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Why CALPHAD?

CALculation of PHAse Diagrams and more

Currently only method for calculating multi-
component, multiphase systems with solution phases

Integrated Computational Materials Engineering,
National Research Council, 2008:

“... CALPHAD software is arguably the most important
(and perhaps the only) generic tool available for ICME
practitioners ...”

BUT: Practitioners need to be able to evaluate the
uncertainty of results obtained from CALPHAD
calculations for efficient materials and process
development.



Comparison of measurement and calculation
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Original CALPHAD approach

Experimental phase Determine Gibbs energy Calculated phase
diagram and » functions for each phase: di
. lagram

thermochemical data G=f(TP)
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True quaternary compounds are rare in metallic systems

=>Assessment of ternary systems is usually sufficient for the description of a
multicomponent system

>Same methodolgy can be applied to the description of other property data

Systems



CALPHAD method and diffusion

Dkﬁ =XM, =) Use CALPHAD method to describe diffusion mobilities, M,
thermodynamic factor
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CALPHAD models

® Describe properties as function of
* Temperature
* Pressure
= Composition

= Gibbs energy models with internal equilibrium may result
in an implicit temperature dependence of the property

® Should describe phases as physically as possible
® Functions are not just “curves” that are fitted!

® Composition model used for thermodynamics
defines composition model for other properties



Assessments and databases

® Assessment of a system

= Primarily binary and ternary systems

= Selection of model descriptions for individual phases

= Critical evaluation of experimental data

= Adjustment of model parameters to experimental data

® Databases

= At least 4 components (=“multicomponent”)

= Critical evaluation of available thermodynamic
descriptions of constituent binary and ternary subsystems

= Model parameters that are not determined by the
constituent binary and ternary subsystems are fit to
experimental data



Data for model parameter assessment

® Phase diagram data

» Thermal analysis (TA), differential thermal analysis (DTA),
differential scanning calorimetry (DSC)

= Phase analysis: Microstructure, diffraction and spectroscopy
methods

= Diffusion couples and multiples: electron probe microanalysis
(EPMA)

= Thermogravimetry, dilatometry, ...
® Thermochemical data

= Calorimetry: solution, drop, reaction, ...
» Electromotive force measurements (emf)
= Vapor pressure measurements (Knudsen, ...)

® Data from atomistic methods (DFT, ...)



Evaluation of data from different sources

® Differences larger than individual experimental error

® Averaging is usually not acceptable
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Solution calorimetry
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Evaluation of different kinds of data

® Data inconsistencies may not be obvious
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Assignment of “error” and weight

® Magnitude of error(s) assigned to a data point
creates an implicit weight

® Relative magnitude of errors assigned to different
guantities of a data point may influence optimization
process and results

® Optimizers may provide different equations of error
for the same kinds of data

® Weight of data points needs to be reevaluated during
optimization process



Sensitivity of phase diagram errors
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Partial Gibbs energy of a two phase equilibrium
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Presenter
Presentation Notes
Lukas has programmed two different error equations for the optimization program.  One is called the explicit version or version 1.  The other one is called the implicit version or version 2.  The two different error equations exist only for phase diagram values and partial Gibbs energy values for two phase equilibria.  Each of the equations has its advantages and disadvantages.  The advantage of version 1 is that it will always work.  However, it needs to use quantities which may not be known with enough accuracy, i.e. the composition of the second phase in a two phase equilibrium or the compositions of both phases if the partial Gibbs energy for this equilibrium was measured.  The advantage of version 2 is that it is independent of the quality of the just mentioned quantities, since they are only used as start values for the calculation of the equilibrium.  However, if the current set of coefficients is far away from the final set, as in the beginning of an optimization, version 2 may fail.  For example:  With the current set of coefficients the calculated congruent melting point of a compound may be 100 C lower than the actual melting point.  As a consequence version 2 will fail to find a solution for the two phase equilibria in this temperature range, since it does not exist for current set of coefficients.
The general recommendation is to use version 1 at the beginning and use version 2 for the final refinements.  A typical sequence of IVERS is: 3, 6, 7, 2.



