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The Calculation of Phase Diagram (Calphad) Method
Introduction

Cea Une technique semi-empirique de modélisation et de calcul de diagrammes de phases...

In the early seventies computational thermodynamics started with the pioneering work
e of Dr. Larry Kaufman, evolving to what is known today as the CALPHAD method.

CALPHAD

M The method is based on the concept of deriving the thermodynamic functions of a
system froem all available experimental data. The thermodynamic functions are
expressed as polynomials of temperature and chemical composition. The numerical
values of the polynomial coefficients are obtained using numerical optimization
techniques.

The CALPHAD method is based om the fact that a phase diagram is a
representation of the thermodynamic properties of a system. Thus, if the
thermodynamic properties are known, it would be possible to calculate the multi-
component phase diagrams. Thermodynamic descriptions of lower-order systems (e.g.,
the Gibbs energy of each SOLID, LIQUID, GAS phase) are combined to extrapolate
higher-order systems.

The Gibbs energy of a phase 1s described by a model that contains a relatively small
number of experimentally optimized variable coefficients. Examples of experimental
information used include melting & transformation temperatures, solubilities, as well as
experimental (heat capacities, enthalpies of formation, and chemical potentials) and
caleulated (DFT, MD) thermodynamic properties.

Calculation of Phase

... également adaptée pour calculer les fonctions thermodynamiques de systémes
chimiques complexes (multiéléments, multiphasés)
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The Calculation of Phase Diagram (Calphad) Method
Definitions

C@f] Definition : www.calphad.com

Elements: Those from the periodic chart

Species: An element or a combination of elements that forms an entity: H,0, CO,, Fe*?

Constituents: Species that exist in a phase, a constituent can be real or fictitious
Components: Irreducible subset of the Species

Each phase is modelled separately:
"Phases with no compositional variation has just a G(T,p) expression.

"Phases with a small compositional variation can be very difficult to model as one
should take into account the different types of defects that cause the non-
stoichiometry (Vacancies, Interstitials)

Softwares: Factsage, Thermocalc, Pandat, MT Data, Gemini...
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The Calculation of Phase Diagram (Calphad) Method
Modelling Procedure

Binary systems
Ternary systems

CALPHAD IS NOT A
PREDICTIVE METHOD
CALPHAD

C@ 15t Step: Critical review of the experimental data

—
21d Step: Experimental data acquisition 3rd Step: Thermodynamic Modelling
Phase diagram transitions by Heat Treatments, DTA Definition of the models l
AH;, Cp(T), H(T)-H(298K) by Calorimetry, DSC Data selection
Activities by HTMS (Knudsen Cell), EMF Optimization Step
A H (at 0 K) by DFT calculations

1%t step: modelling of the binary systems
2nd step: modelling of the ternary systems
®» Extrapolation to n-ary systems

Applications: Phase Diagrams & Thermodynamic Calculations
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The Calculation of Phase Diagram (Calphad) Method
Gibbs energy for pure elements, end members & stochiometric compounds

C@For pure elements and stoichiometric compounds, the following model is most commonly used:
Relation used by the Scientific Group Thermodata Europ (SGTE)

°G; (T)-°H;™(298.15K )=a+bT+cTInT+Yd,T"
where G, - H,SER is the Gibbs energy relative to a Standard Element Reference state (SER),

H,SER is the enthalpy of the element in its stable state at the temperature of 298.15 K and the pressure
of 10° Pascal (1 bar). a, b, ¢, and d; are the model parameters.

L’expression de I’énergie de Gibbs permet de calculer les fonctions thermodynamiques :

|G ;
H(T)=-T"? (—/T) =}cPdT=a-cT-E(n-1)dnT”
0 2

oT
p
G T'C, -
S(T)=_(8—T) {TdT——b c—cInT - EndT

C (T) = T( g; ) - —¢ —Sn(n _D)d T
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The Calculation of Phase Diagram (Calphad) Method
Gibbs energy in databases

=8

PHASE DIAMOND A4 % 1 1 !
CONSTITUENT DIAMOND A4 :Si: !

PARAMETER G(DIAMOND A4,Si;0) 298.15 +GHSERSIi; 3600 N Refl !
FUNCTION GHSERSi 298.15 -8162.609+137.236859*T-22.8317533*T*Ln(T)-.001912904*T2-3.552E-09*T3+176667*T-1; 1687 ¥
-9457.642+167.281367*T-27.196*T*Ln(T)-4.20369E+30*T; 3600 N !

Exemple de description de I’énergie de Gibbs du Si (Element pur)

Exemple de description de ’énergie de Gibbs de SiO, (Quartz stoechiométrigue)

PHASE QUARTZ % 1 1!
CONSTITUENT QUARTZ : SiO2: !
PARAMETER G(QUARTZ,Si02;0) 298.15 +GSi02S; 6000 N Ref0 !

FUNCTION GSIO2S 298.15

-900936.64-360.892175*T+61.1323*T*Ln(T)-.189203605*T?+4.9509742E-05*T3-854401*T"!; 540 Y
-1091466.54+2882.67275*T-452.1367*T*Ln(T)+.428883845*T2-9.0917706E-05*T3+12476689*T-;

770 Y
-1563481.44+9178.58655*T-1404.5352*T*Ln(T)+1.28404426*T2-2.35047657E-04*T3+56402304*T-1; 848 Y
-928732.923+356.218325*T-58.4292*T*Ln(T)-.00515995*T2-2. 47E-10*T3-95113*T-1; 1800 Y
-924076.574+281.229013*T-47.451*T*Ln(T)-.01200315*T>+6.78127E-07*T3+665385*T-!; 2960 Y
-957997.4+544.992084*T-82.709*T*Ln(T); 6000 N!
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The Calculation of Phase Diagram (Calphad) Method
Gibbs energy for substitutional solutions (solid or liquid)

=8

For a solution, the Gibbs energy per mole is :
G =G +1G,;, + %G,

G =X ¢'G’;

4G,,ix = R'T-X; ¢;In(c)

B = Z4 Ty ¢ Ey L5065 - )

