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Pedepar:

1. IucepranjiiiHa po60oTa MpUCBAYEHa EKCIIEPUMEHTATILHOMY JOCII)KEHHIO XiMIYHOI B3aeMO/Iii KOMIIOHEHTIB Y
notpiitaux cucremax {Zr,Hf}-Al-{Si,Ge,Sn,Sb}, BcTaHOB€HHIO (pa30BUX piBHOBAT Ta 0OYNOBI i30TEpMIYHUX
nepepisiB giarpam crany nnpu 600°C, CMHTe3y Ta BU3HAYEHHIO KPUCTAJIIYHOI CTPYKTYPHU CIIOJIYK, SIKi B HUX
YTBOPIOIOTBCS, i BUBEIEHHIO iXHiX KDUCTAJIOXIMIYHMX 3aKOHOMIDHOCTEN. METOLOM €JIEKTPOAYTOBOrO CIJIABJISIHHS 3
[I0A/IbIINM roMoreHi3yiounm Bigmanom rnpu 600°C cuHTe30BaHO 61 TBOKOMIIOHEHTHUM i 357 TPUKOMIIOHEHTHUX
crnasiB cucrem {Zr,Hf}-Al-{Si,Ge,Sn,Sb}. BuxinHumMy KOMIIOHEHTaMU CJIyTyBaJIi KOMIIAKTHI IPOCTi pe4OBUHU
BUCOKOi yuctotu. PazoBuil ckiaj 3pa3kiB BUBHAUYEHO 3a JOTIOMOTOI0 PEHTTeHiBChbKOi AUPaKILii i ClIeKTPOCKOITii.

MacuBy peHTreHiBCbKUX JUQPPaKLiHUX JaHMX OTPUMAHO Ha NOPOUKOBUX nudpakromerpax JPOH-2.0M



(mpominns Fe Ko) ta STOE Stadi P (mpominns Cu Kal), a 10KkanbHUI pEHTT€HOCNIEKTPaIbHUI aHalli3 IPOBEIEHO Ha
PacTpoBOMY €JIEKTPOHHOMY Mikpockoni PEMMA-102-02, ocHalleHOMYy €HEProJUCIIEPCITHUM PEHTT€HIBCbKUM
criektpoMmeTpoMm EJIAP, Ta Ha cKaHyI04YOMYy €JIEKTPOHHOMY Mikpockori Tescan Vega 3 LMU, ocHameHOMy 1BOMa
IeTeKTOpaMU (BTOPMHHUX €JIEKTPOHIB i 3BOPOTHO PO3CiSIHUX €JIEKTPOHIB) Ta €HeproJUCIEPCIIHUM PEHTI€HIBCbKUM
anasnizaropom Oxford Instruments Aztec ONE 3 getekropom X-MaxN20. Ha ocHOBi pe3ysipTaTiB pazoBoro aHasmisy,
METOJ0M TPUaHTyJIsLii T00YI0BaHO i30TepMiyHi nepepisu Aiarpam cTaHy MOTPiHUX cUCTEM
{Zr,Hf}-Al-{Si,Ge,Sn,Sb} npu 600°C. KpucraniyHy CTPyKTypy TEPHapHUX (Pa3 BU3HAYEHO PEHTI€HiBCbKUMU
IudpaxkuiiHuMy Metogamu nopouky (audpakromerpu JPOH-2.0M i STOE Stadi P) i MoHOKpucTany
(mudpaxrometp Rigaku AFC7, nerextop Mercury CCD, npominast Mo Kn). 3a pe3ysbratamu eKCliepruMeHTaIbHUX
IOCHiIKeHb BCTAaHOBJIEHO (a30Bi piBHOBAru Ta BIieplie 100yA0BaHO i30TEPMiUHi IIepepi3u JiarpaM CTaHy
notpiitnux cucrem {Zr,Hf}-Al-{Si,Ge,Sn,Sb} npu 600°C y noBHMX KOHLIEHTpaLiliHUX iHTepBaax. [linTBepAXKeHO
icnyBanHs ipu 600°C 56 6iHapHUX CIIOJIYK, BCTAHOBJIEHO iCHYBaHHS 29 TEPHAPHUX CIOJIYK, 22 3 IKUX — BiJKPUTO
Brepiue. [y BCiX CMHTE30BaHMX TEPHAPHUX CIIOJIYK BU3HAYEHO [TapaMeTPY KPUCTAIiYHUX CTPYKTYP. Ha OCHOBI
Pe3yJbTaTiB eKCIIEPUMEHTAIBHUX [IOCIiI)KEHb BCTAHOBJIEHO OCOOJIMBOCT] B3a€MO/ii KOMIIOHEHTIB y CUCTEMAaxX

