
Compound Energy Formalism (CEF) 

• A general formalism widely used in CALPHAD assessments is the 
Compound Energy Formalism (CEF). 

• CEF was constructed in order to describe models of the thermodynamic 
properties of solution phases with two or more sublattices, e.g.  

   (A,B…)m(C,D…)n… 
 

 A,B,C,D... are various species e.g. atoms, ions, vacancy .... 

 m and n are site numbers of 1st and 2nd sublattice respectively. 



Gm (at 1 atm) by CEF 

(A,B)m(C,D)n 
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The site fraction 𝑦𝑖
𝑆 is the mole fraction of species i in the sublattice S. 



Ionic two-sublattice liquid model (I2SL) 

• Within the framework of the CEF, the I2SL model was developed when 
there is a tendency for ionization in the liquid. 
 

• The same model can be used both for metallic and ionized melts. 
 

• At low levels of ionization, the model becomes equivalent to a 
substitutional solution model between metallic atoms. 

 



I2SL model in CEF 

• Two sublattices are assumed 

  (𝐶𝑖
𝑣𝑖)𝑃(𝐴𝑗

𝑣𝑗 , 𝑉𝑎−𝑄, 𝐵𝑘
0)𝑄 

C represents cations 

A anions 

Va vacancies 

B neutrals 

i, j, k denote specific constituents 

 

Charged vacancies are introduced to keep electroneutrality when the 
composition approaches metallic liquid. 



Liquid modeling of the CMAS-YZ system 

• P and Q on the sublattice vary so that electroneutrality is maintained: 

𝑃 = 𝑦𝐴𝑗(−𝑣𝑗)

𝑗

+ 𝑄𝑦𝑉𝑎 

𝑄 = 𝑦𝐶𝑖𝑣𝑖
𝑖

 

• Examples: 

 Pure Al: (Al+3)3(Va-3)3 

 Al2O3: (Al+3)1(AlO2
−1)3 

• Model in this work: 

 (𝑨𝒍+𝟑, 𝑪𝒂+𝟐, 𝑴𝒈+𝟐, 𝒀+𝟑, 𝒁𝒓+𝟒)P (Al𝑶𝟐
−𝟏, 𝑶−𝟐, Si𝑶𝟒

−𝟒, SiO2)Q  
 



Outline 

• Introduction 

– CALPHAD 

• Thermodynamic models 

– Compound Energy formalism (CEF) 

– Ionic two-sublattice liquid model 

• Assessment and Results 

– Preliminary calculations on CMAS-TBC interaction 



Assessments 

• Al2O3-Y2O3/ZrO2 

• CaO-Y2O3/ZrO2 

• MgO-Y2O3/ZrO2 

• SiO2-Y2O3/ZrO2 

• Y2O3-ZrO2 

• Al2O3-Y2O3-ZrO2 

• Al2O3-Y2O3-SiO2 

• Al2O3-CaO-ZrO2 

• CaO-Y2O3-ZrO2 

• MgO-Y2O3-ZrO2 

• CaO-MgO-ZrO2 

• Al2O3-MgO-ZrO2 

 

• Al2O3-CaO-MgO-SiO2 

Assessed systems 

• Al2O3-SiO2-ZrO2 

• CaO-SiO2-ZrO2 

• MgO-SiO2-ZrO2 

• SiO2-Y2O3-ZrO2 

• Al2O3-CaO-Y2O3 

• Al2O3-MgO-Y2O3 

• CaO-SiO2-Y2O3 

• MgO-CaO-Y2O3 

• MgO-SiO2-Y2O3 

To be assessed/ongoing 



Al2O3-ZrO2 and Y2O3-ZrO2 



SiO2 activity in CaO-Al2O3-SiO2 

Assessed by Mao et al., J. Am. Ceram. Soc., (2006), 298-308 



Al2O3-Y2O3-ZrO2 

Isothermal section at 1600 K Liquidus projection 



the join forsterite - anorthite 
i.e. Mg2SiO4- CaAl2Si2O8 of CMAS 

 

Experiments (Osborn and Tait, 1952)                           Calculations (This work) 



The pseudo ternary diopside-forsterite-anorthite 
i.e. CaMgSi2O6-Mg2SiO4- CaAl2Si2O8 of CMAS 

 

Experiments (Osborn and Tait, 1952)                           Calculations (This work) 



Preliminary calculations for CMAS+TBC 

• CMAS: 33% CaO - 9% MgO – 13% AlO3/2 – 45% SiO2 (mole) 

– ZrO2 

– 92.4% ZrO2 + 7.6% YO3/2 (mole) 

 

• This is an equilibrium calculation, i.e. no kinetic is taken into account. 

• In order to be able to describe the reality more closely a kinetic 
description of the system is necessary in addition to the present 
thermodynamic data. 

 
 



CMAS-ZrO2 

CMAS = 33% CaO - 9% MgO – 13% AlO3/2 – 45% SiO2 (mole) 

L=Liquid 
T=t-ZrO2 

W=Wollastonite 
PW=Pseudo-wollastonite 
CP=Clino-pyroxene 
A=Anorthite 
M=Melilite 
Z=Zircon 



CMAS-YSZ 

CMAS = 33% CaO - 9% MgO – 13% AlO3/2 – 45% SiO2 (mole) 

L=Liquid 
T=t-ZrO2 

C=c-ZrO2 

W=Wollastonite 
PW=Pseudo-wollastonite 
CP=Clino-pyroxene 
A=Anorthite 
M=Melilite 
Z=Zircon 
YA=-Y2Si2O7 

B=b-Y2Si2O7 

 



Summary 
• This work will aim at describing the CMAS interaction with the TBC. 

 

• A complete analysis requires detailed knowledge of thermodynamics 
and phase equilibria in the system Al2O3-CaO-MgO-SiO2-Y2O3-ZrO2. 

 

• This is an ongoing project at QuesTek, where experimental work is 
performed at UCSB by Prof. Carlos Levi and the thermodynamic 
assessments at Thermo-Calc Software AB. 


