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Pedepar:

1. B po60Ti IpoBOANIN CKAJISIPHO-PEJISTUBICTCHKI OOUMCIIEHHS 30HHOI CTPYKTYPH IJ1s1 OOPaHUX YIOPSAKOBAHUX i
HEeYTOPSIKOBAaHUX CYIIePKOMIpPOK, BUKOpHCTOBYyIouM Quantum-ESPRESSO kopx, no6yzoBaHui Ha METO]
dyHKuioHany ryctuHu. s TBepaux po3unHis Til-xNbxB2 Ta Til-xZrxB2 6ys0 BcTaHOBIEHO, o npu T=0 K Til-
xNbxB2 e cTabinbHUMU (HEraTuBHA €HEPris 3MilllyBaHH:), Togi K Til-xZrxB2 € TepMOgMHaMiYHO HECTIIKUM

(mo3uTuBHA eHepris 3MmilyBaHHs). OTpMMaHi HeraTUBHI 3HAU€HHSI €Heprii 3MillyBaHHS AJ14 BCix cknafiB Til-xNbxB2



BKa3yIOTbh Ha MO>KJIUBICTb YTBOPEHHSI CTA0IIbHUX HETIEPEPBHUX TBEPAUX PO3UYMHIB 3aMillleHHs. BCTaHOB/IEHO, 110
[IPUYMHOIO 3MiLIHEHHS TBepauX po3unHiB Til-xNbxB2 e nocuaeHHs MikaTOMHOI B3aeMOii MK Xy-TIJIOLIHAMU B Z~
HanpsMKy. Lle miarBepaKyeTbCsl po3paxyHKamMy NapliajbHUX LiJIbHOCTEN €JIEKTPOHHUX CTaHIB i apuiaJbHUX
3apsAiB, SIKi IOKAa3ylOTh 301/IbIIEHHS 3apsly Ha Pz OopOiTassix aTOMIiB 60PY y MOPIBHSIHHI 3 PX Ta Py OpOiTansaMu sl
CKJIaJiB 6JIM3bKUX 10 €KBiaTOMHUX. [lepen6ayaeThes, o 3i 3HIDKEHHSAM TeMIiepaTypH 1o kputudHoi 1973 K tBepai
pozumnnu Til-xZrxB2 po3nagaTUMyThbCs BiITIOBIIHO 10 CIiHOA/MIbHOTO Yy 6iHOAIbHOTO MeXaHi3MiB. BpaxyBaHHs
(DOHOHHOI KOMIIOHEHTH 3MEHIIye KPUTUYHY TEMIIEPaTypy po3nazny. BuBuyeHHs MexaHiuHux BractusBocrent Til-
xNbxB2 Ta Til-xZrxB2 rnokasaso, 1o BOH! He KOPEeJIoI0Th 3i CTabiIbHICTIO TBEPAUX PO3YMHIB i 3MiHIOIOTHCS
MIPaKTUYHO JIiHIMHO 3aJIEXXHO BiJl iXHBOTO CKiaAdy. 111 BCTAHOBJIEHHSI MOXJIMBUX IIAXiB epexony B1-SiC B B3-SiC
IIpu feKoMIpecii 6ysa 3acTocoBaHa NEPIIONPUHLMITHA MoJIeKy sipHa guHaMika (FPMD). IIpomixkHi ctanu
aHaJIi3yBajIu HA HAsSBHICTb CUMETPIi 32 JOIIOMOr0I0 TEOPETUKO-TPYIIOBOTO MiXOAY Ta aHaji3y ()OHOHHUX CIIEKTPIB.
[TokasaHo, IO LUISIX IEPEXOAY 3aJIEKUTh Bifl po3Mipy Ta KOHQIrypauii 104aTKOBMUX KOMiPOK, TEMIIEPATyP
MOJIeJIIOBaHHS Ta HasIBHOCTI M'SIKUX (POHOHHUX MO[I, BUMEP3aHHS SIKUX [IPU3BOAUTD [0 CTPYKTYPHOI
TpaHc@opmalii. My 3HalIIIM 1Ba MOXJIMBUX LUISIXY AJ1 riepeTBopeHHs 3 Bl B 3C cTpykTypy: Fm3m -- Imm2 --
[4m2 -- F43m Fm3m -- [4mm -- Cc -- F43m 3ang BU3Ha4€HHA MEXaHIYHUX Ta TEPMOLMHAMIYHUX XapaKTEPUCTUK
Ta crabinbHOCTi TBepAux po3unHis TiC-SiC ta NbC-SiC 6ysu npoBeneHi BifilIOBiIHI IePIIOIPUHIMUITHI pO3PaxyHKU.
Po3paxoBaHa eHepris 3MillyBaHHS Ma€ MIO3UTUBHI 3HAaYE€HHS 1J151 000X CUCTEM, & 3HAYUTh, YTBOPEHHS TBEPIUX
PO3YMHIB IPY HU3BKUX TEMIIEPATYPAX € EHEPreTUYHO HEBUTIAHUM. 337151 BUBHAUEHHSI CTabiIbHOCTI TBEPAUX
