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1. TepmonuHamika i ¢pa3oBi nepeTBOPEHHS B 6araTOKOMIIOHEHTHUX aMOP(OYTBOPIOIOYMX CUCTEMAX MePeXiTHIX

MeTaJiB

2. Thermodynamics and phase transformations in multicomponent glass-forming systems of transition metals

Pedepar:

1. AHOTAIIS Arpasan I1.I. TepmonuHaMika i ¢pa3oBi NepeTBOPEHHS B 6araTOKOMIIOHEHTHUX aMOP(OYTBOPIOIOYNX
cucreMax nepexigHux mertanis. — KeasidikaniiiHa HayKoBa ITpals Ha IpaBax pyKonucy. Jlucepratist Ha 3100yTTs
HAyKOBOT'O CTyIEHs JOKTOpa XiMiYHMX HayK 3a crenianbHicTio 02.00.04 - ¢iznyHa xiMist. — [HCTUTYT npobiem
Marepiasno3HascTBa iM. .M. @paHuesnya HAH Vkpainu, Kuis, 2021. MeTooM BUCOKOTEMIIEPATYPHOI KaJIOPUMETPii
JOCJIiZIPKEHO €HTasIbIIii 3MilllyBaHHSI KOMIIOHEHTIB y po3miasax cucreM Fe—(Ti, Zr, Hf) i Co-Cu—(Ti, Zr), Cu-Fe—(Ti,
Zr, Hf), Cu-Ni- 42 (Ti, Hf), Cu-Ti-(Zr, Hf), Ni-Ti-(Zr, Hf). Mibk KoMIIOHeHTaMu pO3I1JIaBiB Bifj0yBa€TbCS iIHTEHCUBHA
XiMiyHa B3a€MOJis, 1Ka BUPKAETHCS B IEPEBAKHO Bil'éeMHUX 3HAYEHHSX €HTAJIbIIIN 3MillyBaHHs. [Ipu boMy
BM3HA4YHY POJIb BilirpaloTh NOMABIMHI B3aeMOZii, B IKAX POJIb aKLENITOpa eJ1eKTPOHiB npunazgae Ha Fe, Co, Ni, Cu, a
poJib 1oHOpa enekTpoHiB — Ha Ti, Zr, Hf. B pamkax mogeri acouniitoBaHoro po3unny (MAP) onucaHi TepMmogHamiyHi

HKLUII 3MIlIYBaHHS PO3ILJIABIB HOCIIKEHUX CUCTEM i [T0OKA3aHO, 110 BJIACTUBI iM Bil'eMHi BiIXnUIeHHS Bi
b



imeasbHOCTI 36ibIIYIOTHCS 3 3HWKEHHSIM Temreparypu. TepmoauHamivyHa 6a3a JaHUX 17151 PO3IJIABiB CUCTEMU
Co-Cu-Fe-Ni-Ti-Zr-Hf 6ysa BUKopucTaHa /ij1s1 MOJeJII0BaHHS TePMOJIMHaMIYHUX QYHKII 3MilllyBaHHS pPO3I1JIaBiB
TpU-, YOTUPU- i I'ITUKOMIIOHEHTHOI CCTEM, i BU3HaUeHa 3aJIeKHICTh BHECKIB B eHeprito 'i66ca 3MmilyBaHHS Bif,
CKJIaZly, TEMIIEPATYPHU 1 4MCJla KOMIIOHEHTIB po3IIaBiB. B pamkax MAP po3paxoBaHO CKJIaJ aCOLii0OBAHOTO PO3YMHY,
OLIiIHEHO CTYIiHb GJIMKHBOTO XiMiYHOTO MOPSAKY B PO3IJIABAX AOCIIIKEHUX CUCTEM i TIOKA3aHO MOT0 3pOCTaHHS 3i
3HIDKEHHSIM Temnepatypu. B pamkax CALPHAD-meTony po3po6seHi TepmonuHamiyuHi onucu cucrem Ti-Zr,
Cu-Ti-Zr ta Cu-Ti-Hf. CTBopeHo 6a3y napameTpiB Mojeiell TepMOJMHAMIYHUX BJIACTUBOCTEN PO3IJIABIB i
rPaHUYHUX TBEPAUX PO3YMHIB HA OCHOBI YCTUX KOMIIOHEHTIB cuctemMu Co-Cu-Fe-Ni-Ti-Zr-Hf, 3 Bukopuctanuam
sIKOi po3paxoBaHi MeTacTabinbHi Pa3oBi miarpamu 3a y4acTIO IePeO0X0JI0IKEeHNX PO3ILIaBiB ABO-, TPU-, YOTUPU- i
II'ITUKOMIIOHEHTHUX CUCTEM. Ha MifcTaBi MpoBeeHNX PO3PAXyHKiB iHTEPIIPETOBAHI BilOMi 3 EKCIIEPUMEHTY
KOHLIEHTPALilHi 0671aCTi yTBOPEHHS aMOP(HUX CIIJIaBiB Ta IPOTHO30BaHi KOHIEHTpaLiliHi 06s1acTi amopdizauii ns
HEeJ0CJIiI)KEHNX 6araTOKOMIIOHEHTHUX cucTeM. Killo4oBi cy10Ba: BUCOKOTEMITEpATyPHA KaJIOpUMETPisl, €HTabIIii
3MilllyBaHHSI, CIIJIaBM Ha OCHOBI 3aj1iza, K0b6asbTy, HiKeJo, Mifli, TUTaHy, HUPKOHIIO i radHio, TepMoIHaMiuHi
BJIACTMBOCTI PifIKMX CIIJIaBiB, MOJeJIb acoliioBaHoro po3unny, CALPHAD-meTo[, cTabinbHi Ta MeTacTabinbHi
¢dasoBi miarpamu, KOHLEHTPaLiliHi 0671acTi amopdisalii po3nasis.