¢; and ¢, are the mole fraction of species i and j,

LY, ; is a binary interaction parameter between species i and j.
. X80 =asps JO
0 order: *G%;; i = ¢ LY
St o S 1 - o o 1 1
15t order: G i mix = GG (¢, - Cj) L i
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G’ = Gibbs energy due to the mechanical mixing of the constituent of the phase

idG, . = Ideal mixing contribution (Configuration entropy)
G nix = Excess Gibbs energy of mixing
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The Calculation of Phase Diagram (Calphad) Method
Experimental Data

Crystallographic data

=Defects for non-stoichiometric compounds
sStructure of the phases in the system
=Sublattices for different constituents

Phase diagram data CaO (55%)-P,0; (45%)
*Thermal analysis: start/end temperatures of transformations

=Microscope: phase identification, determining phase amounts AR
=X-ray: phase identification, lattice parameters |
*Microprobe: phase identification, phase compositions (tie-lines)

=X-ray and neutron diffraction: site occupancies

Thermochemical data S
=Calorimetric data: Enthalpy of formation, transformation, mixing ﬁ o
*EMF, Knudsen cell data: chemical potentials, activities R e ermocoupie o
=Partial pressure: activities e g
*DSC: heat content, heat capacity, enthalpy of transformation S P —
*DFT & MD Calculations Cobbiockbase__
Multiple Knudsen cell
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The Calculation of Phase Diagram (Calphad) Method

EXEMPLES
&
APPLICATIONS
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The Calculation of Phase Diagram (Calphad) Method
The Tremendous role of the LITERATURE

Thése R. Mathieu, Septembre 2009

Nancy-Université o
INSU

hils] b0 s aclenpes 4= My

Résumé

Solubilité du Sodium dans les Silicates Fondus

Les alcalins. généralement lithophiles a basse température. deviennent volatils a haute
température et/ou sous des conditions réductrices. Il existe peu de données expérimentales sur les

relations activité-composition dans les silicates fondus et aucun modéle thermodynamique ne permet
de prédire leur comportement dans les liquides silicatés. Pour acquérir une base de données cohérente
sur ces relations. nous avons développé un nouveau systéme expérimental permettant d'imposer et de
controler. a haute température. une pression partielle de sodium sous des conditions d'oxydoréduction
fixées. Une cellule thermochimique originale, simple de mise en ceuvre et efficace a été congue pour
contraindre 'ensemble de ces parameétres thermodynamiques. Les résultats de cette étude montrent
que les processus de condensation et de volatilisation du sodium dans les liquides silicatés du systeme
Ca0-MgO-AlL,0;-Si0; peuvent étre décrits par une équation simple de type : Nagzz) +1/2 Oz =
Na;Ogig). Les données obtenues a I'équilibre sur des liquides de compositions différentes ont permis de
dériver un modeéle permettant de prédire la solubilité et les coefficients d’activité (aNaxO et yYNax0)
dans un liquide silicaté du systéme CaO-MgO-AL0;-Si0,. a différentes températures et différentes
PNa, en fonction de la composition de ce dernier. Ce modele est basé sur la détermination de la
basicité optique du liquide sans sodium. c'est-a-dire suivant 1'état de polymérisation du liquide et
suivant ses interactions acide-base entre oxydes. Par ailleurs, ces travaux ont permis la détermination
d’un nouveau type de diagramme de phase a isoPNa. Enfin cette étude a de nombreuses applications
en cosmochimie. sidérurgie et magmatologie.
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The Calculation of Phase Diagram (Calphad) Method
The Tremendous role of the LITERATURE

CALPHAD is not SCIENCE,
CALPHAD is ART...

YES- CALPHAD CAN '
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The Calculation of Phase Diagram (Calphad) Method
The Tremendous role of the LITERATURE

MODELING THE CHARGE COMPENSATION EFFECT
IN SILTCA-RICH N2;0-K;0-A1;0;-8i0; MELTS

Available online at wwwi.sciencedirect.com

.o...u.@n...“-

@ Patrice Chartrand and Arthur D. Peiton g ¢
Centre de Recherche en Calcul Th himiq e
Ecole Polytechnique de Montréal ELSEVIER Compater Coupling of Phese Diagrums and Themmochemiszy 30 (2006) 270- 776 — s
P. 0. Box 6079, Station "Downtown” wwwe bsevier com locale fcaipbad
Montreal, Québec H3IC 3A7
- Canada
(Presented at CALPHAD XXVIII, Grenoble, France, May 1999) Critical thermodynamic evaluation of oxide systems relevant to fuel ashes

and slags. Part 1: Alkali oxide—silica systems

Elena Yazhenskikh?®, Klaus HackP, Michael Miller®*
= Farschung saemerum Jatick Gesbd], TWV.2, D-52425 Jutick, Germany
B GIT-Technologies, Kaiser swage 100, 1152134 Herpopenrash. Germany

Rewiwed 23 December 2005; 2aened in revised foem § March 2006; accepted 18 March 2006
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The Calculation of Phase Diagram (Calphad) Method
Ex 1: Thermodynamic modelling of the Na,0-Ca0-8i0O, System

JOURNALCF

NON-CRYSTALLINE SOLIDS

Journal of Non-Crystalline Solids 253 (1999) 178-191 ——————————————————————
www_elsevier.com/locate/jnoncrysol

Thermodynamic modeling in glass-forming melts
Arthur D. Pelton *, Ping Wu '

Centre de Recherche en Calcul Thermochimique, Ecole Polytechnique de Montréal, C.P. 6079, Station *Centre-ville’, Montréal ( Québec ),

Canada, H3C 347
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Na,0-Si0, System NaQ, ), activity in the liquid Liquidus in the rich SiO, domain

Modélisation des systémes binaires et extrapolation au niveau ternaire
Calcul des propriétés thermodynamiques (activité chimique)
Possibilité de prendre en compte la solubilité des gaz dans le liquide (Sulfates, Phosphates...)
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The Calculation of Phase Diagram (Calphad) Method
Ex 2: Thermodynamic modelling of the B,0,-Si0, & B,0;-Al,0, Systems

