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The chemical system of the nuclear glass

e A multicomponent system with more than 40 components

Tableau 1 - Composition de la solution PF Tableau 2 - Composition chimique
de référence R7T7 des verres type R7T7 (en % massique d’'oxydes)
Teneur des éléments (en g/L) pour 711 L/tU (1) Compcgsition Inte'rv_a'll’e
nominale specifié
Na 14,09 R7T7 R7T7
Al 3,52 " min max
P 0,51 ‘ | : -
Cr, Fe, Ni 11,22 Si0, 45,1 42,4 51,7
Rb 0,50 B,0, 13,9 12,4 16,5
SF 1,18
Y 0,65 Al03 4,9 3,6 6,6
Zr 6,48 Na,O 9,8 8,1 11,0
Mo 4,70 Ca0 4,0 35 48
e 1,16
Ru, Rh, Pd 5,48 Fe,03 29 <45
Ag, Cd, Sn, Sb, Se 0,38 NiO 0,4 <0,5
Te 0,67 Cr,05 0,5 <06
Cs 3,72
Ba 2,21 P20s 0,3 <1,0
La 1,70 Li,O 2,0 16 2,4
Ce 3,30
Pr 1,56 Zn0 25 2,2 2,8
Nd 5,63 Oxydes de produits de
Pm 0.10 fission, Zr, actinides et
! fines 12,8 4,2 18,5
Sm 132
Eu 0,18 Oxydes d'actinides 0,9
Gd 0,11 Si0, + B,03 + Al,04 > 60
U 0,11
" g“ = ?gg T. Advocat et al., Vitrification des déchets radioactifs, Techniques de
m, Cm, Np - g
I'Ingénieur BN3664 V1 (2008)
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The chemical system of the
nuclear glass

STEM

» A multiphase system made up of

e The initial sodium borosilicate liquid that is cooled
— An immiscible liquid (yellow phase) can also appear

«  The glass matrix that is formed SEM | el —ny
» Various crystalline phases precipitated on cooling ' 4 ;:'ff;.
because some components have limited solubilities - ";;2::.5‘?' G
In the melt or in the glass il T ety
— Platinoids Pd, Rh, Ru — RuO,, Pd-Te... . J EE'? .
— Mo —> alkali molybdates —— ——
— Rare Earths (RE) — RE silicates, e.g. oxyapatites Various microstructures of nuclear glasses

enriched in MoO, after cooling at 1°C/min
(S. Schuller Habilitation Thesis, Montpellier
University, France 2014)

SEM images of Pd-Te alloy inclusions
P. B. Rosg, D. 1. Woodward, M. I. Ojovan, N. C. Hyatt, and
W. E. Lee, J. Non. Cryst. Solids 357, 2989 (2011)
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The main difficulties

e The multicomponent and multiphase character of the system

* The liguid must be accurately described in a large temperature
range below the liguidus, at high undercoolings

e The glass is a phase which is in a non-equilibrium state
— A specific thermodynamic model is required to describe this phase

e Demixing is a subtle energetic effect that can occur in both the
liquid and the glass solution phases

« Experimental thermodynamic data are missing for some of
the phases,

— Including some crystalline ones
— Particularly for metastable undercooled liquids
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Outline

The simplest thermodynamic model of the unary glass
— Simon’s approximation

Experimental techniques for the determination of the
thermodynamic quantities of the glass

Multicomponent glass models from the oxide glass community
— Conradt’s model

— ldeal associated solution model : Vedishcheva et al.

Glass models from the CALPHAD community

— 1 state models

— 2 state models

Conclusions and perspectives
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SIMPLEST THERMODYNAMIC MODEL
OF THE UNARY GLASS
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Simon’s approximation

» The glass and the crystal have the same composition

* The glass transition range is reduced to a single temperature T (corresponding
to a typical cooling rate)
* AtTy:
— The liquid is frozen and becomes a glass
— The C; change at the glass transition is approximated by a discontinuity
* Moreover, it Is observed that:
For T<T,:C ~C, hence AC =C —C ~0

e Asaconsequence :

For T<T,:

AH(T)=H/,(T)-H.(T)=AH(T, )=AH  =const.
AS(T)=S,(T)—S,(T)=AS(T,)=AS,=const.
AG(T)=G,(T)-G.(T)=AH —TAS,

J. Schmelzer and 1. Gutzow, Glasses and the Glass Transition (\erlag, Wiley-V CH, Weinheim, Germany, 2011)
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hermodynamic functions of the unary glass
according to Simon’s approximation