Compositions of a two phase equilibrium
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Result from an optimization
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ERROR

-993784
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-002908
.992477
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-422898
-001674



Covariance (correlation) matrix
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Results from a binary CALPHAD assessment
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Malakhov, 1997: Covariance matrix

| o
Covariance matrix obtained from least squares optimization
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Stan & Reardon, 2003: Uncertainty bounds

Optimization using a genetic algorithm and Bayesian statistics
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Fig. 2. The calculated UO>—BeO phase diagram (solid lines) and the
uncertainty intervals (dotted lines).



®
Campbell and Rukhin, 2011: Weighted means statistics
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Presenter
Presentation Notes
Both assessments are within the 95% confidence bands.  But we need to choose one to use a reference.  Compare assessments with Consensus fit using residuals. 
Jonsson best assessment; even through Zhang included more of the experimental data (incorrectly weighted some of the low temperature higher than it should have been)


CALPHAD methodology

G = ‘@D Genf 4 Gxs
¢ |

binary Assessment: G*S;,
|
ternary Extrapolation + Assessment: G*5,
|

quaternary  Extrapolation (X G*S;, + X G*S,)

> Multicomponent database = G™f + Extrapolation (X G*,,, + X G*,,,)

BUT: How do the uncertainties propagate?



CALPHAD dependencies
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Extrapolation of multicomponent systems

Muggianu formalism:
n(n-) I

Kohler formalism:

Muggianu formalism is most commonly
used because it is easily generalized




Extrapolation of homogeneity ranges

O Slyusarenko
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Few and contradictory data
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Almost no data - or no

data at all

Qﬁ Hf-Ru Phase Diagram
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Development of a thermodynamic database
for Ni-based superalloys

Avallable thermodynamic descriptions for the 10-component
system Ni-Al-Co-Cr-Hf-Mo-Re-Ta-Ti-W

Constituent systems Total number Available Available
of systems assessments assessments
1996 2000
binary 45 28 42
ternary 120 11 20
Ni-base ternary 36 9 14
Ni-Al base ternary 8 4 8
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Comparison of measurement and calculation
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CALPHAD challenge

® Development of a way to bring these “uncertainties”
together to evaluate reliability of predictions from
extrapolations of multicomponent systems

® Weighting scheme to evaluate “incomplete”
databases?

= D. Miracle, 2015: Evaluation of databases for projected
reliability for predicting high entropy alloys
e Fraction of assessed binaries: FAB=) «’/TB of total systems TB

* Fraction of assessed ternaries: FAT =" «/ /TT of total systems TT
with i level of assessment of system S
» = 1: complete thermodynamic
» =0.1: partial thermodynamic description
» =0: no thermodynamic description



CALPHAD and pha

Thermodynamic data

Diffusion data

Molar volume data

;Tberm odynamic properties (needed for pressure dependence)

Elastic property data

-
-----------------------------------------------------------------------------

Other data

(e.g., conductivity, ...)

Inter-phase data

se-based data

Thermodynamic
descriptions

Diffusion mobility
descriptions

Molar volume
descriptions

Elastic property
descriptions
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Uncertainties for the derivatives

Gibbs energy

G=g(T,P,N,)
Entropy s :_(ﬁj
oT Jon,
Enthalpy H =G—T(§)
T Jo
1 2
Heat capacity Co =T 0 (3
oT -
Chemical potential B :(E}
| oN, PT.N
Volume oG
v =(8—Pj Only if included
T,N; . c
Thermal expansion _1( 9°G in Gibbs energy
V| oPaT N description and
Isothermal compressibility __ (o6 | not treated as
Ve ), independent
Bulk modulus K-l properties
K
Intrinsic diffusivity D, =N, M, ou;. M, - Mobility

AN ‘-8Nk . (not a thermodynamic quantity)



Thank you for your attention!

Questions?
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