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2. Systems {Zr,Hf}-Al-M (M = Si, Ge, Sn, Sb): phase equilibria and crystal structures of the compounds.

Pedepar:

1. Incepraniiina po60Ta IPUCBIYEHA €KCIIEPUMEHTATILHOMY NOCJIiI)KEHHIO XiMIiUHOI B3aeMO/Iii KOMIIOHEHTIB Y
notpiitnux cucremax {Zr,Hf}-Al-{Si,Ge,Sn,Sb}, BcTaHoBn€eHHI0 Pa30oBUX piBHOBAT Ta OOYOBI i30TEpMIYHUX
nepepisiB giarpam crany npu 600°C, cuHTe3y Ta BU3HAYEHHIO KPUCTAIIYHOI CTPYKTYPU CIIOJIYK, SIKi B HUX
YTBOPIOIOTBCS, i BUBEIEHHIO iXHiX KPUCTAJIOXIMIYHMX 3aKOHOMIDHOCTEN. METOIOM €JIEKTPOYTOBOTO CILJIABJISIHHS 3
NOJIaJIbIIIM FOMOTEHI3yI0YMM Bifinasiom npu 600°C cuHTe30BaHO 61 JBOKOMIIOHEHTHUH i 357 TPUKOMIIOHEHTHUX
crnnaBiB cucreM {Zr,Hf}-Al-{Si,Ge,Sn,Sb}. BuxinHuM1 KOMIIOHEHTaMU CJIYTyBajIi KOMIIAKTHI IPOCTi pEUOBUHU
BHCOKOI yncToTH. Pa3oBuii ckiaz 3pa3KiB BUBHAYEHO 3a LOIIOMOIOI0 PEHTIeHiBChbKOI Audpaxiii i criekrpockorii.
MacuBu peHTreHiBChbKUX AUPaKIifHUX JaHUX OTPUMAaHO Ha MOpPoUIKOBUX nudpakromerpax JPOH-2.0M
(mpominns Fe Ko) ta STOE Stadi P (mpominns Cu Kal), a 10KkanbHUI peHTreHOCNIEKTPaIbHUI aHasli3 IPOBEEHO Ha
pacTpoBOMY €JIEKTPOHHOMY Mikpockori PEMMA-102-02, ocHaleHOMY €HEProgyCIIepPCiiHUM PEHTTEHIBCbKUM
criektpoMmeTpoMm EJIAP, Ta Ha ckaHyI04YOMYy €JIEKTPOHHOMY Mikpockorni Tescan Vega 3 LMU, ocHameHOMy 1BoMa



IEeTEKTOpaMU (BTOPMHHUX €JIEKTPOHIB i 3BOPOTHO PO3CiSIHUX €JIEKTPOHIB) Ta €HeProJUCIEPCIHHNM PEHTI€HIBCbKUM
anasnizaropom Oxford Instruments Aztec ONE 3 getekropom X-MaxN20. Ha ocHOBIi pe3ysipTaTiB pazoBoro aHasmisy,
METOJIOM TPUAHTYJIsLii T0OYyA0BaHO i30TEpMIiUHI lepepi3u Jiarpam cTaHy NOTPiHUX CUCTEM

{Zr Hf}-Al-{Si,Ge,Sn,Sb} mpu 600°C. KpucraniyHy CTPYKTypy TEPHAapHUX (a3 BUBHAYEHO PEHTI€HiBCbKUMU
IupakUiiHUMU MeTogamu nopouiky (gudpakromerpu JJPOH-2.0M i STOE Stadi P) i MoHOKpucTany
(nudpaxrometp Rigaku AFC7, nerextrop Mercury CCD, npominzst Mo Kn). 3a pe3ysbTaTamy eKCliepruMeHTaIbHUX
IOCHiIKeHb BCTAHOBJIEHO (a30Bi piBHOBAru Ta BIleplle I00YyA0BaHO i30TEPMiUHI IIepepisu JiarpaM CTaHy
notpiitnux cucrem {Zr,Hf}-Al-{Si,Ge,Sn,Sb} npu 600°C y noBHMX KOHLIEHTpaLiliHUX iHTepBaax. [linTBepAXKeHO
icHyBanHs ripu 600°C 56 6iHapHUX CIIOJYK, BCTAHOBJIEHO iCHYBaHHS 29 TEpHAPHUX CIIOJYK, 22 3 SIKUX — BiIKpPUTO
Briepiue. [y BCiX CMHTE30BaHMX TEPHAPHUX CIIOJIYK BU3HAYEHO [TapaMeTPU KPUCTAIiYHUX CTPYKTYP. Ha 0CHOBI
Pe3yJIbTaTiB €KCIIEPMMEHTAIBHUX [OCIiI)KEHb BCTAHOBJIEHO OCOOJIMBOCTI B3a€MO/ii KOMIIOHEHTIB y CUCTEMAX