AG, AH AS AC,
Undercooled Undercooled
Glass  liquid Glass liquid
(A > > | JL: > < pm
= o Undercooled
= S o8} Glass liquid
<] A pel < > < >
- m E 30F 1;3 I rm
o4 >of ) |
AHE - : }___ -
) 02 ¢ a 1.0 i I
. ol 1 I S M R T |
0 02 = 0 0.2 04 0.6 08 1.0
T'T,
AH(T)=Hg (T)=H(T)
AS(T)=S,,(T)=S(T) N
G(T)= Gg V-G (T J. Schmelzer and 1. Gutzow, Glasses and the Glass Transition
AG(T)= g, (T)- c( ) (\Verlag, Wiley-VCH, Weinheim, Germany, 2011)
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Relations between thermodynamic quantities of the glass

» For the undercooled liquid at T

T T
AH(T)=AH+[AC dT=AH, —[ACdT
T, T

AH(T)~AH +AC (T-T )~AH,~AC (T,~T)

AH, —AH ~AC (T, —T,)

A
AS(T)=AS +f—CBdT_ S —f—CBdT

Tm
AS,—AS=AC, I

AH

m

 If AH and T areknow: AS =

« Only 2 of the 4 thermodynamic quantities describing the glass with
respect to the crystal are independent and need to be determined

experimentally
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SOME EXPERIMENTAL TECHNIQUES
FOR THE DETERMINATION OF
THERMODYNAMIC QUANTITIES OF
THE GLASS
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Tg, ACp determination by DSC « Methods using 2 heating runs for hyper
quenched glasses

— Y. Z. Yue, J. de C. Christiansen, and S. L. Jensen, Chem.
Phys. Lett. 357, 20 (2002)

—  X. Guo, M. Potuzak, J. C. Mauro, D. C. Allan, T. J.
« Method using 1 heating run when glass Kiczenski, and Y. Yue, J. Non. Cryst. Solids 357, 3230

« Signal processing with specific methods

. . ) 2011
cooling rate is comparable to DSC heating rate 201L) =
— M. J. Richardson and N. G. Sauvill, Polymer 16, 753 (1975) § gie;ﬁi : 3 T i
8 elermine » Y
— C. T. Moynihan, A. J. Easteal, M. A. Debolt, and J. Tucker, 3| B-N )
J. Am. Ceram. Soc. 8, 12 (1975) %« 4
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AS, determination by calorimetric cycle or viscosity measurements

e  Combining low temperature adiabatic calorimetry + DSC + drop calorimetry between0 K and T,
to determine the S(T) curve for the crystal, the liquid and the glass phases
Requires that the crystal, the liquid and the glass have the same composition

700 [
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e Entropy can also be derived

T T T ] i T T T T I T T I 1 ] ; .
‘ - from viscosity curves on the
f. CaMgsiOs basis of the Adam-Gibbs
theory
e ] P 60 T
i Crystal 4 E Mg3Alsiz02-T |
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Th C K
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1 1 1 F‘[jii 1 1 l 1 | 1 1 ] ] 0 I'aSiﬂy} _:
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P. Richet and Y. Bottinga, in Struct. Dyn. Prop. Silic. Melts - Rev. Mingral. \ol. S,:s (J/molK)
32, edited by J. F. Stebbins, P. F. Mc Millan, and D. B. Dingwell (Mingralogical
Society of America, Washington D.C., 1995), pp. 67-93.
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AH, determination by solution
calorimetry
(1) Glass + Solvent — Solution (Aly)
(2) Crystal + Solvent — Solution (Al)
(1)-(2)  Glass — Crystal (AH,)
AH, = Al - Al
» Calorimetric experiments can be performed

— Atroom T, in agueous acid solutions
— At high T (700-800°C), in oxide melt (2PbO-B,0O,)

« Foraternary glass = x SiO,, y B,O,, z Na,O
» Separate dissolution of the glass and of its crystalline oxide

constituentsin asolventSat T
 Glass+3S — ((xSiO,, y B,0Os, 2 Na,0))ss (a)
— X<SIO,> + 5§ — ((x SIO,))s (b) - |
— ¥ <B;03>+ S — ((y B,O3))s (c) L1 T
— 7 <Na,0>+ S ((z Na,0)), (d) %%?//

» The glass formation reaction is written as:
— X <Si0,> + y<B,0;> + z <Na,0> — Glass

