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Pedepar:

1. B po6oTi IpoBOANIN CKAJISIPHO-PEJISITUBICTCHKI OOYMCIIEHHSI 30HHOI CTPYKTYPH 1151 OOpPaHUX YIOPSAKOBAHUX i
HEeYyINOpPSIKOBaHUX CYIIEPKOMIPOK, BUKOpHCTOBYyloun Quantum-ESPRESSO ko, no6yzoBaHuil Ha METO
(dyHKUioHay rycTuHU. 15 TBepaux po3unHis Til-xNbxB2 Ta Til-xZrxB2 6ys0 BcTaHOBIEHO, o npu T=0 K Til-
xNbxB2 € cTabinpHMMU (HeraTUBHA €HEpris 3MilllyBaHHS), ToJi SK Til-xZrxB2 € TepMOIMHAMIYHO HECTIIKAM
(mo3uTuBHa eHepris 3MmilyBaHHs). OTpMMaHi HeraTUBHI 3HaU4€eHHSI eHeprii 3MilyBaHHs AJ1s Bcix cknafiB Til-xNbxB2
BKa3YyIOTb HA MOXJIMBICTb YTBOPEHHS CTabIbHUX HENIEPEPBHUX TBEPIMX PO3YMHIB 3aMillleHHsI. BCcTaHOBJIEHO, 110
IIPUYMHOIO 3MillHEHHS TBEPAUX po3unHiB Til-xNbxB2 e nocuneHnHs Mi>kaTOMHOI B3aeMoZii MiXK Xy-IJIOLIMHAMMU B Z-

HanpsMKy. Lle miaTBepKyeTbCsl po3paxyHKaMy NapliabHUX IiIbHOCTEN €JIEKTPOHHUX CTaHIB i mapliaJbHUX



