Evaluation of Free Energy of Alloys Using First-Principles Methods and Application to Phase Diagram Calculation
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Appendix 1: Phase Equilibrium Calculation
To calculate the theoretical phase diagram, it is necessary to calculate the phase equilibrium by determining the convex hull of the energy space from the free energies of each phase calculated above. Ideally, phase equilibria should be calculated directly from these free energy values; however, the obtained thermodynamic quantities are not completely continuous with respect to composition, and only discrete values are obtained. Therefore, to calculate phase equilibria, it is necessary to express free energy as a continuous function. However, currently, there is no thermodynamic model capable of expressing free energy without compromising the high accuracy of first-principles calculations. Thus, in this study, phase diagrams were calculated by fitting the free energy calculated based on first-principles methods to the regular solution model used in the CALPHAD method. The parameters in the CALPHAD method are described below.
The free energy of a binary solution based on the regular solution model is expressed as Equation (A-1) [A-1].



Here,  is the free energy of pure substance , and  is the interaction parameter. For the interaction parameter, Equation (A-2) proposed by Redlich and Kister [A-2].



Similarly, the free energy of a ternary system is expressed as Equation (A-3).



In this case,  is expressed as Equation (A-4).



Additionally, the free energy of a binary stoichiometric compound  at finite temperatures is shown in Equation (A-5).



Here, the difference from the free energy of pure substances was described in the form of . The ESPEI code in the main text [23] was used to fit the free energy of each phase to the regular solution model and convert it into a database format readable by thermodynamic calculation software. Table Appendix 1 shows the CALPHAD parameters for the theoretical phase diagram of the Cu-Ni-Si system (after applying MCMC) targeted in this study.

Table Appendix 1 Thermodynamic parameters of the Cu–Ni–Si system
	Thermodynamic parameters (J/mol)

	FCC : model ( Cu, Ni, Si )1

	

	

	

	

	

	

	

	

	

	

	

	




	BCC : model ( Cu, Ni, Si )1

	

	

	

	

	

	

	

	

	

	

	

	

HCP : model ( Cu, Ni, Si )1

	

	

	

	

	

	

	

	

	

	

	

	

	Liquid : model ( Cu, Ni, Si )1

	

	

	

	

	

	

	

	

	

	

	Ni31Si12_P321 : model Ni31Si12

	

	Ni3Si2_CMCM : model Ni48Si32

	

	Ni2Si_PNMA : model (Cu,Ni)8Si4

	

	

	

	Ni2Si_ P6_3MMC : model Ni4Si2

	

	NiSi_ PNMA : model (Cu,Ni)4Si4

	

	

	

	NiSi2_ FM_3M: model (Cu,Ni)4Si8

	

	

	

	Ni3Si_PM_3M : model (Ni,Cu)3Si

	

	

	

	Cu5Si_R32 : model Cu15Si3

	

	Cu15Si4_I_43D : model Cu60Si16

	

	Cu3Si_PMMN : model (Cu,Ni)6Si2
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