- AfH(GIass) = AsolHoo(b) + AsoIHOO(C) + Asoll_loo(d) B Asoll_loo(a) Tian-Calvet calorimeter for high T < 1400K solution
or drop-solution experiments
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MULTICOMPONENT GLASS MODELS
FROM THE OXIDE GLASS COMMUNITY
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e |deal associated solution model of Vedishcheva et al.
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Conradt’s model

» Description of the unary glass similar to Simon’s approximation

e Multicomponent glass model

— Determination of the Crystalline Reference State (CRS) of the glass = the assembly, nature
and quantity, of the crystalline mineral phases that would exist at T, under equilibrium conditions

 not derived through the Gibbs energy minimization of the system but combining

— the knowledge of the predominant quaternary phase diagram (= 85 — 95% of the oxides ) — major
mineral phases of the CRS

— the CIPW (Cross, Iddings, Pirsson, and Washington) norm — minor phases of the CRS
— The CRS is assumed to reflect the Short Range Order (SRO) in both the liquid and glass

— The thermodynamic functions of the glass are calculated by a weighed average of the functions of
the CRS components

 assuming that the liquid and the glass are described using entities having the same
stoichiometry as the crystalline phases of the CRS

» This is an associated model in which both the ideal entropy of mixing and the excess
term are neglected

» The model accuracy is
— Limited by its simplicity (and the quality of the database)
— <5 9% for integral quantities (H, G)
— < afactor of 2 for the activity coefficients of individual oxides

fmz-HF Institut Matériaux Microélectronique Nanosciences de Provence @ (Ai’f,MfﬂSFi‘l:!,e © P Benigni 16
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Ideal associated solution model of Vedishcheva et al.

The glass is described as an associated solution of the binary oxides and the products of their
reactions ; this solution is considered ideal
These products, called chemical groupings, have

— the same stoichiometry as the crystalline compounds of the phase diagram,

— Asstructural similarity with the crystalline compounds in term of the ratio between the basic structural unit
which characterize the SRO

The nature and the proportions of the oxides and groupings are calculated using the Gibbs energy
of formation of all the compounds by solving a non linear system of equations

— mass balance + law of mass action equations
As in Conradt’s model, the glass/liquid solution is described by an associated model in which the
associates have the same compositions as the compounds of the phase diagram

— No clear distinction between the liquid and the glass in the model
The model is validated towards experimental results on glasses

— structure : XRD, NMR, IR, Raman, neutron scattering

— macroscopic properties : e.g. density
This validation requires to establish a link between the concentrations

— of the chemical groupings which are predicted by the model

— of the basic structural units Q", B" which reflect the SRO (Short-Range Order),

— of the Super-Structural Units (SSU) at the 1-2 nm scale which reflect the MRO (Medium-Range Order)
Example of results : SSU concentrations are predicted with an uncertainty < 2%

itut Matéria icroé ' anoscienc i i P
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Interactions in liquids

A liquid cannot systematically be described using an associate

corresponding to a compound of the phase diagram

Sn-Te system

0 i 1

| I—— |

5]
4 vie]

s AmixH

mix

HM(Liquid) J/mol
3

400 T T

L T
A 0 0.2 0.4 0.6 08
Alomic Fraction Te

1.0

Strong interaction in the
liquid A;,H has a V-shape

Clavaguera-Mora, M. T., Comas,
C., & Clavaguera, N. (1994).
Calculations of the tin-tellurium
system. Calphad, 18(2), 141-155

Aljarrah, M., & Medraj, M. (2008).
Thermodynamic modelling of the Mg-Ca, Mg-Sr,
Ca-Sr and Mg-Ca-Sr systems using the modified
quasichemical model. Calphad, 32(2), 240-251.
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Mixing enthalpies in SIO, — B,0O; — Na,O glasses

» Measured by solution calorimetry in 2PbO-B,0O; molten at 974K
— R. L. Hervigand A. Navrotsky, J. Am. Ceram. Soc. 68, 314 (1985)
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Mixing enthalpies surfaces in the Ab-An-Di liquid and glass

Albite = NaAlSi;Og4 — Anorthite = CaAl,Si,O4 — Diopside = CaMgSi,Oq

Dy Di

Liquid at
1500°C

-4.2 -84 -42 An

A. Navrotsky, Phys. Chem. Miner. 24, 222 (1997).
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Requirements on the models

The mixing enthalpies in liquid and glasses
— Are weak (= few kJ /mol)

— And sometimes endothermic (> 0), the glass or liquid solutions are then only
stabilized by the mixing entropic term

These solutions can be destabilized by a decrease in temperature leading to a
demixing phenomenon

