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Learning outcomes

—amiliarize yourself with Calphad method

the common tangent method

Recognize

nhase diagrams of different order



Introduction

Calphad method (Calculations of Phase Diagrams)

“The “Calphad method” means the use of all available experimental and
theoretical data to assess the parameters of the Gibbs energy models
selected for each phase” (Lukas, Fries, Sundman:Computational
Thermodynamics: The Calphad Method)

A technique to evaluate and optimize thermodynamic data and phase
equilibrium data and develop consistent thermodynamic databases for

multicomponent, multiphase equilibrium calculations including non-ideal
solution phases

Unary—Binary—Ternary—Higher order systems



Procedure for t

Critical analysis:
Literature survey

Analysis and assembly of information
Model selection

~

ne Ca

phad method

Own experiments

Experimental data:
Phase equilibrium data
Thermochemical data
Crystallographic data
Optimization: (First-principles data)

Database for pure compounds
Interactions to be considered

Applications:
Materials and process
development
Alloy design
Other applications

Weighting of data “ Thermodynamic software
Parameter evaluation 1
Comparison between experimental T ¢
data and model calculations

Optimized set of _rD Thermodynamic database

model parameters

Adopted from lic. thesis of I. Vaajamo




Experimental input
Thermodynamic data

Enthalpy data for pure compounds

Enthalpy of mixing in the liquid state
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Experimental input
Phase equilibrium data
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Phase diagrams and
thermodynamic properties

The common tangent method is demonstrated
for the following binary cases:

1. Solid solution in whole composition range
K,S0O,-K,CO,

2. Solid solution — azeotropic system
KCI-NaCl

3. Solid solution — miscibility gap
KCI-NaCl



Demo 1. Calculated phase diagram K,S0,-K,CO,
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Demo 1. K,S0,-K,CO;: Total Gibbs Energy at 960°C

Reference State: K,SO,(I) and K,CO4(1)
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Demo 2. Calculated phase diagram for KCI-NaCl
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Demo 2. KCI-NaCl: Total Gibbs Energy at 750°C
Reference State: KCI(I) and NaCl(l)
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Demo 3.

Temperature [°C]
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Calculated phase diagram for KCI-NaCl
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Demo 3.

AA/PCG/CMC/RB/2002

Gibbs Energy [kJ/mol]

KCI-NacCl solid solution: Total Gibbs Energy at 300°C

Reference State: KCI(ss) and NaClI(ss)
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Other Input

Crystallographic data for sublattice
configurations and site distribution in solid
solutions

Ab-initio (first-principles) data for phase
stabilities

Other estimations for thermodynamic data of
phases



Choice of solution models

|deal solution

G, _Zx +RTZX In x

Regular solution model

G, :Zx +RTZX In x +ZZX xg

i >




Choice of solution models

Models that consider the physical properties of
the solution phase are often more suitable than

purely mathematical models
Easier to fit realistic model parameters
Easier to expand when new components are added to
the database

lonic models for ionic phases
Sublattice models for phases with clearly
defined sublattices

Associate or quasichemical models for
solutions with shortrange ordering



Calphad method

An evaluated thermodynamic database takes into
account all experimental data:

Phase equilibrium

Calorimetric data

Activity data (EMF)

Crystal structure, crystallographic data

A good thermodynamic model/database for solids
and liquid should:

predict the_Phase equilibrium of binary and higher order
systems within the uncertainties of experimental
Investigations of these systems

give (_:{_ood predictions of the phase equilibrium for
conditions where no experimental data exist



Uncertainties when comparing
experiments and calculations

Experimental melting/solidification data are not
always related to equilibrium melting

SuperCOO”ng of |iC]UidS (Texperiment<TequiIibrium)
Equilibration of solid solutions
Melting related to local heterogenities

Volatilization and chemical reactions



Estimating thermodynamic properties

Daniel Lindberg



thermochimica
3 acta

- =

LSEVIE Thermochimica Acta 314 (1998) 1-21

Estimation of thermodynamic data for metallurgical applications

P.J. Spencer
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Molecular mechanics

Potential-based methods

Material

Model

®
¢ @
-

Molecules, Periodic
clusters systems

Energy minimization

Lattice dynamics

Molecular dynamics
(MD}

Monte Carlo (MC)

k J

Quantum mechanics

HY = B

Hartree—Fock

Density functional
theory (DFT)

Structure
Thermodynamic properties

Kinetics

AP initic molecular
dynamics

Quantum Monte Carlo

22



Unary data
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Binary data
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Gibbs energies of solutions

K,S0,-K,CO,: Total Gibbs Energy at 960°C
Reference State: K,SO,(I) and K,CO4(1)
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Ternary data



CaCl,-CaC0,-CaS0,
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CaCl,-CaC0,-CaS0,
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31

CaSO, - CaCl, - CaCO,

CaCl,

Ternary liquidus projection
interpolated from binary systems

Minimum melting T = 611 °Cc

= ternary eutectic point
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Extrapolation methods of binary parameters

A A
Xi/ (X, +X;)=constant
X, =] constant
B i C B
Kohler model Kohler/Toop model

A

A
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B C B C
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Reciprocal data
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K+, Ca2*//CI,S0,2

Liquidus (T100)

projection interpolated 3|

from binary systems
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Demonstration

Thermodynamic evaluation of the binary
Na,CO;-K,CO, system
Based on

Phase diagram data (solidus & liquidus)
Enthalpy of mixing of Na,CO4(l) and K,CO4(l)
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Crystal structure of Na,CO,; and K,CQO,
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Enthalpy of mixing at 905°C
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Enthalpy of mixing at 905°C
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Procedure for t

Critical analysis:
Literature survey

Analysis and assembly of information
Model selection

~

ne Ca

phad method

Own experiments

Experimental data:
Phase equilibrium data
Thermochemical data
Crystallographic data
Optimization: (First-principles data)

Database for pure compounds
Interactions to be considered

Applications:
Materials and process
development
Alloy design
Other applications

Weighting of data “ Thermodynamic software
Parameter evaluation 1
Comparison between experimental T ¢
data and model calculations

Optimized set of _rD Thermodynamic database

model parameters

Adopted from lic. thesis of I. Vaajamo
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Calphad method
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