2. SUMMARY Agraval P.G. Thermodynamics and phase transformations in multicomponent glass-forming systems
of transition metals. — Qualification scientific thesis as the manuscript. The thesis for the degree of Doctor of
chemical sciences by specialty 02.00.04 - physical chemistry. - I. M. Frantsevich Institute for Problems of
Materials Sciences, NAS of Ukraine, Kiev, 2021. The thesis is devoted to the investigation of thermodynamic
properties of multicomponent melts of glass-forming systems of transition metals. Their dependence on the
composition determination, temperature and number of system components was determined and factors that
determine their ability to form an amorphous phase in nonequilibrium synthesis were identified. The research was
also pointed to modeling of equilibrium and metastable phase diagrams with participation of supercooled melts
and predicting of their concentration regions of amorphization. The enthalpies of mixing of the components in the
binary Fe-Ti, Fe-Zr, Fe-Hf and in the ternary Co-Cu-Ti, Co-Cu-Zr, Cu-Fe-Ti, Cu-Fe-Zr, Cu-Fe-Hf, Cu-Ni-Tij,
Cu-Ni-Hf, Cu-Ti-Zr, Cu-Ti-Hf, Ni-Ti-Zr i Ni-Ti-Hf systems were determined by high temperature calorimetry.
The isotherms of integral enthalpy of mixing in the investigated systems were described using
Redlich-Kister-Muggianu equation. It is shown that there is an intense chemical interaction between the
components of the melts, which is expressed in the mostly negative values of the mixing enthalpies. Analysis of the
topology of isotherms of the integral enthalpy of mixing of three-component melts at 1873 K indicates that pair
interactions play a significant role in the considered systems. The role of electron acceptor in the interaction
belongs to the Fe, Co, Ni, Cu, and the role of electron donor belongs to the Ti, Zr, Hf. Within the framework of the
associated solution model (ASM), the thermodynamic mixing functions of melts of the investigated systems were
described over the entire composition range and in a wide temperature range, and it was shown that the inherent
for them mostly negative deviations from ideality increase with decreasing temperature. A thermodynamic
database that describes the functions of glass-forming melts of the Co-Cu-Fe-Ni-Ti-Zr-Hf system is created.
This database is based on self-consistent parameters ASM and mathematical models for melts of 21 binary and 16
ternary systems. The obtained database has been used for modeling of the temperature and concentration
dependences of the thermodynamic mixing functions of liquid alloys of the quaternary Cu-Ni-Ti~Zr, Cu-Ni-Ti-Hf,
Cu-Ni-Zr-Hf, Cu-Ti-Zr-Hf, Ni-Ti-Zr-Hf and the quinary Cu-Ni-Ti-Zr-Hf systems and for calculation of
thermodynamic functions of mixing of 21 equiatomic quinary liquid alloys of the Co-Cu-Fe-Ni-Ti-Zr-Hf system.
The composition of the associated solution was calculated within the framework of ASM and the degree of short-
range chemical order was estimated as the total molar fraction of oxassoc associates in the melts of two-, three-,
four- and five-component systems. It was shown that the degree of the short-range chemical order in the melts of
glass-forming systems is significant and increases with decreasing of temperature. Using the empirical rule, the
concentration regions of amorphization for Cu-Ti-Zr, Cu-Ni-Ti, Cu-Ni-Zr Cu-Ni-Hf and Ni-Ti-Zr melts were
interpreted, and the concentration regions of amorphization were predicted for Co-Cu-Ti, Co-Cu-Zr, Co-Cu-Hf,
Cu-Fe-Ti, Cu-Fe-Zr, Cu-Fe—Hf, Cu-Ti-Hf, Cu-Zr-Hf, Ni-Ti-Hf, Ni-Zr-Hf, Cu-Ni-Ti-Hf, Cu-Ni-Ti-Zr,



Cu-Ni-Zr-Hf, Cu-Ti-Zr-Hf, Ni-Ti-Zr-Hf and Cu-Ni-Ti-Zr-Hf melts. Within the framework of the CALPHAD
method, a thermodynamic description of the Cu-Ti-Hf system has been performed for the first time, and new
thermodynamic descriptions of the Ti-Zr and Cu-Ti-Zr systems have been developed. Within the framework of
the CALPHAD method, a database of parameters of models of thermodynamic properties of melts and boundary
solid solutions based on pure components for the multicomponent Co-Cu-Fe-Ni-Ti-Zr-Hf system was developed.
The database contains information on the parameters of models of thermodynamic properties of liquid alloys and
solid solutions of twenty-one binary systems and sixteen ternary systems. The parameters of the models of excess
Gibbs energy presented in the database were used for the calculation of metastable phase transformations with
the participation of supercooled liquid alloys and boundary solid solutions of the binary Fe—(T1i, Zr,Hf) systems and
of the ternary Co-Cu—(Ti, Zr, Hf), Cu-Fe—-(Ti, Zr, Hf), Cu-Ni-(Ti, Zr, Hf), Cu-Ti-(Zr, Hf), Cu-Zr-Hf, Ni-Ti-(Zr, Hf),
Ni-Zr-Hf systems. Keywords: high-temperature calorimetry, enthalpies of mixing, alloys based on iron, cobalt,
nickel, copper, titanium, zirconium and hafnium, thermodynamic properties of liquid alloys, associated solution
model, CALPHAD method, stable and metastable diagrams, concentration regions of amorphization of melts
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