An oversimplified model will not be able to predict such subtle energetic
effects

The liquid and the glass are two different solutions both qualitatively and
quantitatively
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MODELS FROM THE CALPHAD
COMMUNITY
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The CALPHAD method

o The Calphad method is the
most firmly established method
for thermodynamic modeling of
multicomponent multiphase
systems

* It means the use of all available
experimental and theoretical data
to assess the parameters of the
Gibbs energy models selected
for each phase

H. L. Lukas, S. G. Fries, and B. Sundman,
Computational Thermodynamics: The Calphad
Method (Cambridge University Press, 2007)
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Description of solution phases in the CALPHAD approach

Gq):requ)_I}idGq) s

 Mechanical mixture of the unaries requ):Z X, G?
i

— A unary is an element of the

Taken from a unary database
e.g. SGTE elements or
substance databases

periodic table but can also be a

compound under conditions that « Extrapolation to higher order systems

it does not decompose into other
components

» Ideal entropy term
“G'=> xInx
i

o Excess term for a binary solution

XS A~¢P__ vi ¢ v

G=x;x; D, "L (Xi—X;)
v=0

v|_<|> v=0,1,2

Parameters adjusted during the assessment
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Selected bibliography

« 2 comprehensive reviews on the application of the CALPHAD method to
glasses

— Palumbo, M., & Battezzati, L. (2008). Thermodynamics and Kinetics of metallic amorphous phases in the
framework of the CALPHAD approach. Calphad: Computer Coupling of Phase Diagrams and
Thermochemistry, 32(2), 295-314.

— Becker, C. a., Agren, J., Baricco, M., Chen, Q., Decterov, S. a., Kattner, U. R., ... Selleby, M. (2014).
Thermodynamic modelling of liquids: CALPHAD approaches and contributions from statistical physics.
Physica Status Solidi (B), 52(1), 33-52.

o 2types of models

— 1-state models
e Bormann et al.
* Shao et al.
e Schnurre et al.

— 2-state models
« Agrenetal.
* Golczewski et al.
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Selected bibliography of 1-state models

Bormann et al.

Ni-Ti, Ni-Zr, Nb-Al : Bormann, R., Gartner, F., & Zbltzer, K. (1988). Application of the
CALPHAD method for the prediction of amorphous phase formation. Journal of The Less-Common
Metals, 145(C), 19-29.

Ni-Ti: Bormann, R., & Zoltzer, K. (1992). Determination of the Thermodynamic Functions and
Calculation of Phase Diagrams for Metastable Phases. Phys. Status Solidi A, 131, 691—705.

Al-Ce, Al-Nd : Baricco, M., Gaertner, F., Cacciamani, G., Rizzi, P., Battezzati, L., & Greer, A. L.

(1998). Thermodynamics of homogeneous crystal nucleation in Al-RE metallic glasses. Mechanically
Alloyed, Metastable and Nanocrystalline Materials, Part 2, 269—2, 553-558.

Fe-B : Palumbo, M., Cacciamani, G., Bosco, E., & Baricco, M. (2001). Thermodynamic analysis of
glass formation in Fe-B system. Calphad, 25(4), 625—-637.

Shao et al.

Cu-Zr, Ni-Zr : Shao, G. (2000). Prediction of amorphous phase stability in metallic alloys. Journal of
Applied Physics, 88(7), 4443-4445,

Re-Si : Shao, G. (2001). Thermodynamic analysis of the Re — Si system. Intermetallics, 9, 1063-1068.

Cu-Ti, Pd-Si, Ti—Zr—Ni : Shao, G. (2003). Thermodynamic and Kinetic aspects of intermetallic
amorphous alloys. Intermetallics, 11(4), 313-324.

Fe-B, Fe-Si-B : Shao, G., Lu, B., Liu, Y. Q., & Tsakiropoulos, P. (2005). Glass forming ability of
multi-component metallic systems. Intermetallics, 13(3-4), 409-414.
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Model of Bormann et al.
« CALPHAD expression for G of asolution:  G¢ = ®={G¥ +dGY L exG¥
*owith: 9G¥ =RT ) xilnx.
g 6= 3 Y L ()’
i j>i v
e For a binary solution : “G® =xaxp ) LY ;s —xp)"
-

» For the binary liquid, Bormann et al. have written the dependency of the
order O parameter of the excess term as :

oLk, = A+ B 1l )

e And for the g|a55 : OLam — A9m 4 gam T
A.B 0 0 .
I 2 Institut Matériaux Microélectronique Nanosciences de Provence @ (AimeVaE’rrsSeiTlele © P Benigni 27
'ﬂj_ — I LUMR CMRS 7334, Universités Aix-Marseille et Sud Toulon-Var .77 ; -



