coatings is a
solid solution of aluminium in the TiC crystal lattice, which has a cubic structure such as NaCl, due to the low
temperature of the substrate (< 450m), the mismatch of stoichiometry and the low energy of the particles forming
the coating. It has been found that the formation of the MAX phases Ti2AIC and Ti3AIC2 in vacuum-arc coatings is
facilitated by the use of a cathode with a high aluminium content and an increase in the power of ion
bombardment of the growth surface with heavy ions, which is achieved by introducing argon into the vacuum
chamber and/or doping the cathode material with niobium (replacing 10-20 at.% Ti). No increase in the MAX
phase content was observed when the cathode material was alloyed with tin (replacing up to 50 at% Al). In the case
of alloying with both elements, tin suppresses the effect of niobium on increasing the content of the MAX phase
and stabilises the structure of TiC carbide. It has been found that the vacuum-arc coating Ti0.65A10.07C0.28 with a
two-phase structure of solid solutions based on TiC+(o-Ti) has a wear resistance and cavitation resistance 1.5-2
times higher than the widely used TiN coating. With a friction coefficient of 0.5-0.6, the specific wear rate of the
Ti0.65A10.07C0.28 coating is 1.26 x 10-4 mm3/Nm at room temperature and decreases to 7.18 x 10-5 mm3/Nm at
500°C.
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KBasidikanis: n.¢.-m.1., npodecop, c.H.c., wieH-kop. HAH Vkpaiuy, 01.04.07
Inentudikarop ORCHID ID: 0000-0003-3091-4033

JoparkoBa iHdpopmamist:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0C00H: HanioHanbHui HayKOBUIA EHTP "XapKiBChkuii (iznko-

TeXHIYHMH iHcTUTYT" HanionaspHOI akazemii Hayk YKpaiHu

Kopg, 3a €IPIIOY: 14312223

Micuesnaxo,zm(eunﬂ: BYJI. AKazieMiuHa, 6yz. 1, XapkiB, XapkiBcbkuil p-H., 61108, Vkpaina
dopma BracHOCTI: JlepxasHa

Cdepa yIIpaBJIiHHﬂ: HanjonanbHa akageMid HayK YKpaiHu

InenTudikarop ROR:

CeKTop HayKH: AkafieMivHui

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Caenko Ceprii1 IOpiiioBuy

2. Sergiy Y. Saenko

KBasigikanis: n.1.1., c.u.c., 21.06.01
InenTudikarop ORCHID ID: 0000-0002-2598-3598
JoparkoBa iHdpopmamuist:

IloBHE HaliIMEeHYBaHHS IOPUAHNYHOI 0COOM: HaujoHanbHuit HAyKOBuUIt LeHTp "XapKiBChbKuii (i3nko-

TexXHIYHMH iHcTUTYT" HanionaspHOI akazemii Hayk YKpainu

Kopg, 3a €IPIIOY: 14312223

Micue3Haxoa>KeHHS: By/. AkafemiuHa, 6yi. 1, Xapkis, XapkiBchkuii p-H., 61108, Vkpaina
dopma B1acHOCTI: JlepxaBHa

Cdepa ynpaBiiHHS: HaujoHanbHa akaziemist HayK YKpaiHu



InenTudikarop ROR:

CeKTop HayKH: AkafemiyHui1

VIII. 3aKkJII04Hi BiZOMOCTi
BsiacHe I'Ipi3Bnme IMm's [1o-6aTBKOBI Iununenko Mukosna MukosannoBu4

TOJIOBH paju

BaacHe IlpizBuie Im's ITo-6aTbKOBI Iumnenko Mukosa Mukosaiiosuy

TOJIOBYIOYOTO Ha 3acCiiaHHi

BignoBigasbHUIH 3a HiATOTOBKY HHII XOTI OK[L

00JIiKOBUX JOKYMEHTIB

PeecTpartop YkpIHTEI

KepiBHuKk Bigainy YKpIHTEI, mpo €
BiZINOBiZaJIbHUM 32 peeCTpallilo HayKOBOi IOpuenko TeTsna AHaTosiiBHA

OisSIIBHOCTI




