
Knowledge of the phase equilibria and 

thermodynamic properties is significant to

understand the microstructure and 

properties of the materials based on BaO-

containing system. By employing 

experimental investigation, with assistance 

of the CALPHAD (CALculation of PHAse 

Diagram) technique, it is possible to 

establish a thermodynamic database 

capable of describing the complex oxide 

system, in a way to model and predict the 

phase equilibria, thermodynamic properties 

and chemical process of the desired systems. 

Based on (i) high-temperature 

equilibration/quenching technique coupled 

with SEM/EDS, EPMA and XRD analysis, 

and (ii) thermodynamic modelling using 

Thermo-Calc, the present work successfully 

investigated six binary systems and one 

ternary system. The phase equilibria data 

and thermodynamic properties were 

digitalized into thermodynamic database in 

the format of Gibbs energy functions. 
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A thermodynamic description of the metallurgical and ceramic system is beneficial when 
predicting the phase equilibria, thermodynamic properties and other significant properties. 
The mathematical expression of Gibbs energy has been adopted to realize the thermodynamic 
description of the systems. Employing the CALPHAD technique, the thermodynamic 
parameters in the Gibbs energy functions of various phases in the systems can be optimized by 
fitting with the experimental data available. The thermodynamic assessment of the unary and 
binary systems plays a fundamental role in the establishment of the thermodynamic database, 
because the accuracy of the unary and binary data largely determines the reliability of the 
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In the present thesis, experiments were conducted to study the phase equilibria in the BaO-
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1. Introduction 

1.1 Research background 

BaO-SrO-CaO-MgO-Al2O3-SiO2 system has drawn tremendous attentions due 

to its wide applications in metallurgy, glass ceramics and geochemistry. The 

materials containing this multi-component oxide system are extraordinarily 

difficult to investigate because of high experimental temperature, long 

equilibration and diffusion time and corrosive impact. This has led to the 

absence of systematic knowledge on the phase equilibrium, thermodynamic 

properties and microstructure, which largely determine the properties of the 

final products in industrial applications. 

Oxide slag is normally applied to remove sulphur in steelmaking [1,2], 

however, the capability of removing impurities is limited unless a highly basic 

oxide is added to the flux. BaO-CaO-MgO-Al2O3-SiO2 system, as the basis of the 

BaO-containing oxide slag, is poorly investigated by experiments despite the 

high popularity of its desulfurization ability compared with lime-based slags [3-

5]. On the basis of BaO-SrO-CaO-MgO system, with addition of Al2O3, SiO2 and 

B2O3 of various compositions, a series of glass ceramics can be prepared to be 

used for (i) joining or sealing both tubular and planar ceramic solid oxide fuel 

cells (SOFCs) [6-8] and (ii) producing low temperature cofired ceramics 

(LTCCs) for advanced electronic packages [9-11]. Complex chemical reactions 

and variations of thermodynamic properties taking place during the 

preparation of the glass ceramics are essential for the understanding of the 

microstructure and dielectric properties. Consequently, a good knowledge of the 

phase equilibria and thermodynamic properties is necessary to efficiently 

investigate the technical process and materials preparation regarding the BaO-

SrO-CaO-MgO-Al2O3-SiO2 system. 

With the advent [12-14] and advanced development of the CALPHAD 

(CALculation of PHAse Diagram) technique, it is now possible to establish a 

complete and accurate thermodynamic database capable of describing the 

complex oxide systems. The thermodynamic database is utilized to model and 

predict the phase equilibria, thermodynamic properties and chemical processes 

of the desired systems. Generally, two factors determining the accuracy and 

reliability of the thermodynamic database are regarded as (i) experimental data 

employed for thermodynamic assessment and optimization and (ii) 

thermodynamic models. Thermodynamic parameters in the database should be 

assessed and optimized using experimental data available since most of the 

measurements are quantitatively related to the thermodynamic functions [15]. 
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So the availability and accuracy of the experimental measurements have a great 

impact on the quality of the final thermodynamic parameters in the database. 