Model of Bormann et al.
— 826 . ex A~ li _2X X C“q

* At the temperature T, of the glass transition, the first derivatives (H and S) of
G are continuous :

_ am-lig_pn  imnl; am _ Aliq | 4 ~lig 5]
AS —(Q implies that 0 _AO + 2 CU Tg

: . . I h .
] 1m q q Z
— A Ham 'q—O |mpI|es that BED — BD — ('O . ;g ,

» The liquid and the glass are treated as a single phase, the heat capacity of which
has two distinct analytical expressions depending whether T > T or T < T
— Discontinuity of C,at T
— Composition dependency of T, is not taken into account
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Model of Bormann et al. applied to the Fe-B system

2500 — : -
Optimization without the glass ___| Phase Parameters
1 liquid # Metl
4 2000 M=.106332+4.569 T| | "L"9=-47176-9.751 7-5.929-10’
= liquid ;L:f“ = 15844 !
1767 K "9 =46298 LM = 15273
g boo— 033" 1671 K 0.63 2114 = 46567
8, 1500 SiG ek —3 "L*™ =.195390+82.884 T
§ fo— amorphous not present = 15273
= : 185K 2L = 46567
1000 Febec(a) | °L®=-15878+1.768 T °L®=-22131+7.036 T
bee e " Fefec(y) | °L'=-49827+33.618 T LY =.57794+40.432 T
4 o %
0.0 02 0.4 X 0§ 08 1O Cp vs. T for |:(:383B17 a||0y
60
-4 Optimization
Crystallization enthal 6. ; .
2 y by —r | with the glass
Optimization . N
20 — without the glass [ 2
] Optimization with the glass E
: o
- ) O 304 .. .
> / Optimization
3 10- LA, 251 .
Fhepaag o, o without the glass
5 Sl 15 — ; .
500 1000 1500 200C
) T,=constant  T/K
0.10 0.15 e 020 025 =800 K
Palumbo, M., Cacciamani, G., Bosco, E., & Baricco, M. (2001). Thermodynamic analysis of glass formation in Fe-B system. Calphad, 25(4), 625-637
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Drawbacks of 1-state models for unaries
Stable LIQUID C,, = cst.

M

The whole C,(T)

(or N towards a cst. as T27)

Art|f|C|aI slope break at T,,= 1234,93 K\, e

universite

curve of the liquid /
cannot be fitted by G (undercooled LIQUID) = /
a single analytical s2 L analytical expression such as wp» Il -
expression C,(liquid) — C,(crystal) as T N ;
-k 0 .
- The current SGTE
& 28 | description for the —— BCC_A2, FCC_A1, HCP A3 -
unaries is only valid
atT >298 K The glass transition is not
taken into account
” — —
Ag data from A. T. Dinsdale, Calphad 15, 317 (1991)
— — 1
0 500 1000 1500 2000
Tempamsiure / K
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Attempt to improve the unary description — case of SiO,

Glio, = ~9.1911513996 x 10° + 318.651821118 - T — 52.80500652 - T - In T — 0.013894085 - T° <7 <1478 Glass
1609929477 x 1074 T* + 617817813 x 10° - T~

Ghio, = —9.35481224 x 10° + 479.632422808 - T — 75461508414 - T - InT — 1.206802642 x 10 - 72 1478 < 7 <6000 Liquid and
+ 337604755 x 107 - T* +9.26045761 x 10° - T~ supercooled liquid
o | 'l'"I"'I"'I"'I"'I"'l'"I"'I"'l"'I"'I"'l'—
8 | SGTE database .
80 - -
- . Schnurre etal.
X FACT d :
- atabase
IB 68 -
£ . -
—
N 60 =
o
(@) 56 .
52 Calculations by A. Pisch S.M. Schnurre, J. Grgbner, R. Schmld-_ _
o CNRS - SIMAP Grenoble | Fetzer, Thermodynamics and phase stability
T =1478 K (2017) ] in the Si-O system, J. Non. Cryst. Solids.
a4 g | ) 336 (2004) 1-25
40 300 .5(I)0. . .7(|)0. . .9(|)0. . ll|00 . liSIOO . lj:OO . .17I0(; . .l9|0(; . I21|0(; . 23IOO . 25I00 . 27I00 . .29I0(;
T/K
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Drawbacks of 1-state models for binaries