Sergei A. Decterov®, Varghese Swamy®, In-Ho Jung®

“Center for Research in Computational Thermochemistry, Department of Chemical Engineering, Ecole Polytechnique
de Montréal, Montréal, Canada

®Department of Materials Engineering, Monash University, Victoria, Australia

“Research Institute of Industrial Science and Technology, Pohang, South Korea

Thermodynamic modeling of the B,0;-Si0, and
B,03-Al,05 systems

08

Activity

0.2

0.0

T T T T
* Rockett and Foster, 1965, Liquid + Solid 1723,
7 2 Rockett and Foster, 1965, Liquid Cristobalite
N 92 4 Pichavant, 1978, Liquid + Solid A
NN / 1500 ~ Pichavant, 1978, Liquid VAR
N 7/ * Charles and Wagstaff, 1968, Miscibility gap o 1465
N g

:\ P 7 oci . Liquid N

/ 4 z

N \ ] 5‘

N g £

/7 N =4

/ AW 5 900 4

/ Na 4 a £

% N\ g

/ AN 5
o . . - a

/ - -.u-‘“:: (-)oz ) N 800 —
—— el AN 9 vt
Y Shutts et al., 1988 ( ‘¢

s AN 0.08 438 §

<]

y ! J ! 300
0.0 0.2 04 (X 08 1.0

mole Si0_/(BO, +SI0,)

08

02 04 06
mole Si0,/(BO, (+Si0,)

2300

2100

1800 F

Liquid

T T ~——
Melting points

4 Baumann and Moore, 1942
— * Scholze. 1956

T
Liquidus

* Gielisse and Foster, 1962
* Narushima et al., 2001

R T
N

AlB,0;; + Liquid N
2 \
o -
g | 1130, o 3
2 | b
< o . p
* o |
Q, = f Al B,0, + Liquid
< +
3

S s : :

= |

< i Al,B,0, + B,O,

0o 01 02 03 o4 0s 08 07 [X:] 08 10

Mole fraction B,0,

Modélisation des systémes binaires, représentation des équilibres liquide/oxydes
Calculs des activités de SiO, et de B,0O,
La description thermodynamique dépend de la qualité et de la cohérence des données exp
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The Calculation of Phase Diagram (Calphad) Method
Ex 3: Modelling of the Ca0O-5i0, & P,0,-5i0, binary systems

GDR VERRES, 12 et 13 Mai 2011, Marcoule
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The Calculation of Phase Diagram (Calphad) Method
Ex 3: Modelling of the Ca0O-5i0, & P,0,-5i0, binary systems

C@:J Calcul ab initio des fonctions thermodynamiques de Ca,P,0- et SiP,0,

Méthode : Phys. Rev. B65,245116(2002)
Code CASTEP (ACCELRYS Inc.) : DFT+ ondes planes + pseudopotentiel

J. Phys.: Cond. Mat. 14 (2002)

Si

X X

sipo, @y | o | b | MM coro@in | a [ b | ¢

© 00

Ca

mesures 4.7158 4.7158 11.917 mesures 6.6858 6.6858 24.147
ab initio 4.7829 4.7829 12.064 ab initio 6.7593 6.7593 24.454
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The Calculation of Phase Diagram (Calphad) Method
Ex 4: Miscibility Gaps in the liquid phase
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La méthode Calphad est adaptée pour décrire la thermodynamique du liquide (melt, slag) :
»Les lacunes de miscibilité entre deux liquides oxydes

»Les lacunes de miscibilité entre un liquide oxyde et un liquide métallique
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The Calculation of Phase Diagram (Calphad) Method
Ex 5: Modelling the viscosity of silicate melts

Nicholas Grundy, Hongin Liu, In-Ho Jung#®, Sergei A. Decterov, Arthur D. Pelton A. Nicholas Grundy, In-Ho Jung*, Arthur D. Pelton, Sergei A. Decterov

Qc;um de Recherche en Caleul Thermochimigue (CRCT), Dép, de Génie Chimique, Ecole Polytechnique, Montréal, Québec, ze""; de Recherche en Caleul Thermochimique (CRCT), Dép. de Génie Chimique, Fcole Polytechnique, Montréal, Québec,
fﬁ:‘:l‘ of Mining, Metals and Materials Engineering, McGill University, Montréal, Québec, Canada "IE)’:";)'?UI' Mining, Metals and Materials Engineering, McGill University, Montréal, Québec, Canada

A model to calculate the viscosity of silicate melts » A model to calculate the viscosity of silicate melts
Part I Viscosity of binary Si0,-MeO, systems Part II: The NaQ, s-Mg0O-Ca0-AlO, 5-Si0, system

(Me = Na, K, Ca, Mg, Al)
Relation entre la thermodynamique de la phase liquide et sa viscosité :
=La viscosité est modélisée en optimisant des parametres représentatifs de la structure du liquide
=Utilisation du Modeles Quasi Chimique Modifié (Modélisation de I’ordre a courte distance, SRO)

The viscosity # of the unary systems as a fungtion of temperature is given by an Arrhenius equation:
E +F E
* E
Ln (7781'02 )= ASiO2 + ASiO2 + RT Ln (77Me0x ) = A+ RT
Dans les binaires la viscosité de SiO, est modélisée par 4 parameétres, sans réseau (SiO* isolé) et avec

réseau et celle des autres oxydes par 2 paramétres...
Comment ???

Modélisation des populations en O libres, O~ non-pontant et O° pontant dans SiO, liquide. Dans le cas
d’un systeme binaire MeO-Si0, ou MeQO, s-Si0, (Ca, Na=oxydes basiques), chaque SiO, entre dans le
réseau sous la forme orthosilicate SiO*.... POLYMERISATION

Le nombre d’oxygénes pontants est calculé dans la population totale d’oxygene n(0),,,

n(0),, = %X(MeOO.S) + X (MeO) + %X(A1203) + %X(8203) +2X(Sio,)

Aux basses températures, la déviation de la viscosité par rapport a la loi d’Arrhenius n’est pas
considérée : Modéle établi pour les hautes températures
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The Calculation of Phase Diagram (Calphad) Method
Ex 5: Modelling the viscosity of silicate melts

Concept de Qi-Species : ou i représente le nombre d’oxygéne pontant par atome de Si
C@ Ex: Dans SiO,, chaque O autour d’un Si est pontant donc la fraction de Q*-species=1
Un Si dans une chaine est une Q?-species car 2 de ses atomes d’O sont pontants

“Qi -species in a melt (in-situ measurement) or in a quenched glass can be determined using Raman
spectroscopy or nuclear magnetic resonance (NMR) measurements...