On the other hand, the thermodynamic models are employed to express the 

thermodynamic properties of phases in the system, where the description of the 

liquid phase across the full compositional range is a key part. For the oxide 

system, the ideal condition is to model the liquid phase based on the distribution 

and mixing properties of the actual species in the solution. However, the 

knowledge of the mixing behaviour and physical properties of the oxide melts is 

narrow, making it unable to fulfil the ideal condition. An alternative to model 

the liquid phase is to concentrate on the measured thermodynamic properties 

of the solution phase although the model is hard to be physically interpreted. 

Several models were developed by considering this problem, for example, the 

ionic two-sublattice liquid model by Hillert et al. [16] and Sundman [17], 

modified quasi-chemical model by Lin and Pelton [18] and so on, associate 

solution model by Sommer [19] and Krull et al. [20], cell model by Kapoor and 

Frohberg [21], and Margules solution model by Berman and Brown [22]. By 

using associate solution model, there is an increasing number of reports that 

well reproduce the experimental data. So the validity and feasibility of this 

model employed on the oxide systems in the present work are worth testing. 

With the assistance of computer and software, thermodynamic calculation, 

assessment and optimization can be realized efficiently. The PARROT module 

in the Thermo-Calc software package [23] possesses a high reputation for its 

parameter optimization function. The MTOX oxide database [24] in the 

MTDATA software [25] utilizes the associate solution model for the description 

of the molten phase in the oxide systems. Consequently, Thermo-Calc [23] and 

MTDATA [25] were selected as the tool in the present work for thermodynamic 

optimization and calculation.  

1.2  Objectives and structure of the thesis  

The present thesis aimed at: 

1. acquiring data of the liquid phase equilibria and phase relations of the 

stoichiometric compounds in the BaO-MgO, BaO-Al2O3, BaO-SiO2 and 

BaO-Al2O3-SiO2 systems; 

2. performing thermodynamic assessment of the BaO-CaO, BaO-SrO, 

BaO-MgO, BaO-Al2O3, BaO-SiO2 and SrO-SiO2 systems; 

3. testing the validity of associate solution model for the description of the 

molten phase in the BaO-Al2O3, BaO-SiO2 and SrO-SiO2 systems; 

4. calculating the phase diagrams and thermodynamic property diagrams 

based on the thermodynamic parameters obtained in the present work, 

and comparing them with the experimental data available. 

Although the experimental investigations on the oxide systems studied in the 

present work can be traced to the early 2oth, large discrepancies are frequently 

observed in the available literature data. New and more accurate experimental 

measurements are necessary in order to improve the knowledge of the desired 

oxide systems. Equilibration-quenching technique combined with direct phase 
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analysis approach is widely employed to construct the liquidus and phase 

relations of the phase diagram. With the experimental data obtained in the 

present work and in the literature, the thermodynamic parameters for various 

phases in the oxide systems were optimized by using Thermo-Calc. 

The present thesis contains one peer-reviewed conference publication [I], four 

peer-reviewed journal publications [II-V] and the present compendium. The 

publications are attached in the Appendices. 
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2. The CALPHAD method 

Phase diagram is a graphical representation of a substance at an equilibrium 

state to show the conditions (temperature, pressure and concentration) under 

which different phases coexist. It can be used as a significant tool among the 

metallurgists, ceramists, and earth and materials scientists to study phase 

transformation, alloy preparation and to achieve thermodynamic properties. 

Generally, the phase diagrams we use are for binary and ternary systems. 