Hypothetical A, B, binary alloy
a8 -

B
BN
T

.S
o
T

I,(A-B) I(A)

\ Neumann-Kopp rule from i

the A and B descriptions

Cp (J-mol-K )
&

5

Drop at T, of
the solution -

N
oo
T

24

1000 1200 1400 1600 1800 2000 2200 2400
T (K)
C. a. Becker, J. Agren, M. Baricco, Q. Chen, S. a. Decterov, U.R. Kattner, et al., Phys. Status Solidi. 52 (2014) 33-52
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2-STATE MODELS
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Bibliography of CALPHAD 2-state models

Description of the unaries can be improved using 2-state models
Model of Agren et al.

Sn, Glycérol: Agren, J. (1988). Thermodynamics of Supercooled Liquids and their Glass Transition. Physics and
Chemistry of Liquids, 18, 123-139.

Ag-Cu: Jinsson, B., & Agren, J. (1988). Thermodynamic and Kinetic aspects of crystallization of supercooled AgCu
liquids. Journal of The Less-Common Metals, 145(C), 153—166.

Cu, Sn, CuysSnys: Agren, J., Cheynet, B., Clavaguera-mora, M. T., Hack, K., Hertz, J., Sommer, F., & Kattner,
U. (1995). Workshop on thermodynamic models and data for pure elements and other endmembers of solutions.
Calphad, 19(4), 449-480.

Fe-B: Tolochko, O., & Agren, J. (2000). Thermodynamic properties of supercooled Fe-B liquids—A theoretical and
experimental study. Journal of Phase Equilibria, 21(1), 19-24.

Fe: Chen, Q., & Sundman, B. (2001). Modeling of Thermodynamic Properties for Bec, Fee, Liquid, and Amorphous
Iron. Journal of Phase Equilibria, 22(6), 631-644.

Au-Si: Chen unpublished 2013.

Au, Ga: Becker, C. a., Agren, J., Baricco, M., Chen, Q., Decteroy, S. a., Kattner, U. R., ... Selleby, M. (2014).
Thermodynamic modelling of liquids: CALPHAD approaches and contributions from statistical physics. Physica
Status Solidi (B), 52(1), 33-52.

Sn, Pb, Bi and Bi-Sn: Thermodynamic descriptions of pure Sn, Pb, Bi and Bi-Sn system from OK using two state
model for the liquid phase. Khvan Alexandra, Dinsdale Alan, Phiri Albina, Calphad Conference juin 2017.

Model of Golczewski et al.

Si0,-Al,0;-CaO-MgO: Golezewski, J. A., Seifert, H. J., & Aldinger, F. (1998). A Thermodynamic Model of
Amorphous Silicates. Calphad, 22(3), 381-396.
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Comparison of 2-state models

« Agren et al.: model developed for metals,

— As T N, a fraction of the atoms in the liquid lose their translational degrees
of freedom and becomes solid-like

— If £ =fraction of liquid-like atoms, the molar Gibbs energy of the
liquid phase can be writtenas  GL=(1—E)GX'+EG,"+RT(EINE+(1—E)In(1—E))

- With Gl GE'=AG,=AHBT OTINT +...
G-=G M EAG,+RT(EINE+(1—E)In(1—E))

— The fraction of liquid-like atoms is obtained through Gibbs energy

T os| For Ag:
minimization ] A=13584,3J.mol*
e —AG,/RT *r B=-R
aGm:o = E= l o/ RT) .l c=0
0§ 1+exp(—AG,/RT)

» Golczewski et al.: model developed for oxides,
— the basic structural units of the liquid and the glass are not simple atoms, °'¢ @0 @0 @ @0 w0 Do 100

T/ K
— avirtual Structural Fluctuations (SF) component with no mass is
introduced in the G function of the amorphous oxide, ys- = fraction of SF

Gg?( YseGse+RT (ySF In yse+(1—yse)In(1- ySF))+GeX
+ with G <A E)-RT

— Anexcess termis alsoadded:  sex_ Ver(1—Ver) (@4@(1 —2Yse))
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2-state model of Agren et al.

All other functions (S, H, C) are derived from the G expression using classical
thermodynamic relations e.g.