LinprREOLOAAALIO,) 0 pas =1 poisie= 10poises L AISENTND)

10 pr=—r>=— —r- T T T T T i
L 1800 1900 2000 2100 °C / 1500 1600 1800 2000 *C
'S Fa A h
A 4 A A Uanetal, 1982 [25] e o o ::'ba': :‘la:]" 11325 {[f(‘:']l .'
, c o o i 15 ‘ ozakevicn. y
r o - ; Koza.kewtch. 1960 [40] o - ®  Hofmaier, 1968 (27) '
; Elyutin et al., 1969 [41] . © o Backrs and Lowe, 1954 [51] ‘I;r ;
% O @ T Ji etal., 1897 [43] ¥
F R S Licko and Danek, 1986 [45]
= E S Machin et al., 1948 [47]
§ 2 [ x Gultyai, 1962 [46] .
z g s + Neuville, 2006 [53] Qgﬂc_'.;j
0 i Calculated: — stable liquid region '\6»'__ Ry
------ below melting point T
L M / ;
Calculated: —— slable liquid region seeszIioeIIIIIIIIIIEES :
6! ===+ below melting point 5 . —eammem
. aa o] - - 2=r L §— - - PR | b d o s a2 1 1
6 01 02 03 04 05 06 07 08 08 1 o 01 02 03 04 06 07 08 09 1
Mole fraction SiO, ! (SiO,+AlO, .} Mole fraction SIO,I (Si0,+Ca0)

Modéle prédictif des viscosités pour des systémes SiO, + Oxyde (Al,0;, Ca0, Mg0, Na,0, K,0)
Dans le cas des alcalins, le modéle s’applique dans le domaine 0.4<X(S5i0,)<0.7, les trés faibles
viscosités ne sont pas modélisées
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The Calculation of Phase Diagram (Calphad) Method
Application to glasses...

G0

La méthode CALPHAD peut décrire la thermodynamique des systémes oxydes

La thermodynamique du liquide (melt, slag) est modélisée, d’autres propriétés peuvent
également I’étre (Viscosité)

Dans ces bases, le verre est décrit en extrapolant les propriétés thermodynamiques du
liquide vers les basses températures

La transition vitreuse n’est donc pas considérée

Et le verre ?2??
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The Calculation of Phase Diagram (Calphad) Method
Application to glasses...

C@J D" point de vue thermodynamique, la transition vitreuse peut étre considérée
dupanesuhé srizpsition du 2" ordre (saut de Cp, H et S restent continues)

par Jean PHALIPPOU

v Professcur 3 lnstitut des Seicncss de llngénieur e Montpelier IS
M . Département Mate
(ou H) Liquide stable Loboratoke des Veires, UMR CNRS n°5587

Universits de Montpe/li,

A

Cp \.l:]lede Liquide Sconf
/ﬁ,fi”———-‘ Liquide

Liquide
surfondu

\

T\

(@) évol

1
1
1
i 1
! 1
1 1
! 1
T Tg TF T Cristal

it

Entropie de configuration

“Lors d’un refr01dlssement infiniment lent, le liquide surfondu ne peut pas cristalliser.
L' entrofné devient egale a celle du cristal a la temperature Ty

Vi Yz Y i lés” volumes molai ifs des verres
obtenus pour Ies différentes vitesses de refroldlssemem

V.‘>|/1>V3

(B) influence de la vitesse de refroidissement
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The Calculation of Phase Diagram (Calphad) Method
CALPHAD Modelling of Amorphous Alloys

Cea Certains systemes meétalliques ont la capacité de former des alliages
métalliques amorphes (Fe-B, Cu-Zr, Ni-Zr,Cu-Mg-Y)

Available online at www.sciencedirect.com S JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 7
i “'""@m"" Intermetallics o o i
o NS T Prediction of amorphous phase stability in metallic alloys
www.clsevier com/locate mtermet
G. Shao?
ez S o ; : s el B i School of Mechanical and Materials Engineering, University of Surrey, Guildford,
Driving forces for crystal nucleation in Fe—B liquid Surrey GU2 7XH United Kingdom

and amorphous alloys
(Received 31 March 2000: accepted for publication 28 June 2000)

M. Palumbo®, G. Cacciamani®, E. Bosco®, M. Baricco®*

The glass transition is considered as a 2"¢ order phase transformation froem liquid phase

Available online at www.sciencedirect.com

».” ScienceDirect

Available online at www.sciencedirect.com

SCIINCI@DIIICT‘

Intermetallics 13 (2005) 409414 — ELSEVIER Computer Coupling of Phase Diagrams and Thermochemistry 32 (2008) 295-314

www el sevier.com/locatefinternx www.elsev xcr.co’n;lrl;ta;’;’cralphad
Glass forming ability of multi-component metallic systems Thermodynamics and kinetics of metallic amorphous phases in the
G. Shao®. B.Lu', Y.Q. Liu’, P. Tsakiropoulos framework of the CALPHAD ﬂppl’OﬂCh

M. Palumbo*, L. Battezzati

These formalisms can be applied to oxide glasses !!!
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The Calculation of Phase Diagram (Calphad) Method
CALPHAD Modelling of Amorphous Alloys

1o model the glass transition (L—=Am) as a second order transformation, the Gibbs energy of the
C@ amorphous solid needs to be formalised in such a way that the change in entropy (4S, _, ,,) and
free energy (4G, _,,,) become zero above T, Below T, AS,_,,, approaches the maximum
entropy change 4S,, .. and AG, approaches AH .. at T=0 K