{Zr Hf}-Al-{Si,Ge,Sn,Sb}, 3xilicHeHO OPIBHAIBHUI aHAJII3 CUCTEM MiX CO00I0 Ta 3i COPifHEHNMU NOTPIMHUMU
CHCTEMaMU Ta BCTAHOBJIEHO KPUCTAJIOXIMi4HI 3aKOHOMIPDHOCTI TepHapHUX CNIOJyK. CIIOCTEPIraeThCs CIOPigHEHICTh
cucTeM 3 TUM camuM d-esiemeHToM (Zr uu Hf), a Takox nonapHa crnopignenicts cucrem 3 Zr Ta Hf i ogHakoBoro p-
enemeHTa 14 (Si, Ge, Sn) um 15 (Sb) rpynu nepiognyHoi cucreMu. HallMEeHINOO KiJIbKiCTIO TEPHAPHUX CIIOJIYK (2)
xapakrepusyeTbcs cucrtema Hf-Al-Si, a Hait6inbmoro (1o 5) - cucremu Zr-Al-Ge i Hf-Al-Sb. [1pu nepexoai Bif,
cucteM 3 Si 10 cucteM 3 Ge CIIOCTEPIraeTbCs YCKIAIHEHHS XapaKTepy B3a€MOJii KOMIIOHEHTIB, 10 IIPOSIBIISIETLCS Y
301/IbIIE€HHI 3arajbHOI KiJIbKOCTI TEPHApHUX CHOJYK Bif 5y cucremax {Zr,Hf}-Al-Si o 9 y cucremax {Zr,Hf}-Al-Ge.
I1pn nepexofi 1o cuctem 3i Sn KiJIbKiCTh TEPHAPHUX CIIOJIYK 3MEHIIYEThCA 1O 6, a 3aMiHa Sn Ha Sb IpUBOJIUTE [0
30iIbIIIEHHS KiJIbKOCTI TepHAPHUX iHTepMeTalifiB 1o 9. KpucrasiyHi CTpyKTypu TEPHAPHUX CIIOJIYK CUCTEM

{Zr Hf}-Al-{Si,Ge,Sn,Sb} HanexxaTh 1O ceMU CTPYKTYPHUX TUIIIB; 1J1s OiJIBIIOCTI 3 HUX NIPOCTEKYEThCS TEHAEHLIiS 10
BIIOPSIKYBAaHHSA aTOMIB Pi3HMX XIMIYHUMX eleMeHTiB. HayKoBa HOBM3HA OepP>KaHMX PE3yJIbTATIB [10JIArae B TOMY, L0
BIeplie BU3Ha4eHo a3oBi piBHOBAru Ta noby0BaHO i30TepMiyHi I1epepisu miarpam CTaHy CUCTEM
{Zr,Hf}-Al-{Si,Ge,Sn,Sb} npu 600°C y MOBHUX KOHLEHTpaLiHUX iHTepBajaX; BCTAHOBJIEHO 00J1aCTi TOMOTr€HHOCTI
TE€PHAPHUX CIIOJIYK i MEXi TBEPAMX PO3UMHIB HA OCHOBI OiHAPHUX CIIOJIyK; 3HAN€HO 1Ba HEIIEPEPBHI P TBEPIUX
PO34YMHIB MiXK 6iHApHMMU CHOJIyKaMu, 21 0OMeKeHUI1 TBEPAN PO3UMH 3aMillleHHS i OIMH TBepAU PO3YMH
BKJIIOUEHHS Ha OCHOBI 6iHapHUX iHTepMeTasifiiB. BctaHoBneHo icHyBaHHS nipu 600°C 29 TepHapHUX CIIOMNYK (5
cuninupis, 9 repMmaHinis, 6 cTaHiniB i 9 aHTUMOHITIB), 22 3 IKMX — HOBI. [lJ11 BCiX TEpHAPHUX CIIOJIYK BU3HAUYE€HO
napaMeTpy KPUCTaJIiYHUX CTPYKTYP; PEHTT€HIBCbKUMHU AUPPAKLITHMMU METOIAMU MOHOKPHUCTAJY Ta OPOLIKY
po3mndpoBaHoO 11Ba HOBI cTpyKTypHi THNM — ZrAl0.23Gel.77 i Zr11Al3.34Ge6.66. Ha ocHOBi pe3ysibTaTiB
€KCIIEpPUMEHTAJIbHUX JIOCTIi/I)KEHb BCTAHOBJIEHO OCOGJIMBOCTI B3a€MO/Iii KOMIIOHEHTIB y IIOTPIIHMX cUCTeMax