However, practically, most systems in nature and industry contain multi-

components, which, to some extents, bring about some difficulties for 

investigation. Employing the CALPHAD (CALculation of PHAse Diagrams) 

approach, it can help to study the phase diagrams of multi-components system 

by extrapolating the binary or ternary systems into higher-order systems. The 

CALPHAD method can be well understood as ‘The Computer Coupling of Phase 

Diagrams and Thermochemistry’ [26]. It aims at obtaining a set of 

thermodynamic descriptions of a system on the basis of critical evaluation of the 

available experimental data, so that the database of the multi-components 

system can be established. In 1970, the description of the CALPHAD method 

and the computer program packages were presented by Kaufman and Bernstein 

[27]. With the assistance of computers, the whole process is time-saving and 

efficient, compared with the previous manual work. By using the CALPHAD 

method, each phase of the system is expressed by a Gibbs energy function, which 

will be introduced in the next chapter. The thermodynamic parameters of the 

Gibbs energy function are assessed and optimized by coupling the phase 

diagram and thermochemical data. The procedure of the CALPHAD method is 

shown in Figure 1. 

The start of the CALPHAD approach is from the collection of the available 

experimental data, for example, phase equilibria data, thermodynamic data 

(heat capacities, enthalpies of formation, enthalpies of mixing and activities 

etc.) and electromotive force data. In recent years, with the development of the 

first principle calculation, the calculated total energy can be employed as 

experimental data. The accuracy and reliability of the available experimental 

data should be evaluated based on the experimental techniques used and how 

they are introduced [15]. By considering the time and capital cost of 

experiments, all the available data should be considered by giving different 

weights during the assessment. Further experiments are recommended to 

bridge the gap where scarce data can be acquired. After collecting and 

evaluating the experimental data, each phase of the system is physically 



The CALPHAD method 

6 

modelled by a Gibbs energy function with respect to temperature, composition 

and pressure. The choice of thermodynamic model should have physical and 

chemical sound and adequate for the P-T-x domain of phase stability [28]. The 

detailed description of the thermodynamic models is provided in the next 

chapter. By weighted nonlinear least square analysis [23], the model parameters 

are optimized by fitting to the experimental data. Currently, the commercial 

software packages, including Thermo-Calc [23], MTDATA [25], Pandat [29] and 

FactSage [30] are mostly used for performing the thermodynamic assessment 

and optimization. Thermo-Calc [23] was employed throughout the present work 

because of its powerful function for global Gibbs energy minimization and its 

user-friendly interface. It is wise to perform the calculation of phase diagram 

and thermodynamic properties and compare the calculated results with the 

experimental data, in order to abandon or adjust weights of the experimental 

data, which are found difficult to fit. As is shown in Figure 1, it should be kept 

in mind that the backward repetition of various processes is needed to re-

evaluate the experimental data, adjust the parameters or even modify the 

thermodynamic model. It is hard to draw the conclusion that the best set of 

optimized thermodynamic parameters has been acquired. As a rule, a well-

optimized set of parameters for the Gibbs energies of the system should be able 

to reproduce the available experimental set in the best possible manner [15]. 

 

Figure 1. The flowchart of the CALPHAD method. 
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To construct multi-component thermodynamic database is one of the major 

targets of the CALPHAD method. The well-developed thermodynamic database 

can be widely applied in steelmaking, extractive metallurgy, and slag refining 

for nuclear waste disposal and so on. Multi-components systems are always 

involved in the practical applications. Accurate and reliable description of the 

unary and binary system is regarded as the foundation to make a good 

extrapolation into higher orders. Consequently, it is of great significance to 

describe the unary and binary systems in a systematic and scientific means. 

In recent years, for the subject of materials design, CALPHAD method has 

been combined with the first principle calculation (density functional theory) 

[30] and kinetics calculation (diffusion databases) [31] for microstructure 

simulation and performance prediction. Based on the combination of various 

techniques, the emerging ICME (Integrated Computational Materials 

Engineering) approach has been raised [32-36]. It contributes to design and 

optimize new materials adopting integrated simulation tools. Further 

improvements are required focusing on (i) the developments of thermodynamic 

and mobility databases, (ii) simplifying the structure models and shortening the 

time for microstructure simulation (phase field and Monte Carlo) and (iii) 

interdisciplinary cooperation to conquer industrial barriers. 
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3. Thermodynamic modelling 