—Am

, , e L) e
Bormann’s Model Shae’s Approach Association Selution Model
Magnetic Transition (T Curie)

Considering a binary liquid phase the temperature depen-  AG™ %™ = —RTIn(1 + @) - g(1) (11) On the contrary. the Association Solution Model (ASM) has
dence of the first order term in Eq. (5) is given by I . been applied to a number of liquid alloys [65-71]. According
o T — by “Iwm 4 :’T/ Ty is lh“_"“du_md temperature. (7) isexpressed 1, yhis model, the short range ordered parts of the liquid phase

Lyp=4g +By -T+Cy - T R e are described as associates with a well-defined composition.

where the last lcnn(C,'J"T")comsponds to the excess specific  ypy = | — [791,-1 " 474 (l - ]) The rest of the atoms are instead taken as randomly distributed.

heat contribution; it can easily be demonstrated that it yields = 140p 497 \ p

a specific heat proportional to T2, The amorphous phase is 23 9 15 Considering a binary A-B system and an Ay By associate, it is

described as a Redlich-Kister polynomial as well, with the X (? * 135 +W):| /D alt > 1 (12) assumed that n ; gy moles of the associate are in equilibrium

same number of coefficients as for the liquid phase, except for e ~|—ﬁ iy with 74 and ng moles of free A and B atoms. The following

the absence of the excess term related to specific heat: 2(r) = — [Eﬁ 4 rl]i— + :-(;0] /D S expression is derived for the excess Gibbs free energy of the
) 312 bl

liquid phase:
OLfSB SR ) where p is a structure dependent parameter (for example p nA ng
‘here S : depende ete exampk p = o 0 /
N t /\t 0.40 for b.c.c. phases) and D is given by Gm = "‘uB-"G"-‘B-‘ b (n“ n ' +agln n
epeu paS etre + nAxByIn "AXB_\')_l_ nA:BGftx.B
[ /&
— '
appllque quand T 0K + NMANAxBy Gix',‘xgy nAXH)nBG:GBV_R (18)

n

M. Palumbo, L. Banezzau / Compuzer Coupling of Phase Diagrams and Thermochemisary 32 (2008) 295-3 14
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The Calculation of Phase Diagram (Calphad) Method
Conclusion

s

esd

Méthode de calcul thermodynamique par minimisation de I’énergie libre d’un systéme chimique

Trouve sont intérét dans les systémes complexes ternaires, quaternaires, quinaires... Naires
(plus de 15 éléments dans la base thermodynamique FUELBASE en cours de développement au CEA)

En général, modélisation jusqu’au niveau ternaire puis extrapeolation aux niveaux supérieurs
Permet de confronter des données pour valider leur cohérence dans un systéeme chimique (T, compo)
Fort besoin de données mesurées ou calculées
Le principe réside sur I’étude de systéemes chimiques simples, ensuite extrapolés vers des systémes plus

complexes
L’inverse ne correspond plus a la méthede Calphad
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Platinoid Thermodynamics in Nuclear Waste Glasses

Glass melt during cooling
CEJ Glass frit Calcinate STy Y
e — ’*“E ;é)
b

S. Gossél, S. Schuller?, C. Guéneau!

ILaboratoire de Modélisation, de Thermodynamique et de Thermochimie
CEA — Centre de Saclay, 91191 Gif-sur-Yvette, France

2Laboratoire d'étude et Développement de Matrices de Conditionnement
CEA - Centre de Marcoule, 30207 Bagnols sur Céze, France

High-level Waste glass

0 i —+ Ru
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Fl Ve 083/
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& -5 / = Y RuTe, +
- 4 Hawid | Liquid RuTe,
64,/ 2 Pd-FCCRu-HCP RuO, L 0.3 "N
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K : | 3 : Nty - - - L
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PlatinoidsThermodynamics in Nuclear Waste Glasses
The direct-induction cold-crucible vitrification process

@‘] http://www.areva.com/EN/activites-3400/activites-1-ensemble-du-cvcle-nucleaire-et-les-energies-renouvelables.html
http://www.cea.fr/var/cea/storage/static/gb/library/Clefs46/pagesg/clefs46 42.html

|

In the cold crucible process, electric currents are induced directly in the
material to be melted by an electromagnetic field. The melter load must be
conductive to allow induction to occur. Glass is an insulating material at
room temperature, but once melted its electrical resistivity drops and allows
induction.

1S0VE
T — ———

e,
)7

'
[

The advantages of the direct-induction cold crucible are mainly due to the
formation of a layer of glass that solidifies upon contact with the cold melter
walls to form a "skull melter'. The skull prevents direct contact between the
molten product and the cooled wall and creates a thermal insulation barrier.

From the nuclear waste-reprocessing standpoint, the main advantage is the
very long melter service life that reduces maintenance requirements and the
quantity of secondary technological waste to be managed

This process allows higher temperatures to be reached, generally leading to improved waste loading
and therefore more effective volume reduction. It has been opened in 2010 at La Hague waste
reprocessing facility
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PlatinoidsThermodynamics in Nuclear Waste Glasses
Approach

During the vitrification process, slightly soluble Pd-Rh-Ru platinoids precipitate in the
C:e:] vitreous matrix of High Level Waste containment glasses. These platinoids precipitate into
- Pd-Rh-Te intermetallics, Rh(Ru)-FCC or Ru-HCP metallic particles and (Ru,Rh)O, or

Rh,0, oxide phases

Understanding the formation of metallic inclusions in the glass
Investigation of the low temperature eutectics and of the solubility limits in the solid solutions

Development of a thermodynamic database on the Pd-Rh-Ru-Te system

*CalPhaD modelling of all the Pd-Rh, Pd-Te, Rh-Te, Pd-Ru, Rh-Ru, Ru-Te binary systems
*Pd-Ru-Te & Rh-Ru-Te: Description of the phase diagrams by extrapolating the binaries
*Pd-Rh-Ru & Pd-Rh-Te: Use of ternary interaction parameters to model the phase diagrams

Application to Laboratory Nuclear Waste Glasses
Improvement of the understanding of the Pd-Rh-Ru-Te alloys formation in the glass