3apsAiB, SIKi IOKa3ylOTh 301/IbIIEHHS 3apsly Ha Pz OpoOiTasx aTOMIB 60PY y NOPIBHSHHI 3 PX Ta Py OpOiTansaMu s
CKJIaJiB 6JIM3bKUX 10 €KBiaTOMHUX. [lepen6ayaeThes, o 3i 3HVDKEHHSIM TeMIlepaTypu 1o kpuTtudHoi 1973 K tBepai
pozumnnu Til-xZrxB2 po3nafgaTUMyTbCs BifTIOBIIHO 10 CIiHOA/JBHOTO Yy 6iHOAILHOTO MeXaHi3MiB. BpaxyBaHHs
(POHOHHOI KOMIIOHEHTH 3MEHIIye KPUTUYHY TeMIIEpaTypy po3nany. BuBuyeHHsa MexaHiuHux BractusBocrent Til-
xNbxB2 Ta Til-xZrxB2 nokasaso, 10 BOHM He KOPEeJIoI0Th 3i CTabiIbHICTIO TBEPAVX PO3YMHIB i 3MIiHIOIOTHCS
IIPaKTUYHO JIiHIMHO 3aJIEXXHO BiJl iXHBOTO CKyady. 111 BCTAaHOBJIEHHSI MOXJIMBUX LUISAXIB nepexony B1-SiC B B3-SiC
IIpu feKoMIpecii 6ysia 3acTocoBaHa NEPIIONPUHLMITHA MOJIEKY IsIpHa auHaMika (FPMD). TIpomikHi cTann
aHaJIi3yBaJIM HA HasSBHICTb CUMETPIi 32 JOIIOMOr0OI0 TEOPETUKO-TPYIOBOIO MiXOAY Ta aHaji3y ()OHOHHUX CIIEKTPiB.
[TokaszaHo, 10 UISIX IEPEX0y 3aJIeXKUTh Bif, po3Mipy Ta KoHQirypaii 1oyaTKOBHUX KOMIpOK, TEMIIepaTyp
MOJ€JIIOBaHHS Ta HasIBHOCTI M'IKUX (POHOHHUX MOJI, BUMEP3aHHS SIKUX IPU3BOAUTb IO CTPYKTYPHOI
TpaHc@opmauii. My 3HaMIIIM 1Ba MOXJIMBUX LUISIXY AJ1 niepeTBopeHHs 3 Bl B 3C cTpykTypy: Fm3m -- Imm2 --
[4m2 -- F43m Fm3m -- [4mm -- Cc -- F43m 3anig BU3Ha4€HHA MEXaHIYHUX Ta TEPMOLMHAMIYHUX XapaKTEPUCTUK
Ta crabinbHoCTi TBepaux po3unHis TiC-SiC ta NbC-SiC 6ysnu npoBeeHi BifilIOBiiHI I€PIIOIPUHLMUITHI pO3PaxyHKU.
Po3paxoBaHa eHepris 3MillyBaHHS Ma€ MO3UTUBHI 3HAYEHHS 1J151 000X CUCTEM, a 3HAaYUTh, YTBOPEHHS TBEPIUX
PO3UMHIB IPU HU3bKUX TEMIIEPATypaxX € EeHEPreTUYHO HEBUTIIHUM. 3a/1J1s1 BUBHAYEHHSI CTabiIbHOCTI TBEPAUX
PO3YMHIB IIpY CKiHYEHHUX TeMIIepaTypax Hamu OyJiv o6yoBaHi CriHOAAbHI Ta 6iHOaIbHI KPUBI 3 BpaxyBaHHSIM
(oHOHHOI Ta KoHpirypaniiiHoi komnoHeHT. [Jns cuctemu Til-xSixC posraspanuch cTpyktypu Bl ta B3, ockinbku
Kap6in TuTaHy € crabinbHuM y Bl cTpykTypi, a Kap6in KpemHito -- y B3. [TokazaHo, mo cTpykTypa Bl € eHepreTudHo
BUTiHOIO B IianasoHi 0 <= x <0.5, Togi sk cTpykTypa B3 -- B mianazoni 0.5 <= x < 1.0. AHasoriuHi o64ncieHHs [
crasiB Nbl-xSixC rokasanu, 0 BOHU € AMHAMIYHO HeCTablIbHUMU Ha HNIXPOKOMY ITPOMIDKKY KOHLIEHTPaLIiii.
IMonpu te, mo o6uasi cucremu TiC-HfC i TiC-TaC nokasyoTs I03UTHUBHE BilXUJIEHHS 00'eMy Bif JiHilHOCTI, TiC-
HfC cucrema e HecTtabinbHOIO, TOgi K TiC-TaC cuctema € ctabinbHOo0. [JOCTiIKeHHI MEXaHIYHUX BJIaCTUBOCTEN
[10Ka3aJlo, 110 MoAyJli Ipy>KHOCTi Ta TBeprocTi nys TiC-HfC maioTe HeraTvBHe BiTXWUJI€HHS Bifl JIiHIMHOCTI, TOi SIK
s TiC-TaC -- mo3utuBHe. /17151 BUBYEHHS [TPUYMH 3MiljHeHHs TBepaux po3uynHiB TiC-TaC ta HecTabinbHOCTI TiC-
HfC npoBeneHo aHani3 ix e1€eKTPOHHOI CTPYKTYpH. [ToKazaHo, 1110 3MilJHEHHSI B OCHOBHOMY CIIPUYMHEHE BHECKOM
MEeTaJTiYHOi CKJIaZioBOi XIMIYHOTO 3B'SI3Ky, TO[Ii SIK eHepreTu4Ha HecTabinbHicTs crasiB TiC-HfC o6ymoBieHa,
rOJIOBHUM YMHOM, pi3HUIIEl0 MK 06'emamu koMipok TiC ta HfC. ByB npoBenenuil aHani3 cTabisbHOCTI BCix
MOXJIMBUX KOMOIHALlill TBEPAUX PO3UMHIB HAa OCHOBI Kapo6izis nepexignux metanuis IV, V ta yactkoso VI rpy.
[TokazaHo, 110 BCi CIJIaBY Ha OCHOBI Kap6iniB [TM pi3Hux rpyn € po3unHHUMH, 33 BUHATKOM ZrC-VC ta HfC-VC, mo
MOSICHIOETHCSI BEJIMKOIO Pi3HUIIEI0 MiXK 06'eMaMy KOMipOK KapbifiB, 3 IKUX BOHU CKJAnaloThes. [TokazaHo, mo
€Hepris 3MilllyBaHHS 3aJIe)KUTh B OCHOBHOMY Bifi pi3HHMLIi 06’'eMiB KiHILIeBUX KapOifiB Ta pi3HULi 3aMHSITOCTI
METaJIeBOi CMYTH B HUX. [IpoBeieHi pO3paxXyHKU [10Ka3YIOTh, 1[0 MAaKCUMaJIbHA TBEPICTh KapOifHUX CIJIaBiB Mae
OyTy 17151 KOMIIO3ULH 3 KiJIbKICTIO BaJIeHTHUX €JIeKTPOHIB piBHUM 8.5--8.75. Po3pob6ieHa MeToAMKa NOCTiIKeHHS], a
TaKOX OTPMMaHi pe3yJsIbTaTy MO>KHA 3aCTOCOBYBATH [1JIs1 OSICHEHHS (Pa30BUX NI€PEX0iB, MexaHi3MiB 3MilLlHEHHS Ta
17151 Iepe0avyeHHs MEXaHIYHUX i TEPMOAMHAMIUHUX BJIACTUBOCTEH iHIINMX TBEPIUX PO3YMHIB. BuB4eHi Hamu
BJIACTUBOCTI TYTrOIUIABKUX CIIJIaBiB HA OCHOBi 60puiB i Kap6iziB nepexinHux meTanis Ta SiC MOXYTb O6yTH

KOPUCHUMU IIPY TPOEKTYBAaHHI HOBUX HAATBEPIUX MaTepiasliB.