Thermodynamic modelling plays an indispensable role in the CALPHAD 

approach as it determines the quality of the optimization and thermodynamic 

parameters acquired. In the CALPHAD method, the Gibbs energy (G) is applied 

as the modelled thermodynamic property, due to the fact that Gibbs energy is a 

function of temperature (T) and pressure (P), which are the conditions that most 

experiments and industrial process are conducted. In ambient environment, the 

contribution of pressure to Gibbs energy can be ignored. From the Gibbs energy 

all other important thermodynamic quantities can be derived, for example, heat 

capacity (Cp), enthalpy (H), entropy (S), chemical potential (μ), and thermal 

expansion (α). 

3.1  General form of the Gibbs energy 

Thermodynamic models should be able to represent the physical and 

thermochemical properties of materials with a small number of thermodynamic 

parameters.  

The general form of the total Gibbs energy of a phase is expressed as: 

                                                                (1)                           

where the superscript ‘srf’ stands for ‘surface of reference’ and the ‘phys’ 

represents the physical contribution to the Gibbs energy such as magnetic 

transitions. The configurational entropy of the phase is denoted as, . The 

term, , stands for the excess Gibbs energy, describing the remaining part 

from the real Gibbs energy [15].  

As introduced above, the temperature dependent Gibbs energy for a phase 

with fixed composition is widely accepted. So in the following text and the 

present assessment work, the Gibbs energy function with respect to 

temperature is employed. The temperature dependence of the molar Gibbs 

energy for a stable component in a phase θ is usually described by the 

polynomial as: 

                 (2) 

where  is the stoichiometry of element i in θ and  stands for the sum 

of the enthalpies of the elements in their reference states (at 298.15 K and 1 bar, 

Stable Element Reference, denoted as SER). Since the absolute value of the 
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enthalpy of a system is unavailable, the term  is required and a 

reference state should be selected. T is the absolute temperature. The other 

temperature dependent terms can be used and the functions can be split in 

several temperature intervals. It should be noted that the equation (2) is used 

from 298.15 K upwards, as in the Gibbs energies by SGTE (Scientific Group 

Thermodata Europe). For most cases, the lower temperature limit of 298.15 K 

is sufficient to allow the calculations of equilibrium in heterogeneous systems 

where diffusion is needed to reach the equilibrium state [15]. However, diffusion 

at this low temperature is so difficult that extending the thermodynamic model 

at and below 298.15 K is of less practical interest. The coefficients, a0, a1, a2…, 

are temperature dependent, which are to be optimized by fitting the 

experimental and theoretical data using least-square method to minimize the 

global Gibbs energy of the whole system. After mathematical calculations, these 

coefficients are related with thermodynamic quantities which can be measured 

and calculated, 

                                                 (3)  

                                              (4) 

                                                                        (5) 

The coefficients in equations (3-5) are the same as those in equation (2). When 

the heat capacity data and enthalpy data are available at high temperature, the 

linear and quadratic terms can be used for thermodynamic optimization, or else 

it may give rise to large errors when the low temperature is extrapolated to high 

temperature. 

3.1.1 Unary oxides 

The Gibbs energy of component o in phase ,  =  - , (o=BaO, 

SrO, CaO, MgO, Al2O3 and SiO2, and i=Ba, Sr, Mg, Ca, Al, Si and O) is expressed 

by the polynomials: 

  = a + bT + cTlnT + dT2 + eT-1 + fT3 + gT7 + hT-9                                        (6) 

 is the sum of enthalpies of the elements at 298.15 K and 1 bar in their 

stable states. 