PO34NHIB NIpY CKiHUEHHUX TEMIIEpPATypax HaMu 6yJM Mo6Yy[0BaHi CiHOAAJIBHI Ta 6iHOJANbHI KPUBI 3 BpaxyBaHHIM
¢doHOHHOI Ta KoHirypaniiiHoi komnoHeHT. [Js 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
BUTIIHOIO B AianasoHi 0 <= x <0.5, Tofi gk cTpykTypa B3 -- B nianasoni 0.5 <= x < 1.0. AHasioriuHi 0641CIeHHs 015
craBiB Nb1-xSixC rokasanuy, o BOHU € AUHAMIYHO HEeCTablIbHIMU Ha MKUPOKOMY ITPOMIKKY KOHLIEHTPALIiii.
ITonpu Te, mo o6uasi cucremu TiC-HfC i TiC-TaC nokasyoTs I03UTHUBHE BilXUJIE€HHS 00'eMy Bif jiHiliHOCTI, TiC-
HfC cucrema € HecTabinbHOIO, ToAi 9K TiC-TaC cucreMa € ctabinbHo0. JJocmimkeHHS MeXaHiYHUX BIaCTUBOCTEN
[10Ka3aJ1o, [0 MOAYJIi IPY>KHOCTI Ta TBephocTi nys TiC-HfC maioTe HeraTvBHe BiTXWJIeHHS Bifl JTiHIMHOCTI, TO/| SIK
i TiC-TaC -- mo3utuBHe. /17151 BUBYEHHS MTPUYMH 3Mil[HeHHs TBepaux po34ynHiB TiC-TaC ta HecTtabinbHOCTI TiC-
HfC nposeneno aHanis ix eJleKTpOHHOI CTPYKTYpH. [10Ka3aHo, 1110 3MilJHEHHS! B OCHOBHOMY CIIPUYMHEHE BHECKOM
MeTaJsiuyHOi CKJ1al0BOi XiMiYHOTO 3B'S3KY, TOJIi SIK eHepreTuyHa HecTabinbHicTb cnnasi TiC-HfC o6ymoBieHa,
rOJIOBHUM YMHOM, pi3HHIEI0 MK 06'emamu koMmipok TiC ta HfC. ByB npoBenenuii aHaii3 cTabinbHOCTI BCix
MOXJIMBUX KOMOIHAallill TBEPAUX PO3UMHIB HAa OCHOBI Kapo6izis nepexigHux metanuis IV, V ta yactkoso VI rpyi.
[TokaszaHo, 10 BCi CI1JIaBA HA OCHOBI Kap6ifiB [IM pisHUX rpyn € po3YMHHAMY, 338 BUHATKOM ZrC-VC ta HfC-VC, mo
IIOSICHIOETHCSI BEJIMKOIO Pi3HUIIEI0 MK 06'eMaMu KOMiIpOK KapbifiB, 3 SIKMX BOHU CKJIaaloThes. [TokazaHo, 1o
€Hepris 3MilllyBaHHS 3aJIe’KUTh B OCHOBHOMY Bifi pi3HHULi 06'€MiB KiHLIeBUX Kap0ifiB Ta pi3HUL 3aMHSITOCTI
METaJIeBOi CMYTH B HUX. [IpoBeieHi pO3paxyHKU [10Ka3yIOTh, 1[0 MaKCUMaJlbHA TBEPLICTh KapOiAHUX CIJIaBiB Mae
OyTy 17151 KOMIIO3ULIH 3 KiJIbKICTIO BaJIeHTHUX €JIeKTPOHIB piBHUM 8.5--8.75. Po3po6yieHa MeToAuKa OCTiIKeHHS, a
TaKOXX OTPHMaHI pe3yJsIbTaTy MO>KHA 3aCTOCOBYBATH [1JIs1 OSICHEHHS (a30BUX IIEPEXOiB, MexaHi3MiB 3MiLlHEHHS Ta
IJis lepe6adyeHHs MeXaHiYHUX i TepMOIUMHAMIYHUX BJIACTUBOCTEN iHIIWX TBEPAUX PO34YMHIB. BUBYeHi HaMu
BJIACTMBOCTI TYroIJIaBKUX CILJIaBiB HA OCHOBi 00pHU/IiB i Kap6ifiB nepexigHux MeTasis Ta SiC MOXyTb O6yTH

KOPUCHUMMU IIPY IIPOEKTYBAHHI HOBUX HaATBEPIUX MaTepiasis.

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 -- 14m2 -- F43m Fm3m -- I4mm -- 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 B1 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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