*Calculation of solidification pathways with the same platinoids amounts as in laboratory glasses
*Calculation of the chemical activities considering the oxygen potential of the glass through the oxide phases
*Experimental work on the solubility limits of platinoids in the Te rich liquid by DTA (SEM+XRD Analyses)
*Temperature measurements of the solid/liquid transitions in the ternary systems

Parce que les platinoides sont insolubles dans la matrice de verre, il est possible de
modéliser leurs propriétés thermodynamiques indépendamment de celles du verre
Le verre n’est modélisé qu’au travers du role tampon du potentiel d’oxygéne
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PalladiumThermodynamics in Nuclear Waste Glasses
Thermodynamic study of the Pd-Te system (1)

The Pd-Te diagram is made up of 9 intermetallic phases:
Pd,,Te,, Pd,Te, Pd,,Te,, Pd;Te,, Pd,Te,, Pd,Te,, Pd,Te,, PdTe and PdTe,

Phase Pd17Te4 PdsTe Pd20T87 PdsTea Pd7Te3 PdgTe4 Pd3Te2 PdTe PdTez
Structure .
Type PdioTes W Pd,oSb7 PdgTes Pds;Tes AsNi Cdl,
Space - = = =
Sroune F43m  Im3m R3 mP52  Cmcm  P6y/mmc  P3ml
Parameters a=11.797 a=12.843 a=7.444 a=7.458 a=3.858 a=4.20 a=4.0365
A) a=12.678 a=3.226 c=11.172 b=15.126 b=13.918 bH=13.938 b=12.687 c=5.79 c=5.1262
y=120° c=11.304 ¢=8.873 ¢=8.839 c=7.900 y=120° y=120°
Reference [Kim] [Bhan] [Wopersnow] [Kim] [Kim] [Matkovic] [Matkovic] [Kjekshus] [Furuseth]
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M 700 - z and the experimental phase diagram...
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PalladiumThermodynamics in Nuclear Waste Glasses
Thermodynamic study of the Pd-Te system (2)

1 1

1 1 1 1
LOTS Ipser - Run | 08 S 0T+ PdTe-PdTe, - Mallika * xTe=0.60 Ipser
0.9 o Ipser - Run 2 - _ | *Mallika [21] - see eq. (3) 4 1Te=0.52 Ipser|
’ oy 0.7 eIpser-Runl r | ] +2Te=0.40 Ipser
v Ipser - Run 3 5 Al . l [ v xTe=0.36 Ipser|
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—_— . _ |+ Ipser-Run 3 y 0.6 vIpser-Run3 -
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o) e bﬂ journal hamepage: www.elsevier.com/locate/intermet . 8
21200 1 - < 101
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= _ | = Tx?sen‘oll =764 K < | | Thermodynamic assessment of the palladium—tellurium (Pd—Te) system
= 1100 - - 520
g M Tx eservoir =794 K < S. Gossé”, C. Guéneau
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PlatineidsThermodynamics in Nuclear Waste Glasses
Modelling of the Pd-Rh-Ru system (Binary systems)

. o )
Rh-Ru Phase diagram Pd-Ru Phase diagram Pd-Rh Phase diagram
s . .o
(This study) (This study) (Giirler)
:S(]O 1 | 1 ! :80() 1 1 1 1 2400 ! 1
——— g . 2500 Liquid A
et a |~ - ey
775 o : 2400 e, - 2000 P |
T _ I G200 .
é . o . F{mfﬂ c] 800 - + Miscibility Gap - Shield -
@ 2000 7 5 P r 72000 = B & 0 ¢ Miscibility Gap - Raub
E 2 > = & ; 5 1600 - a FCC Single phase - Rudnitskii =
) g X vSolidus Pd-Fec- Darling o =
£ 1600 2 g16007 & »Solidus Pd-Fee - Obrowski ~_\ [ 51400 L f s |
; :.é' ,-/v/ % l\'r’r'm "1’4" j"l‘l 1 li'.;l}ll:,‘lm KT %l 200 1 s 2% ‘—“8 r
| 1004/ o Limit Ru-Hep - Kleykamp o L ) . B ’ A
1200 g L 1200 ‘ on ~
;" = |‘ o Ru-HCP = | v Limit Pd-Fec - Klevkamp \ 1000 e T=1183 K © -
+ Rh-FC'C I nLiquidus Ru-Hep - Kleykamp ) e
B ‘ = Rh-FCC + Ru-HCP o L Solidus Pd-Fee - Kleykamp | 800+ u
8007 | +Solidus Rh-FCC [ 800 @ Peritectic - Kleykamp / \
eY o HOP + Peritectic - Rudnitskii 600 ot eres 3
| & S,"l'l.‘l“f F"'II( . & Invariant - Rudnitskii / Miscibility Gap |
- | » Peritectic . .
400 | . T I 400 T T T T 400 T T T T
A0 o) Y 2 6 1] § A 0 02 04+ 06 08 1.0 A 0 02 04+ 06 08 1.0
RI-R A 0 02 04 06 o8 10 A X, M X
-nu:

2 large solid solutions. No intermetallic phase, only one high temperature peritectic decomposition
Remark: No thermodynamic data

Pd-Ru:

No intermetallic phase , only one high temperature peritectic decomposition

Only one peritectic decomposition (15-20 at.% Ru)

Remark: The shape of the Pd limit in Ru-HCP by Kleykamp has not been considered
Pd-Rh:

No intermetallic phase, only one large miscibility gap between Pd-FCC and Rh-FCC
The thermodynamic modelling comes from Giirler et al.