In the present work, the BaO-containing oxide system (SrO, CaO, MgO, Al2O3 

and SiO2) was studied. The choice of the thermodynamic parameters for BaO 

was the preliminary task to ensure the reliability of the following 

thermodynamic calculations. After critical literature evaluation and comparison 

(shown in the Chapter ‘Results and discussion’), the Gibbs energy functions for 

pure BaO are consistent with SGTE94 [37]. The thermodynamic databases for 

pure CaO, MgO, Al2O3 and SiO2 are directly taken from well assessed 

thermodynamic parameters by Mao et al. [38,39] and Hallstedt [40,41], and the 

thermodynamic description of SrO is from SGTE94 [37]. 
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3.1.2 Solution phases 

Oxide melts can be considered as an essential part of thermodynamic modelling 

in the full range of compositions and as strongly ordered substances. Many 

models are applicable to describe the oxide systems and other ionic systems, as 

mentioned in the ‘introduction’. They are substitutional model, the ionic two-

sublattice liquid model by Hillert et al. [16] and Sundman [17], modified quasi-

chemical model by Lin and Pelton [18] and so on, associate solution model by 

Sommer [19] and Krull et al. [20], cell model by Kapoor and Frohberg [21], and 

Margules solution model by Berman and Brown [22]. 

Substitutional solution model is employed for phases such as gas phase or 

simple solutions where components can mix on any spatial position [26]. It can 

be regarded as the simplest model to describe the thermodynamic behaviour of 

the solution phase. When there is no term of excess Gibbs energy, the model is 

named as ideal substitutional solution model. It is not recommended to apply 

the substitutional solution model to describe the solutions with strong ordering 

[28]. When the interactions between the components in the system show the 

behaviour of long range order (LRO), the substitutional model can be modified 

to sub-lattice model, according to the Compound Energy Formalism (CEF) 

[42,43]. When the solutions exhibit short range order (SRO), associates can be 

introduced, which is named as associate solution model.  

The Gibbs energy described using substitutional solution model is given by: 

                                                             (7) 

where  denotes the Gibbs energy of the phase containing the pure 

component i. is the mole fraction of the component i .  is the excess Gibbs 

energy of binary interaction, which can be expressed using Redlich-Kister 

polynomials [44] as follows: 

                                                                                  (8) 

where  is the interaction parameter of different species to be optimized in 

the present work. The general temperature dependent form, =a+b*T, was 

adopted. 

As mentioned above, if the liquid phase tends to show a strong short range 

order, the term ‘associate’ expresses an interaction of the ‘associate’ with 

different components in the system. The associate solution model employs 

associate(s) as a constituent in the solution for thermodynamic modelling. Then 

the thermodynamic properties of the liquid phase depend predominantly on the 

Gibbs energy formation of the associates instead of the interactions between the 

components [26]. Therefore, the diagram of enthalpy of mixing in liquid should 

show a V-shape at the stoichiometry of the associates, and thus the 

configurational entropy is low at that composition. The associate solution model 

is applied to describe the solution phases in the systems BaO-Al2O3, BaO-SiO2 

and SrO-SiO2. 
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By using associate model to describe a binary A-B system, the molten phase is 

assumed to be constituted of three species: A, AaBb, B. The molar Gibbs energy 

function of the molten phase can be expressed as: 

 

                                                             (9)                                                      

where ,  and  stand for the Gibbs energies of the pure 

components and the associate in the system studied.  is the excess Gibbs 

energy described by the Redlich-Kister polynomials [44] as the equation (7). , 

 and  represent the mole fractions of the components and the associate 

in the liquid, which are expressed as: 

                                                                                                                 (9a) 

                                                                                                                  (9b) 

                                                                                                                      (9c) 

where  are the numbers of moles of A and B in equilibrium with  

number of moles of the associate. 

3.1.3 Binary oxide compounds 

If the heat capacity data are available for the compounds, AaBb, in the A-B 

system, the general form of molar Gibbs energy functions for the compounds 

can be used as: 

(10) 

where  is the enthalpy of element at 298.15 K and 1 bar. The parameters a, 

b, c, d and e were optimized on the basis of the heat capacity data.  

When the heat capacity data for the compounds are not sufficient enough to 

perform thermodynamic optimization, the empirical Neumann-Kopp rule 

(NKR) [45] is applied to predict the heat capacity of mixed oxides. After 

numerous application of the Neumann-Kopp rule, it is deemed to be able to give 

a reasonable estimation for most mixed oxides around room temperature. 