{Zr Hf}-Al-{Si,Ge,Sn,Sb}, 3xilicHeHO OPIBHAIBHUI aHAJI3 CUCTEM MiX CO00I0 Ta 3i CMOPifHEHNMU NOTPIMHUMU
CHACTEMaMU Ta BCTAHOBJIEHO KPUCTAJIOXIMi4HI 3aKOHOMIPDHOCTI TepHApPHUX CHIOJYK. CIIOCTEPIraeThCs CIOPigHEHICTh
CHCTeM 3 TUM camuM d-esiemeHToM (Zr uyu Hf), a Takox nonapHa crnopigneHicts cuctem 3 Zr Ta Hf i ogHakoBoro p-
enemeHTa 14 (Si, Ge, Sn) uu 15 (Sb) rpynu nepiognyHoi cucremu. HaliMeHIIOO KiJIbKiCTIO TEPHAPHUX CIIOJIYK (2)
xapakrepuayeTbcs cuctema Hf-Al-Si, a Halibinbmoro (1o 5) — cuctemu Zr-Al-Ge i Hf-Al-Sb. IIpu nepexogi Bix,
cucreM 3 Si 10 cucteM 3 Ge CIIOCTEPIraeTbCs YCKIAIHEHHS XapaKTepy B3a€MOJil KOMIIOHEHTIB, 10 IIPOSIBIISIETLCS Y
361/IbIIE€HHI 3arajibHOI KiJIbKOCTI TEPHApHUX CHOJYK Bif 5y cucremax {Zr,Hf}-Al-Si o 9 y cucremax {Zr,Hf}-Al-Ge.
IIpu nepexofi 7o cucteM 3i Sn KiJIbKiCTb TEPHAPHUX CHOJIYK 3MEHIIYETHCS 110 6, @ 3amiHa Sn Ha Sb npuBoguTh 10
301/IbIIIEHHS KiJIbKOCTI TepHAPHUX iHTepMeTalifiB o 9. KpucrasniuHi CTpyKTypu TEPHAPHUX CIIOJIYK CUCTEM

{Zr Hf}-Al-{Si,Ge,Sn,Sb} HanexxaTs L0 ceMU CTPYKTYPHUX TUIIIB; 1J1s Oi/IBIIOCTI 3 HUX NIPOCTEXYEThCS TEHAEHLIiS 10
BIIOPSKYBAaHHSA aTOMIB Pi3HUX XIMIYHUX eleMeHTiB. HayKoBa HOBM3HA Olep>KaHMX PE3YJIbTATIB [10JIArae B TOMY, L0
BIleplie BU3Ha4eHo a3oBi piBHOBAru Ta Mody0BaHO i30TepMiyHi [1epepisu miarpam CTaHy CUCTEM
{Zr,Hf}-Al-{Si,Ge,Sn,Sb} npu 600°C y NOBHUX KOHLEHTPaLiHUX iHTepBaaxX; BCTAHOBJIEHO 00J1aCTi TOMOTr€HHOCTI
TE€PHAPHUX CIIOJIYK i MEXi TBEPAMX PO3UMHIB HAa OCHOBI OiHAPHUX CIOJIYK; 3HAN€HO 1Ba HEIIEPEPBHI PSU TBEPIUX
PO34MHIB MiXK 6iHAPHMMU CIIOJIyKaMu, 21 0OMeKeHUi1 TBEPAU PO3UMH 3aMillleHHS i OIMH TBepAUi PO3YMH
BKJIIOUEHHS] HAa OCHOBI 6iHapHUX iHTepMeTasifiiB. BctaHoBneHo icHyBaHHS nipu 600°C 29 TepHapHUX CIIONYK (5
cuninupis, 9 repMmaHinis, 6 cTaHiniB i 9 aHTUMOHITIB), 22 3 IKMX — HOBI. [lJ1 BCiX TEpHAPHUX CIIOJIYK BU3HAUYE€HO
napaMeTpy KPUCTAJIIYHUX CTPYKTYP; PEHTT€HIBCbKUMU OUPPAKLIMHMMU METOLAMU MOHOKPHUCTAJY Ta MOPOLIKY
po3mndpoBaHoO [1Ba HOBi cTpyKTypHi THNM — ZrAl0.23Gel.77 i Zr11Al3.34Ge6.66. Ha ocHOBi pe3ysipTaTiB
€KCIIEPMMEHTAJIbHUX JIOCIi/I)KEHb BCTAHOBJIEHO OCOOJIMBOCTI B3a€MO/ii KOMIIOHEHTIB y IIOTPIIHMX CUCTeMax

{Zr ,Hf}-Al-{Si,Ge,Sn,Sb}, 3xiiicHeHO ixHii1 TOPiBHAIBHUI aHaJI3 MiX CO60IO0 Ta i3 CIIOPiTHEHNMU; BUBEJIEHO
KPUCTaJIOXiMiUHi 3aKOHOMIPHOCTi TEpHAPHUX CIIOJIYK; BCTAHOBJIEHO B3a€MO3B' 130K MK XiMiYHUM CKJIAZIOM i

KPUCTaJIiYHOIO CTPYKTYPOIO TepHApHUX (a3 y NOCTiIKeHUX 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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BaacHe IlpizBumie Im's ITo-6aTbKOBI Kotyp borgau flpociaBoBny
TOJIOBH pajgu

BiiacHe IIpisBuie Im'sa ITo-6aTbKOBI Kotyp Borgan fpociaBoBuy
rOJIOBYIOYOrO Ha 3acCimaHHi

BignoBigasbHuUI 3a MiATOTOBKY JKak Osbra BosogumupiBHa

00JIiIKOBHX JOKYMEHTIB

PeecTpartop YkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiJIIOBiZaJIbHUM 3a peE:CTpaI.lilO HayKOBO'l' Opuenko TersiHa AHaToJIiBHA

OisIIBHOCTI




