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Pedepar:

1. BoptHuupbka M.O. 3akoHOMIpHOCTI (OPMYBaHHS Ta BJIACTUBOCTI iI0HHO-TIJIAa3MOBUX MTOKPUTTIB Ha OCHOBI MAX
¢as. - Kpasnidikauiiina HayKoBa Ipalsl Ha [TpaBax pyKonucy. JlucepTrauis Ha 3100yTTs CTyneHs JoKTopa ¢inocodii
3a crietianbHicTio 104 — ®isuka ta actpoHoMid (I'amy3b 3HaHb 10 - IIpupogHudi Hayku). — HanioHanpHUI HayKOBUA
LeHTp “XapKiBCcbKUH iznKo-TexHiuyHuM iHCcTUTYT” HauioHanpHOI Akamemii Hayk Ykpainu, Xapkis, 2024. TexHosorii
Mopudikaliii MoBepxHi OTpUMany MUPOKe 3aCTOCYBaHHS, SIK €(PEKTUBHUM CIIOCIO MifBUILIEHHS KOMIIJIEKCHUAX
XapaKTepUCTUK MaTepiaiB. [lepcriekTHBHUM MartepianioM Jist 6araTodyHKIiOHaNIbHUX TOKPUTTIB CTIMKUX 110
BHCOKOTEMIIEPATyPHOr'0 OKUCJIEHHS, KOPO3ii, 3HOIIyBaHHS, OIIpOMiHeHHS Tolo € MAX a3y, siki IoeIHyI0Th
BJIACTMBOCTI KEpaMiKU Ta METaJliB, 10 06YMOBJIEHO iX 0COOJIMBOIO0 HAHOIAPYBATOIO CTPYKTYPOIO i KOMOGIHOBaHUM
THUIIOM 3B's13Ky. [IpoTe BUCOKi TemniepaTypu cuHTe3y MAX ¢a3 € BaXIMBOIO MEPELKOAOI0 AJIS iX INPOKOTOo