However, the accuracy of the prediction is substantially lowered at both low and 

high temperatures [46]. It cannot be regarded as a simple additive operation as 

the sum of the elements forming the compound. The rule was recently modified 

to increase the reliability of the estimation [47,48]. In a mathematical practice, 

when a ternary solid compound AaBbCc (C stands for the element O in the 

present thesis) is formed by a reaction of the binary compounds AC1 and BC2: 

aAC1 (s) + bBC2 (s) = AaBbCc (s)                                                                                   (11) 

it is assumed that: 

Cp (AaBbCc, s) = aCp (AC1, s) + bCp (BC2, s)                                                               (12) 
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3.2  Case application of the models 

In the present thesis, the substitutional solution model and associate solution 

model were applied to describe the liquid solution phase. Since no potential 

stoichiometric compounds or associates were reported for the BaO-CaO, BaO-

SrO and BaO-MgO systems, the substitutional solution model was adopted. For 

the BaO-Al2O3 and BaO-SiO2 systems, both models were employed and 

compared, in order to find out which can well reproduce the experimental and 

theoretical data. In the paragraphs below, the liquid phase in the BaO-MgO and 

BaO-SiO2 systems were taken as examples to show the applicability of the two 

models. 

3.2.1 Substitutional solution model 

For the BaO-MgO binary system, there exist a molten phase, BaO-based and 

MgO-based solid solutions. Their molar Gibbs energy functions were described 

by the following expression: 

 

                                                                                                                                  (13) 

where  and  are the mole fractions of BaO and MgO. The excess Gibbs 

energy was described by the Redlich-Kister polynomials [44] as: 

                        (14) 

where  (l=0 and 1) is the interaction parameter between BaO and 

MgO to be optimized in the present thesis. According to the order of the 

interaction parameter in this term, the name of the term  varies for different 

orders, for example, the regular solution model with the zeroth order ( ) and 

the sub-regular model with  the first order ( ).. The general temperature 

dependent form, , was used. It should be stated that the terminal 

solid solutions (BaO-based and MgO-based solutions) were taken as pure oxides 

after literature evaluation. 

3.2.2 Associate solution model 

For the BaO-SiO2 binary system, the molten phase is assumed to be 

constituted of three species (BaO, Ba2SiO4, SiO2). The molar Gibbs energies 

were expressed as: 

 

                            (15) 

where y represents the mole fractions of BaO, SiO2 and the associate, Ba2SiO4, 

in the liquid. , and  stand for the Gibbs energies of the 
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pure species in the liquid phase. Meanwhile,  is the excess Gibbs energy 

described by the Redlich-Kister polynomials [44] as: 

 

  

  

                (16) 

where  and   (=0,1,2 etc.) are the interaction 

parameters between different species to be optimized in the present thesis. The 

general temperature dependent form of the interaction parameter 

 was used. 

It should be mentioned that on the basis of the literature review in the 

introduction section, no data could be achieved on the mutual solubility 

between BaO and SiO2 terminal phases. 

3.3 Other models 

A sub-lattice phase can be viewed as being composed of interlocking sublattices 

where the different components mix and occupy certain positions [26]. The 

solid phases may be characterized as ionic compounds if the metals form the 

cations and oxygen is the anion. A model was developed for the description of 

this kind of solids, named as compound energy model [49]. It can also be 

applied to describe the liquid phase. The compound energy model directly 

represents the Gibbs energy of the real or hypothetical compounds. In case of 

the deviation from the stoichiometric compounds, the neutral vacancy is 

introduced, the number of which is determined by the condition of electro-

neutrality. 

The ionic two sub-lattice model for describing the liquid phase was reported 

by Hillert et al. [16] within the frame of the compound energy formalism (CEF). 