Ho=H'+EA H,

dAHd+AH dg

L: sol+
T a7

The hypothetical solid-like amorphous phase, in which all constituents have

only vibrational degrees of freedom, is described with respect to the crystal
phase by: Gw'=Gp”" ’

From the descriptions of pure amorphous A and B, the model can be extended
to an amorphous binary A-B alloy on the basis of the regular solution model :

| | |
G =5 GR+ X565+ x5 x5Lhs)
L A L B L AB
AG=X,AGy +xBAGd+xAx

J. Agren, B. Cheynet, M. T. Clavaguera-mora, K. Hack, J. Hertz, F. Sommer, and U. Kattner, Calphad 19, 449 (1995).
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Principle of Golczewski et al. approach

e Quaternary oxide system SiO,-Al,0;-CaO-MgO
* Estimation of (H-Hyg) Ty, and AH, of the hypothetical

amorphous ideal unary oxides Al,O,, CaO, MgO

— Using thermodynamic data on SiO, and 3 silicates that exist at the glassy
state

e The Gibbs Energy of unary oxides is described with a 2-state
model

e The quaternary glass solution is described as an ideal solution of
the amorphous unary oxides
— The model is validated on 2 ternary glasses: cordierite and pyrope
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Estimation of H(T) — H(298) and T, of the hypothetical amorphous
unary oxides

« Binary and ternary silicates at the glassy S Ep—— . : -
state: . -/
WOLLASTONITE = CaO + SiO2 20 - $i07 1480 | / -
ANORTHITE = Ca0 + A203 + 2(Si02) Alp03| 1156 /

DIOPSIDE = Ca0 + MgO + 2(Si02) 154 fdag)o }ggg /- ]

Ham(T) - HaM(298 K) = aj + biT + ¢iT2 + di/T
» Enthalpy of complex oxide = weighed
sum of unary oxides enthalpies (ideality)

[Hox2M(T) - Hox3M(298K)]i =

-
[
i

(&)}
1

: 2j njj[HamM(T) - HaM(298K));

‘ ' | nknown 0 S ——
fr)]/es;e.m of 3 equations with 3 unknowns 800 1000 1200 1400 1600 1800 2000

TEMPERATURE [K]
AHaM(Ca0) = AH2M(WOLL) - AH3M(8i07)

m
N

RELATIVE ENTHALPY H(T)-H(298K) [J/mol]

J. A. Golczewski, H. J. Seifert, and F.
AH2M(MgO) =5 AH2M(DIOP) - AH2M(WOLL) - AHAM(Si07) Aldinger, Calphad 22, 381 (1998).

AHAaM(Al203) E AHAM(ANOR) - AHAM(WOLL) - AH3M(Si03)
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Estimation of the vitrification enthalpy AH, of the hypothetical
amorphous unary oxides

LIQUID
S Q
A -
:tiJ - AH
:E: ) fus
E | AMORPHOUS _-
Z e
m - 1}
AH, ‘
CRYSTALLINE
T, Tros g
TEMPERATURE

Ham(298K) = HCr(298 K) + AHy

AHy = AHf - (Clidp - CTp)(Tfys - Tg)

e Hence:
OXIDE Tfus (K] AHfus Tg (K] | AHy
(kJ/mol] [kJ/mol]
Si02 1996 8.9 1480 4.3
Alp03 2327 I11.1 1156 57.1
Ca0 3172 80.0 1074 19.2
MgO 3100 77.0 1008 20.5

LImZnp

Enthalpy curves of amorphous unary oxides
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Gibbs energy functions of unary oxides

C,, difference between crystalline and ideal glassy SiO,
AMORPHOUS SiO2

Gid(Si07) = GCr(Si03) + 5219.1293 - 37.25216 T +(4.883) T In T

G°¢1(S1032) 543<T<3300
= -943127.51 + 493.26056 T - 77.5875 T In T + 0.003040245 T2
-4.63118-10-7 T3 4+ 2227.125 T-!

L0(Si02,SF) = + 59837.817-463.76576 T + 55.090386 T In T

L1(Si02,SF) = - 24666.399 + 30.098861 T
AMORPHOUS Al203

AMORPHOUS CaO Gid(A1203) = GCT(Al,03) + 48563.527 - 11.440365 T
Gid(Ca0) = GCr(CaQ) + 33845.948 + 3.3242126 T GCr(Al203) 600<T<1500
GEI(Ca0) 29814 < T < 3172 =-1724886.06 + 754.856573 T - 116.258 T In T - 0.0072257 T2
. 107 T3 -1
= -6536531.356 + 315.22123 T - 51.8583 T In T - 0.0012193 T2 IO 2 o
-2.4-10-11 T3 + 468307 T-! =-1772163.19 + 1053.4584 T - 156.058 T In T - 0.00709105 T2
LO(CaO,SF) = + 22428.434 - 25718148 T - 6.29402.10-7 T3 + 12366650-T-1
L1(CaO,SF) = + 43433.021 - 40.566514 T LO(A1203,SF) =.+ 54238.1106 - 44.7859297 T