{Zr Hf}-Al-{Si,Ge,Sn,Sb}, 3xificHeHO iXHiil NOPIBHA/IBHUI aHaJi3 MiX COOOIO Ta i3 CIIOPiAHEHMMY; BUBEJIEHO
KPUCTAJIOXIMiUHi 3aKOHOMIPHOCTi TEpHAPHUX CIIOJIYK; BCTAHOBJIEHO B3AEMO3B' 130K MK XiMiYHUM CKJIAZIOM i

KPUCTaIiYHOIO CTPYKTYPOIO TepHApHUX (a3 y NOCTiIKeHNX CUCTEMAX.

2. The dissertation is devoted to an experimental investigation of the chemical interaction of the components in
the ternary systems {Zr,Hf}-Al-{Si,Ge,Sn,Sb}, establishment of the phase equilibria and construction of the
isothermal sections at 600°C of the phase diagrams, synthesis and determination of the crystal structures of the
compounds that form in these systems. Based on the observations, crystal-chemical regularities are derived. 61
two-component and 357 three-component alloys of the systems {Zr,Hf}-Al-{Si,Ge,Sn,Sb} were synthesized by arc
melting, followed by homogenizing annealing at 600°C. Compact elemental substances of high purity served as
starting components. The phase compositions of the samples were determined using X-ray diffraction and
spectroscopy. X-ray diffraction patterns were obtained on powder diffractometers DRON-2.0M (radiation Fe Kn)
and STOE Stadi P (radiation Cu Kal), and local X-ray spectral analysis was performed on a raster electron
microscope REMMA-102-02 equipped with an energy-dispersive X-ray spectrometer EDAR, and on a scanning
electron microscope Tescan Vega 3 LMU equipped with two detectors (secondary electrons and back-scattered



electrons), and an energy-dispersive X-ray analyzer Oxford Instruments Aztec ONE with the detector X-MaxN20.
Based on the results of the phase analysis, the isothermal sections of the phase diagrams of the ternary systems
{Zr,Hf}-Al-{Si,Ge,Sn,Sb} at 600°C were constructed by the triangulation method. The crystal structures of the
ternary phases were determined by X-ray powder (diffractometers DRON-2.0M and STOE Stadi P) and single-
crystal (diffractometer Rigaku AFC7, detector Mercury CCD, radiation Mo Ko) diffraction. Based on the experimental
investigations, the phase equilibria were established, and the isothermal sections of the phase diagrams of the
ternary systems {Zr,Hf}-Al-{Si,Ge,Sn,Sb} at 600°C were constructed in the whole concentration region, for the
first time. The existence of 56 binary compounds at 600°C was confirmed, and 29 ternary compounds were
observed, 22 of which were discovered for the first time. Crystallographic parameters were determined for all of
the ternary compounds. Based on the experimental investigations, peculiarities of the interaction of the
components in the systems {Zr,Hf}-Al-{Si,Ge,Sn,Sb} were pointed out. A comparative analysis of these and related
ternary systems was carried out, and crystal-chemical regularities of the ternary compounds were deduced.
Similarities were observed for systems with the same d-element (Zr or Hf), as well as between systems with Zr or
Hf and the same p-element of group 14 (Si, Ge, Sn) or 15 (Sb) of the periodic system. The smallest number of
ternary compounds (2) was found in the system Hf-Al-Si, and the largest number of ternary compounds (5 in each
system) in the systems Zr-Al-Ge and Hf-Al-Sb. When moving from the systems with Si to the systems with Ge, the
character of the interaction of the components becomes more complex, which is reflected in an increase of the
total number of ternary compounds from 5 in the systems {Zr,Hf}-Al-Si to 9 in the systems {Zr,Hf}-Al-Ge. When
moving to the systems with Sn, the number of ternary compounds decreases to 6, but the replacement of Sn by Sb
leads to an increase to 9. The crystal structures of the ternary compounds of the systems {Zr,Hf}-Al-{Si,Ge,Sn,Sb}
belong to seven structure types; for most of them, a tendency to ordering of atoms of different chemical elements
was observed. The scientific novelty of the obtained results lies in the fact that for the first time the phase
equilibria were determined and isothermal sections of the phase diagrams of the systems {Zr,Hf}-Al-{Si,Ge,Sn,Sb}
at 600°C were constructed in the whole concentration range; the homogeneity ranges of the ternary compounds
and solid solutions based on binary compounds were established; two continuous solid solutions between binary
compounds, 21 limited solid solutions of the substitution type and one solid solution of the inclusion type based on
binary intermetallics were found. The existence of 29 ternary compounds (5 silicides, 9 germanides, 6 stannides,
and 9 antimonides) at 600°C was established, 22 of which are new. For all of the ternary compounds the crystal
structures were determined and, by means of X-ray singe-crystal and powder diffraction, two new structure types,
ZrAl0.23Gel.77 and Zr11A13.34Ge6.66, were determined. Based on the results of the experimental investigations,
peculiarities of the interaction of the components in the ternary systems {Zr,Hf}-Al-{Si,Ge,Sn,Sb} were
emphasized, and crystal-chemical regularities of the ternary compounds were deduced. Relationships between the
chemical composition and the crystal structure of the ternary phases in the studied systems were established.
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https:/ /scholar.google.com.ua/citations?user=LjOMhuEAAAAJ