The model is generally expressed as: 

                                                                                              (17) 

where each pair of parentheses denotes a sub-lattice where the cations (C), 

anions (A), vacancies (Va) and neutrals (B) are distributed. In order to maintain 

the electro-neutrality, the stoichiometric factors P and Q are calculated by the 

relations as: 

                                                                                               (18) 

                                                                                                               (19) 

where y stands for the site fraction of the species. 

The modified quasi-chemical model (MQM) was developed by Pelton et al. 

[18] to represent the thermodynamic properties of ionic liquids. The model 
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defines that the liquid phase has a strong tendency to order around specific 

compositions with certain physical or chemical phenomena [26]. The model has 

been used for various systems including oxide and silicate slags and salt 

systems. 

3.4 Thermodynamic optimization 

The thermodynamic optimization was performed using PARROT module in the 

Thermo-Calc software package [23]. It can fit the thermodynamic parameters 

to the experimental data available at stable or metastable state. The principle of 

data optimization is based on the least-squares method by fitting the calculated 

values on the basis of a model with observed quantities [50]. A collection of files 

is used during the assessment employing PARROT module, including SETUP 

file (models and thermodynamic parameters), POP file (experimental data for 

fitting), EXP file (experimental data to be plotted and compared) and MACRO 

files (quick calculation of various property diagrams). All the files can be 

prepared and edited in a text editor. 

 

 

Figure 2. The flowchart of the optimization. 

As can be seen in Figure 2, the basic thermodynamic optimization starts by 

running the SETUP file to define the system, input the thermodynamic models 

and parameters for various phases, and to create a workspace named as .PAR 

file. Then the collected experimental data will be stored in the .PAR file by 

compiling the POP file. At the beginning, the parameters are optimized one by 

one, by suspending other parameters and fitting to the selected group of the 

experimental data. During the optimization, due to the lack of experimental 

information, it may give too large or small variable, so the weight of each piece 

of experimental data has to be adjusted accordingly until a reasonable result is 

achieved. Intermittently, by using the MACRO file, the phase diagram or 

property diagram is calculated and compared with the experimental data, so 

that the validity and reliability of the thermodynamic parameters can be 
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 Create the PAR file for thermodynamic optimization in PARROT 

PARROT module  
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 Optimize the thermodynamic parameters by 
fitting the experimental data 
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evaluated. It is possible that the SETUP or POP file should be edited until 

reaching a satisfactory description of most experimental results. An overall 

optimization of all the variables and experiments is performed and some of the 

obtained parameters already obtained are slightly adjusted to achieve the ‘best’ 

fit. 

Generally, it is difficult to draw the conclusion whether the final optimized 

results are in a good quality or not, since it mostly depends on the availability of 

experimental data and a good understanding of thermodynamics and 

modelling. One possible way to define the quality of the optimized 

thermodynamic parameters is whether it can well reproduce most of the 

experiments and facilitate to extrapolate into higher order systems. 

Consequently, personal judgment and experience play an indispensable role in 

optimization process. 
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4. Experimental 

Although it is widely accepted that calculation with assistance of computers is 

more economical and less time-consuming than experimental investigation, the 

realization of most thermodynamic assessment and optimization starts with 

reliable experimental measurements [51]. Experimental determination of phase 

diagram is realized by observing phase existence, phase coexistence and 

transitions using various analysis methods. Application of multiple 

experimental techniques is beneficial for studying ceramic or slag oxide system, 

exhibiting a broad range of physical behaviour. The choice of techniques is 

tailored by considering the fact that one technique for one region of the phase 

diagram studied may not be suitable for another area. Assembling the data of 

phase relationships serves as the foundation to construct a phase diagram. The 

interpretation of the data is within the scope of Gibbs phase rule, crystal 

chemistry and the limitations of the experimental techniques employed [51]. 

The experimental techniques for characterizing the phase equilibrium are 

generally classified into two groups: static and dynamic. Static methods are 

based on the determination of phase existence or coexistence after equilibrating 

a sample under constant temperature and pressure in a reasonable lengthy of 

time. The quenching technique is commonly performed by rapid cooling an 

equilibrated sample to room temperature. It allows room temperature analysis 

to attain high temperature phase equilibrium data of the quenched sample. 