Due to the high temperature of the liquid formation, these systems are difficult to investigate
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PlatineidsThermodynamics in Nuclear Waste Glasses
Description of the Pd-Rh-Ru ternary system

Pd-Rh-Ru Phase diagram at 1973 K
Comparison with data from Paschoal

Ru

C@ Pd-Rh-Ru Phase diagram at 1673 K
Comparison with data from Raevskaya

Raevskaya T=1973 K 10
4 Two phases Ru-HCP + FCC :
» Single phase FCC

» Single phase Ru-HCP

Paschoal

+ Three phases Liq + Ru-HCP + Rh-FCC
4 Two phases Liq + Rh-FCC

¢ Two phases Ru-HCP + Rh-FCC

* Single phase Rh-FCC

e Single phase Ru-HCP

T=1673 K

0.7

02 02
0.1 0.1
Pd 0 >'1 7 7 v K 3 Rh Pd (E 5 5 g 7~ \(Rh
0.6 0.8 1.0 y 0 0.2 0.4 0.6 0.8 1.0

Two different sets of data make it possible to refine the thermodynamic meodelling of the Pd-Rh-Ru systems:
R. Giirler, J. of Nuc. Mat. 199 (1992)
M. V. Raevskaya, V. V. Vasekin, 1. G. Sokolova, J. of the Less Com. Met. 99 (1984)

Difficult to calculate isothermal sections both consistent with 1673 K & 1973 K results
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PlatineidsThermodynamics in Nuclear Waste Glasses
SEM observation of the platinoid phases

G0

Pd-Te droplets inside the glass matrix Ru, Pd-Te metallic inclusion

Morphologies of (Pd-Te, Ru) noble metals
in a simulated nuclear waste glass
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Platinoids Thermodynamics in Nuclear Waste Glasses
Application to boresilicate waste glasses

Explanation of the metallic alloy compositions: the Pd76-Te24 alloy (light grey)
C@ Origin: Mean Pd-Te alloy in metallic clusters from high temperature gradient region

1200 1:Pdy;Te,
2. Pd,,Te,
3: Pd;Te B
4: Pd-FCC
| < 1105
6: PdgTe, - + Pd.Te
— 3 < 1055
" [ Lig+ Pd;Te;— Lig + Pd;Te
+ Pd;Te — + Pd;Te + Pd
; 5 - Pd + Pd;,Te — Pd;Te + Pd,,Te,
OBHITT = Pd3Te + Pd17Te4 - szoTe7 + Pd17Te4
Pd-FCC 900 T T . .
Inclusion A 0 0.2 0.4 0.6 0.8 1.0

Molar fraction of phase

At 1000 K, the last solid-solid reaction is: Pd;le + Pd;,Te,— Pd,,Te, + Pd,,Te,

For 7<1000 K the equilibrium phases should be Pd,,Te, and Pd,,Te, (respectively 26 at.% and 19 at.% Te)
But the Pd76-Te24 and Pd82-Tel8 compositions match with (=1 at.% Te) :

the Pd,Te intermetallic compound

*the Pd-FCC solid solution (=15 at.% Te @ 1050 K)

On the thermodynamic point of view, solidification of these alloys occurs between 1045 and 1055 K
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Platinoids Thermodynamics in Nuclear Waste Glasses
Application to boresilicate waste glasses

Explanation of the metallic alloy compositions: the Pd37.5-Ru50-Te12.5 alloy
C@ Composition approximately equal to the mean integrated composition of the picture

1 600 | | | | |
1. RU-HCP  5: Pd, Te;, 2
15007 2: Liquid ~ 6: Pd,,Te, i
3:PdgTe; -
Ru+Liq
[ < 1160
2 3 _ Ru+Liq — Ru+Liq+PdgTe,
. < 1070
2 7 |4 [ RutPdyTes+Liq— Ru+Pd;Te+
o
oals};nn:m-uonaxuv-ﬁowwn-u ]I'G \ll I RU+Pd8Te3+ - RU+ +Pd,,Te
H t . : &.8 mm I||[ “ |
Pd-FCC s 5L | RuwPd,TewPd, Te, — RutPd, Te +Pd, Te
Inclusion A 0O 01 02 03 04 05 06
Molar fraction of phase
At 950 K, the last solid-solid reaction is: Ru + + Pd,,Te, — Ru + Pd,.Te, + Pd,,Te

For T <1160 K the mixture is made of 2 phases Ru-HCP + liquid (Ru solubility is about 1-2 at.%)
For 7 <950 K the equilibrium phases should be Ru-HCP, Pd,,Te, and Pd,,Te,
But the Pd,,Te, phase hasn’t been observed in the simulated waste glasses

On the thermodynamic point of view, solidification occurs above the formation of Pd,-,Te, (7 > 950 K)
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Platinoids Thermodynamics in Nuclear Waste Glasses
Study of the Pd-Rh-Ru-Te Metallic system

platinoids (Pd-Rh-Ru) and tellurium amounts produced by an UO, fuel inside a LWR

C@j The considered compeosition is Pdy-Rh,s-Ru,-Te,,. It is representative of the relative
. reactor (see H. Kleykamp, J. Nuclear Mater. 171 (1990))

1600 1.0 : : :
! 5 (IRl
1500 / “‘ p = 0.9 L 2.
1400 e ““ - 08 4 B
/ & |,
(13007 { T 2076 -
= \ - g 2. RhTe,  Ru-HCP (Pd,RL),Te, |
21-00_ T \ i 4_ﬁ(~)'6 3: Liquid RhTe,  Ru-HCP (Pd,Rh);Te;
g 1100 A B =051 I: Liquid RhTe,  Ru-HCP L
i / ¢ L
) . g - W 6: Gas Liquud Ru-HCP -
7 04 | a 1{uL
£1000 1: RhTe,,, 5 |
< 900 2: Ru-HCP =037" . B
! . R ) —— 4 _ap
A / 3: (Pd,Rh),Te,| 0.2 Ly ) L
8007 f 4: Rh,Te, 2 Ty
7001 S , - 0.1 ' B
1 S 1347 6: Liquid (6 9ea 1_ 5 T3
600 | | | T T T 0 T T T T T 3
/g\ 0O o1 02 03 04 05 06 07 /g\\\ 6 7 8 9 10 11 12
Molar fraction of phase 10000/7" (K1)

Pd, Rh, Ru and Te Activities and related
equilibriums in function of the inverse of
temperature (activities referenced to the
pure element standard states)