3aCTOCYBaHHS. BUKOpUCTaHHS i0HHO-I1J1a3MOBUX METOIB (Pi3MYHOr0 OCAIPKEHHSI MOXKE [I03BOJIMTY 3HAYHO 3HUBUTU



TEeMIIEPATyPy CUHTE3Y 3a PaXyHOK BUCOKOI €Heprii 4aCTUHOK, SIKi yTBOPIOIOTb ITOKPUTTSL. TOMY aKTyaslbHUM €
PO3pOOJIEHHS IPOCTUX | EKOHOMIYHUX ITPOLIECiB CUHTE3Y ITIOKPUTTIB 3 BUKOPUCTAHHSM 6araTOKOMIIOHEHTHOTO
Karozy, o 3adesneuye crexiomeTpito MAX ¢asu. [IpeacrasieHa aucepraliiina po60oTa CIIpsIMOBaHA Ha BUBYEHHS
3aKOHOMipHOCTEN (POPMYBAHHS CTPYKTYPU iOHHO-TIJIa3MOBUX [TOKPUTTIB, SIKi OCA[IKEHi 3 KaTOMiB Ha OCHOBI MAX
¢da3 cucremu Ti-Al-C Ta BCTaHOBJIEHHS 3B'513KiB MK IapaMeTpaMu ix CUHTe3y, XiMiYHUM CKJIAZlOM, CTPYKTYPOIO i
(di3uKo-MexaHIYHMMU BJIACTUBOCTSIMU. Briepiie rpoBeieHi KOMILJIEKCHI TOPiBHSJIbHI [OCTiIKEHHS CKaay,
CTPYKTYpH Ta BJIACTUBOCTEN IIOKPUTTIB, OCAIPKEHUX Pi3HUMU iOHHO-TIJIa3MOBMMHU METOJAMU 3 KaTOMiB Ha OCHOBI
MAX ¢a3 cucremu Ti-Al-C, mo 6y/i1 BUTOTOBJIEH] TapsSYMM IIPECYBaHHSIM [IOPOLIKOBUX CyMilleil. BinmpanpoBaHo
IIPOLIECH OCAIKEHHSI SIKICHUX [TOKPUTTIB TOBIIMHOK A0 10 MKM Ha TEXHOJIOTIYHO-3HAYYLIMX MiIK/IaJKaX METOJAMMU:
iOHHOTO PO3IMJIEHHS 32 JOIIOMOTIOIO IYyTOBOTO JyKepeJia ra3oBoi [1J1a3MH, BAKYYMHO-IyTOBOTO OCaJyKEHHS Ta
MarHeTpOHHOTO PO3NuJIeHHs. [I71s1 HOoCiIKeHb CKIany i CTPYKTYPH KaTO[IiB Ta OCAIpKEHUX IIOKPUTTIB
BUKOPUCTOBYBAJIM PEHTI€HO(IIyOPECLEHTHUI aHali3, CKaHyI04y €JIEKTPOHHY MIKPOCKOIIIIO 3 CUCTEMOIO
PEHTT€HOCIIEKTPAIbHOTO €HEPrOIUCIIEPCIMHOrO MiKpoaHaidy, Oxke-CleKTPOCKOIIiI0, PEHTTEHOCTPYKTYPHUI
aHasIi3. BusHayany HaCTYIIHI BJIaCTUBOCTI MaTepiasliB: HAHOTBEPHIiCTbh Ta MOLYJIb FOHTa, OMip 3HOIYBAHHIO i
KaBiTalillHy CTi/KiCTb, Omip PPETUHI-BTOMI, CTIKICTb 1O OKACJIEHHS Ta €JIEKTPOIPOBiTHICTb. [TokazaHo, o MAX
aza Ti2AlC HanexuTh OO BaXKKOPO3MWIOBaHUX MaTepiainiB. KoedimieHnT po3nunenHs mimeHi Ha ocHOBi Ti2AIC
ioHamu Ar+ y 1,5 pasu HWKYMH, HiXX MillleHi 3 TUTaHy, Ta 3HWKyeTbcs Big 0,7 no 0,2 aToM /ioH NIpy 3MeHIIEHHi
eHeprii ioHis Big 1200 go 400 eB. Buacninok 6oM6apayBaHHs ioHaMy Ar+ Ha IIOBEPXHi MillleHi BioyBaloTbCs1 (a30Bi
[IepETBOPEHHS, NOB's13aHi 3 po3nanoM MAX (a3u Ta CEeJIEKTUBHUM PO3NUJIEHHSM JIETKUX €JIEMEHTIB. BCcTaHOBIEHO,
110 TIpY 3aCTOCYBaHHiI KaTony (MimeHi) Ha ocHoBi MAX ¢asu Ti2AlC marHeTpOHHi ITIOKPUTTSI MalOTh XiMiYyHUI CcKilag,
6JIM3bKMIA 0 CKJIa/ly KaTOJy i CTOBOYACTY HAHOCTPYKTYPY HE3aJIESKHO BiJl TOTYKHOCTI pO3psALy B Aiana3oHi 600-
2800 Br. EnemeHTHUII CKJIaf, iOHHUX i BAKYYMHO-JYTOBUX ITIOKPUTTIB Ipy NoTeHUian nmigkaanaxku 50 B Takox
IIPaKTUYHO BifIOBiZae CKIaay KaTony, OJHAaK 3 poCcTOM noTeHuiany 1o 100-200 B BigHOCHMH BMICT ajlOMiHIIO B
NIOKPUTTSIX Pi3KO Ia/la€ BHACIIOK CEJIEKTUBHOIO pO3NnuIeHHs. OCHOBHOIO (a3010 B TAKMX IIOKPUTTSIX € TBEPAUI
PO34YMH aMoMiHiI0 y KpucTaniyHii rparui TiC, ska mae Ky6iuny cTpykrypy Triry NaCl, mo 3yMOBIEHO HU3BKOIO
TeMIIepPaTyPOIO MigKIaaAKu (< 4500), HeBiNNOBIGHICTIO cTexioMeTpii i HU3bKOI €eHEPrielo YACTUHOK, O (POPMYIOTH
NOKpUTTSL. 3's1coBaHo, o popmysanHo MAX da3 Ti2AIC ta Ti3AIC2 y BaKyyMHO-[IyTOBUX IIOKPUTTSX CIIPUSIOTH
3aCTOCYBaHHS KaTOJy 3 MiBULIEHUM BMiCTOM aJIIOMiHil0 Ta 30iJIbII€HHS IOTYKHOCTi iOHHOr0 60MbapayBaHHs
[IOBEPXHi POCTY B&XKMMHU i0HaMU, 4YOT0 JOCSITalOTh BBEIEHHSIM Y BaKyyMHY KaMepy aproHy Ta,/abo0 jleryBaHHSIM
marepiainy karoza Hiobiem (mo 3amiHioe 10 - 20 at.% Ti). 3a seryBanHs maTepiany Karoza 0JI0BOM (110 3aMiHIOE 10
50 aT.% Al) 3poctanHs BMicTy MAX a3y He crioctepiranu. Y pasi ieryBaHHsi 000Ma eJleMeHTaMU, OJI0BO [IPUTHiuye
BILJIMB Hi06i10 Ha migBuieHHs BMicTy MAX da3u i cTabinisye ctpyktypy Kapb6iny TiC. BusiBiieHo, 10 BaKyyMHO-
nyrose nokputts Ti0,65A10,07C0,28 3 nBodpa3HO0 CTPYKTYPOIO TBepAUX po34nHiB Ha ocHOBI TiC+(n-Ti) mae omnip
3HOLIYBAHHIO i KaBiTallillHy CTilKicTh y 1,5-2 pa3u Bullli, HDX KPOKo 3acTocoByBaHe NMOKpUTTs TiN. [Tpu
koediuienTi repta 0,5-0,6 nuTOMa MBUAKICTb 3HOUYBaHHS NOKpUTTS Ti0,65A10,07C0,28 ctaHOBUTD 1,26 x 10-4
MM3/HM 3a KiMHaTHOI Temneparypu i 3meHmyeTbcst 10 7,18 x 10-5 mm3 /HM npu 500°C. JleryBaHHS MaTepiany
Karoja HiobieM Mae HeraTMBHUI BIIJIMB HA TPUOOJIOTIYHI XapaKTEePUCTUKY ITOKPUTTIB 3 1BO(DA3HOIO CTPYKTYPOIO
TBepAUX po3uuHiB Ha ocHOBi TiC+Ti3AIC2. TIpoTe, 3a J1eryBaHHs 0JI0BOM IIMTOMA WIBUAKICTb 3HOLIYBAHHS [IOKPUTTIB