2. Scalar-relativistic calculations of the band structure for selected ordered and disordered supercells have been
performed using Quantum-ESPRESSO code based on the density functional method. For the solid solutions Til-
xNbxB2 and Til-xZrxB2, it was found that at T=0 K the Til-xNbxB2 solutions are thermodynamically stable
(negative mixing energy), while Til-xZrxB2 ones are unstable (positive mixing energy). The obtained negative
values of mixing energy for all Til-xNbxB2 solutions indicate the possibility of formation of stable continuous
substitutional solid solutions. It was established that the reason for their strengthening is strengthening of the
interatomic interaction between the xy-planes in the z-direction. That is confirmed by calculations of the partial
densities of electronic states and partial charges, which show an increase in the charge on the pz orbitals of boron
atoms as compared to the px and py orbitals for compositions close to equiatomic. With temperature decreasing
down to the critical 1973 K, the Til-xZrxB2 solid solutions are assumed to decompose according to the spinodal or
binodal mechanisms. Taking the phonon component into account reduces the critical temperature of



decomposition. The study of mechanical properties of Til-xNbxB2 and Til-xZrxB2 has shown that they do not
correlate with the stability of the solid solutions and change almost linearly depending on their composition. To
establish possible routes for the structural transition from B1-SiC to B3-SiC under decompression, first-principles
molecular dynamics (FPMD) was used. Intermediate states were analyzed for the presence of symmetry using a
group-theoretic approach and analysis of phonon spectra. The transition route was shown to depend on the
volume and configuration of the initial cells, modeling temperature, and the presence of soft phonon modes,
freezing of which leads to structural transformation. We have found two possible routes of the Bl to 3C structural
transition: Fm3m -- Imm2 -- [4m2 -- F43m Fm3m -- [4mm -- Cc -- F43m In order to determine the mechanical
and thermodynamic characteristics and stability of the solid solutions TiC-SiC and NbC-SiC, the corresponding
first-principle calculations were performed. The calculated mixing energy is positive for both systems, which
means that the formation of solid solutions at low temperatures is energetically unfavorable. To determine stability
of solid solutions at finite temperatures, we constructed spinodal and binodal curves taking into account the
phonon and configuration components. For the Til-xSixC system, the structures Bl and B3 were considered
because titanium carbide is stable in the Bl structure, while silicon carbide - in B3. The structure Bl was shown to
be energetically favorable in the range SO <= x <0.5$, while the structure B3 in the range $0.5 <= x <=1.0S. Similar
calculations for the Nb1-xSixC system have revealed that they are dynamically unstable over a wide concentration
range. Although both TiC-HfC and TiC-TaC systems show a positive deviation of the cell volume from linearity, the
TiC-HfC system is unstable, while the TiC-TaC system is stable. The study of mechanical properties revealed that
the modulus of elasticity and hardness for TiC-HfC have a negative deviation from linearity, while for TiC-TaC it is
positive. To establish the reasons for strengthening of the TiC-TaC solid solutions and instability of TiC-HfC ones,
an analysis of their electronic structures was performed. It was shown that the strengthening is mainly caused by
the contribution of the metal component of the chemical bond, while the energetic instability of the TiC-HfC
solutions is mainly due to the significant difference in the volumes of TiC and HfC cells. Stability of all possible
combinations of solid solutions based on transition metals of IV, V and partially VI groups has been analyzed as
well. It was shown that all alloys based on transition metal carbides of different groups are mutually soluble, except
for ZrC-VC and HfC-VC, which have large difference in the cell volumes of carbides they consist of. Thus, the
mixing energy depends mainly on the difference in the cell volumes of the composing carbides and the difference
in filling of the energetic metal bands in them. The corresponding calculations show that the maximum strength of
such carbide compositions is expected for the number of valence electrons within 8.50--8.75. The developed
research methodology as well as the obtained results will be useful for interpretation of phase transitions and
strengthening mechanisms and prediction of mechanical and thermodynamic properties for other solid solutions.
The obtained properties of refractory alloys based on borides and carbides of transition metals and SiC can also be
useful in the design of new promising superhard materials.
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