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujonanbHuil yHiBepcuteT "JIbBiBCbKa MOTTITEXHIKA"
Kopg 3a €IPIIOY: 02071010

Micue3HaxoaKeHHS: ByJ1. CrenaHa BaHgepy, 60yz. 12, JIbBiB, 79013, Ykpaina

dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBriHHS: MiHicTepCTBO OCBITH i HayKy YKpaiHu

Inentudikarop ROR:

CeKTOop HayKH:. YHiBEPCUTETChHKUI

PeuenszeHTu

BiacHe IIpi3Buie Im'sa I1o-6aTbKOBI:
1. 3apemb6a Bacunb IBanoBUY

2. Vasyl I. Zaremba
KBasigikamis: k. x. u., mou.
InenTudikarop ORCHID ID: 0000-0003-0995-4225

JoparkoBa iHpopmanist: Scopus Author ID: 7007183033; Web of Science Researcher ID: GIQ-9197-2022;
https://scholar.google.com /citations?hl=en&user=PctyoioAAAAJ

IloBHE HaliMEHYBaHHS IOPUAHYHOL 0CO00H: JIbBiBCHKMIi HAliOHATbHMIL yHiBEpCUTET iMeHi IBaHa PpaHka
Kopg 3a €IPIIOY: 02070987

Micuesnaxo,zm(eﬂna: ByJI. VHiBepcureTchka, 6ya. 1, JIpBiB, 79000, Ykpaina

dopma ByacHOCTI: Jlepxasna

Cdepa ynpaBitiHHS: MiHictepcTBo OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

CeKTop HayKH: YHIBepCUTETCHKUI

BiacHe IIpi3Buie Im'sa I1o-6aTbKOBI:

1. Konuk Mapig borpaniBHa

2. Mariya B. Konyk

KBasigikamis: k. x. u., mou.

Imentudikarop ORCHID ID: 0009-0000-6921-8460

HoparkoBa iHopMmamisi: Scopus Author ID: 6603057828; Web of Science Researcher ID: DAA-0893-2022;
https://scholar.google.com /citations?hl=uk&user=a3LwazEAAAA]

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0COOM: JILBiBCHLKMII HALliOHAIBHYI YHiIBEpCUTET iMeHi IBana Ppanka

Kopg 3a €IPIIOY: 02070987



Micue3HaxoaKeHHS: ByJI. YHiBEpCUTETCHKA, Oy, 1, JIpBiB, 79000, Ykpaina
dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH i HayKy YKpaiHu
InenTudikarop ROR:

CeKTOop HayKH:. YHIBEPCUTETCHKUIL

VIII. 3aKkJIl04Hi BiZOMOCTi
Biacue IpizBume Im's Ilo-6aThKOBI Kotyp Bornan fipocnaosu

TOJIOBH pajgu

BaacHe IIpizBume Im'st Ilo-6aThKOBI Koryp Borzan flpocnasosn
rOJIOBYIOYOTO Ha 3aciJaHHi

BignoBiganpHMii 32 MiATOTOBKY Kak Onbra BonosumupisHa

00JIIKOBHX JOKYMEHTIB

PeecTtparop VYkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mo €
BiZIOBiZaJIbHUM 32 peecTpallilo HayKOBOIi IOpuenko TeTsHa AHaTosiiBHA

OisIIBHOCTI