L1(A1203,SF) = + 20453.0983 - 11.4831808 T
Same C,, for crystalline and ideal glassy CaO, AMORPHOUS Mg

Al,O; and MgO Gid(MgO) = GEI(MgO) + 20138.433 + 11.276341 T
GET(MgO) 298<T<1700
= 619428.502 + 298.25357 T - 47.4817 T In T - 0.0023268 T2
+ 45043108 T3 + 516900-T-!

. . 1700<T<3100
J. A. Golczewski, H. J. Seifert, and F. =-655489.818 + 528.597187 T - 783772 T In T - 0.0097344 T2
Aldinger, Calphad 22, 381 (1998). - 8:60338:107 T3 + B591550-T !

LO(MgO,SF) =.+ 22235.5298 - 35.2135226 T
L1(MgO,SF) =+ 42916.4083 - 37.6042046 T
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Comparison of various unary descriptions for CaO

o Heat capacity of liquid CaO vs. T

LI B S I S S N S B S I S B S B B B S N N B B R B B B B B B N B B B B B B B B B R S B B B B B B B B
I I I T I | I I I I I I I I

92
:j [ Golczewski et al.
80
76
72
68 I

SGTE database

64

C,/ Jmol1 K1

60 -

56 -

52

FACT database .

| T,=1074 K '

48 -

44 -

ZiTo ) NI I R RIS RS R SN A i R S S R R R
250 450 650 850 1050 1250 1450 1650 1850 2050 2250 2450 2650 2850 3050 3250

T/K
Calculations by A. Pisch CNRS — SIMAP Grenoble (2017)
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G model of the multicomponent glass

 |deal solution of unary amorphous oxides:
Gglass = Zj [nj (Gox®M)j + RT nj In(nj)]

« Model predictions for 2 ternary silicates:

CORDIERITE = 2(MgO) + 2(Al203) + 5(Si02) 14 : ‘ : S
—p Cordierite
PYROPE = 3(MgO) + AIRO3 + 3(Si07) — = 12-
T

-
o
1

co
1

»
1

Anorthite

Diopside
M
0

[
A 80 1000 1200 1400 1600 1800 2000
TEMPERATURE [K]

§=N
L

J. A. Golczewski, H. J. Seifert, and F.
Aldinger, Calphad 22, 381 (1998).

N
|

RELATIVE ENTHALPY H(T)-H(298) [J/

m
(6}
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Conclusions and perspectives

* Choice of the model depends on the specific target

— None of these purely thermodynamic models take into account the kinetic/relaxation aspect of
the glass transition
« Simple models, based on associates in the liquid, and developed for multicomponent oxide
systems have already been applied with success to real glasses having a large number of
constituents e.g. for process engineering calculations or for comparison with structural data,
however

— they are not sufficient for accurate description of the liquid and glass phases, the prediction of
demixing in these solutions or the future coupling with kinetic models like nucleation and growth
and/or diffusion models

— Introducing such a large number of associates is not considered a good practice in CALPHAD
type modeling

o Descriptions of the undercooled liquid in available CALPHAD databases (SGTE, FACT)
are not satisfying
— The glass transition is not taken into account

* Development of new CALPHAD models is needed but it is a long term project which
requires new assessments
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Conclusions and perspectives

o 1-state type models suffers from several drawbacks
— Several analytical expressions are necessary to cover the whole temperature range of interest
— Artificial slope breaks at T, and discontinuities at T, are introduced in the C, curves of the
unaries, which can lead to problems for the modelling of higher order systems
e  The 2-state models
— Greatly improves the description of the undercooled liquid and glass phases but requires to
reassess all the relevant unaries, before being able to model the multicomponent glass
— So far mainly metallic elements and binary systems of such elements have been modelled,
application to oxides has only been attempted once by Golczewski et al. but seems promising
« the validity of using a single type of defects for modelling a structurally complex liquid and
the necessity of adding an excess term will have to be tested
— Aninformal group formed by few researchers from various French laboratories (CEA-Marcoule,
CEA-Saclay, CNRS-SIMAP Grenoble, CNRS-IM2NP Marseille) has started to work on this
project
 The first step will be to test the model on SiO, which has been extensively studied in
literature both at the undercooled liquid and glassy states
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