3MEHIIYETHCS HA IOPSIOK 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 pum 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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InenTudgikarop ORCID ID: 0000-0003-3091-4033

JoparkoBa iHdpopmamnist:

IloBHe HaliMEeHYBaHHS IOPHUAHUYHOI 0COOM: HauioHanbHMil HAYKOBUIA LEHTP "XapKiBCbKuit (isnko-

TexXHIYHMH iHcTUTYT" HanionasnpHOI akagemii Hayk YKpainu

Kopg, 3a €IPIIOY: 14312223

Micue3HaxoaKeHHS: ByJI. AKasieMiuHa, O0yz. 1, XapkiB, XapkiBcbkUil p-H., 61108, Ykpaina
dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiiHHS: HaujonasnbHa akaziemis HayK YKpaiHu

InenTudikarop ROR:

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Caenko Cepri#1 IOpiitoBruy

2. Sergiy Y. Saenko

KBasigikanis: 1.1.1., c.u.c., 21.06.01
InenTudgikarop ORCID ID: 0000-0002-2598-3598
JoparkoBa iHdpopmamnist:

IloBHe HaliMEeHYBaHHS IOPHUAHUYHOI 0COOM: HauioHanbHMil HAYKOBUIA LIEHTP "XapKiBChKuit (isnko-

TexXHIYHMH iHcTUTYT" HanionasnpHOI akazemii Hayk YKpainu

Kopg 3a €IPIIOY: 14312223

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

Cdepa ynpaBiriHHS: HaujoHasnbHa akaziemis HayK YKpaiHu

InenTudikarop ROR:

VIII. 3aKkJII04Hi BiZoMOCTi
BiiacHe IIpi3Buine Im'sa ITo-6aTbKOBI Iununenko Mukosa MukosainoBud

TOJIOBH paju



BaacHe IlpizBumie Im's ITo-6aTbKOBI
TOJIOBYIOYOTO Ha 3acCiiaHHi
BignoBigasibHUMH 3a HiATOTOBKY

00JIiKOBUX JOKYMEHTIB

PeecTpaTop

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZIIOBiZaJIbHUM 32 peEeCTpallilo HAayKOBOIi

OisSIIBHOCTI

INununenko Mukosia MukosiaioBu4

HHLI XTI OKJ

VKpIHTEI

IOpuenko TeTsHa AHaTOJiiBHA