Pd,,Rh,Ru,,Te,, Solidification pathway

Main formed phases are intermetallics and Ru-HCP

The solidification pathway is consistent with the formation of Pd-Rh-Te ternary phases also experimentally
observed by Belyaev and by Krause in High-Level Nuclear Waste glasses:

A. V. Belyaev, Journal of Structural Chemistry 44,1 (2003)
Ch. Krause, B. Luckscheiter, Journal of Materials Research 6,12 (1991)
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Platineids Thermodynamics in Nuclear Waste Glasses
Study of the Pd-Ru-Te-(0) Oxide system

C@ Calculation of oxygen partial pressure and of solidification pathways for a Pd-Ru-Te-O mixture
Normalised conditions for the calculation are x(Pd)=2x(Ru), x(Ru)=10x(Te) and x(0)=0.09

O | | | _i (-‘ 2000 | | | | | |

-1 - 1800 -~——r -
[

-2 - 1600 1# -

: Pd-FCC
: Ru-HCP
: RuO,

: Liquid

—
=
-}
<o
I

+Log p(O,) - Pmet 1273 K
+Log p(O,) - Pmet 1373 K
+ Log p(O,) - Pmet 1473 K

T
Temperature (K)
2
S
o
|
da 0 D9

-5 - 1000 y: Pd,-Te, -

6 - Pd-FCC Ru-HCP Ru0O, - 800 B
- Ly'pml Pd-FCC Ru 1-HCP Ru0O,

7 4: Liquid Ru-HCP RuO, 600 3 B
6: Gas Liquid Ru-HCP X |

-8 400

T T T T I I I I T I
A 1000 1200 1400 1600 _ 1800 2000 A 0O 01 02 03 04 05 06 07
Temperature (K) Molar fraction of phase
Evolution of Log p(0,)=f(T) for the Pd-Ru-Te-O mixture
Comparison with measured oxygen partial pressure in a
simplified nuclear waste glass by Pinet et al.

Solidification pathway for the same composition

Jourmal of Ban-Crystalline Solids 355 (2009

Nearly constant ratio between RuQ, and Ru-HCP

Contents lists available st ScienceDirect

2 g (Ru-HCP/Ru0, = 1.8)
JouiazkobNon-Cystatlinieisolics g~ Simultaneous existence of: (i) Ru-HCP and RuO,
journsl homepage: www.elsevier.com/locate/jnoncrysol == & (ii) Pdl 7Te4 and Pd_FCCphases
In both cases Log p(0,)=f(T) are nearly the same
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Platineids Thermodynamics in Nuclear Waste Glasses
Study of the Ru-Te-(0) Oxide system

Calculation of oxygen partial pressure and of solidification pathways for a Ru-Te-O mixture (No Pd)

(Normalised conditions are x(Ru)=10x(Te) and x(0)=0.09)

The indirect e

ffect of Pd on the Rw/RuOQ, ratio is highli

ghted by t;he Pld-FICC slo»lidI sohlntionI forp)ation

-1 I 1800 |
D 2 -
s QIGOO i / 1: Ru-HCP
S -3 - = r 2: RuO,
S +Log p(O,) - Pinet 1273 K = 14007 | 3: Gas 1
< -4 +Log p(O,) - Pmet 1373 K- = | 4: Liquid
=y +Log p(O,) - Pmet 1473 K = 1200 -
o4 ' : 2 1<
Q -57 B =
a s
6 - Pd-FCC Ru-HCP RuO, , = 10007
3: Liquid Pd-FCC Ru-HCP RuO, 4
7 4: Liquid Ru-HCP RuO, Q00 2
6: Gas Liquuid Ru-HCP
-8 600

A 1000

T T T T
1200 1400 1600 1800 2000
Temperature (K)

Evolution of Log p(0,)=f(T) for the Ru-Te-O mixture

l l I T T T l I
A 0 01 02 03 04 05 06 07 08 09

Molar fraction of phase

Solidification pathway for the same composition

Comparison with measured oxygen partial pressure in a
simplified nuclear waste glass by Pinet et al.

Jourmal of Kan-Crystalline Solids 355 (2004 2

Ru-HCP over RuO, ratio is about Ru-HCP/Ru0,= 5 @ 1200 K
No direct effect of palladium on the oxygen potential

Contents lists available &t ScienceDirect

Journal of Non-Crystalline Solids — But, it can play an important role in the Ru-HCP/RuO, ratio
In both cases Log p(0,)=f(T) are nearly the same
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Platinoids Thermodynamics in Nuclear Waste Glasses
Conclusion

The thermodynamics of platinoid elements is studied in the frameweork of the vitrification process of
m High-Level Nuclear Waste. Using the Calphad method, a thermodynamic Fission-Products database is
. being developed on both metallic (Pd-Rh-Ru-Te) and oxide (O-Pd-Rh-Ru-Te) systems.

Assessed systems:

All the binary systems: Pd-Rh (Giirler), Pd-Te, Rh-Te, Pd-Ru, Rh-Ru, Ru-Te

Ternary systems described by extrapolation of the binaries: Pd-Ru-Te & Rh-Ru-Te
Ternary systems described with ternary interaction parameters: Pd-Rh-Ru & Pd-Rh-Te
For the time being, oxide phases come from the Ssub database by Dinsdale (SGTE)

Application to Laboratory Nuclear Waste Glasses
Better understanding of the Pd-Rh-Ru-Te-(O) alloys or oxide phases in the glass

*Calculation of solidification pathways with the same platinoids amounts as in laboratory glasses
*Calculation of the chemical activities considering the oxygen potential of the glass through the oxide phases

Comparison with experimental results in both Pd-Ru-Te-O and Ru-Te-O simplified compositions:
The calculations show the high affinity of Te for Pd

Te preferentially dissolves in the Pd-FCC solid solution or forms (Pd,Rh)Te intermetallic phases

The calculated pathways are consistent with the precipitated phases observed in nuclear waste containment glasses

Shortly, this database will be refined to predict thermodynamics of more complex systems:
1. New FP or glass frit elements (Mo, Ni)
2. Ternary oxides (Na-Ru-O, Ca-Mo-0O)

Possible merger with the FUELBASE
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