Dynamic techniques are based on the measurement of property change when 

the system is undergoing phase transition. Differential thermal analysis (DTA), 

differential scanning calorimetry (DSC) and thermal gravity analysis (TGA) are 

mostly applied as the assistance of dynamic techniques. 

For systems with sluggish kinetics, sufficient diffusion time is required, so the 

static methods are preferred. The high temperature quenching experiments 

conducted in the present work were based on static method. Therefore, the 

following paragraphs are all on the basis of this approach. 

4.1  Experimental difficulties associated with BaO 

Critical literature survey was made concerning the choice of the starting 

material as the source of BaO since it is the basis of all the oxide systems studied 

in the thesis. According to the literature, the major experimental difficulties 

working with BaO are (i) reactivity with the containment vessels by forming 

certain compounds at elevated temperatures; (ii) reactivity with the moisture 
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and carbon dioxide in the atmosphere; (iii) the presence of a low temperature 

eutectic reaction in the BaO-BaCO3 system [52-54]; and (iv) high vapour 

pressure of BaO in high-baria compositions above 1673 K. 

Levin and McMurdie [55] and Baker [54] both observed the reaction of free 

BaO with platinum containers. In the study of BaO-Pt system in air, Schneider 

and McDaniel [56] reported the phase diagram of the BaO-Pt system that a 

compound forms and stabilizes between 1473 K and 1523 K. The finding was 

confirmed by Gallagher et al. [57] by successfully synthesizing the compound. 

In the personal experimental work at the beginning stage of the whole study, the 

author observed that BaO ‘attacks’ the platinum foil by dissolving platinum and 

forming yellowish powders when platinum foil was used as the substrate for 

holding the BaO-containing samples. Therefore, in the present experimental 

work, the platinum foil was avoided in order not to contaminate the studied 

systems. The equilibration temperatures for the phase equilibria study 

throughout the experimental work are all above 1350 K, so the occurrence of the 

eutectic reaction between BaO and BaCO3 can be avoided.  

4.2  Materials and sample preparation 

Based on the discussion above and literature survey, BaCO3 is accepted as the 

raw material to acquire BaO. Commercial powders of BaCO3, MgO, Al2O3 and 

SiO2 were used as starting materials for sample preparation. As mentioned in 

the previous chapter, the use of platinum foil was avoided in order not to 

contaminate the systems studied. Different commercial crucibles were 

employed as the substrates for holding the samples, depending on the targeted 

systems. All details about the powders and the crucibles are summarized in 

Table 1. 

Table 1. Details of the powders and crucible used in sample preparation. 

Chemicals Purity, wt% Supplier 

BaCO3 99.95 Alfa Aesar 

MgO 99 Sigma-Aldrich 

Al2O3 99.99 Sigma-Aldrich 

SiO2 99.99 Umicore 

MgO substrate 99 Self-made by pressing, sintering and drilling 

Al2O3 crucible >99.5 FRIATEC 

SiO2 crucible >99.98 OM Lasilaite Oy 

 

The powders were dried at 423 K for 24 h to remove the moisture. Then they 

were mixed with specific molar ratio and ground in an agate mortar, and finally 

pelletized to the diameter of 5 mm and thickness of 4 mm with a pressing tool. 

The mass of each sample was less than 0.2 g by considering the fact that small 

bulk of the samples facilitates a good quenching. These samples were used to 

measure the liquidus of each system. The samples employed to study the phase 

stabilities and relations of the stoichiometric compounds were pressed into the 

diameter of 9 mm and height of 10 mm. The mass of each sample was around   

2 g.  
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For the BaO-Al2O3 and BaO-SiO2 systems, the commercial crucibles made of 

Al2O3 and SiO2 were used separately, since Al2O3/SiO2 is the component of the 

BaO-Al2O3/SiO2 system studied, in this way, the purity of the systems studied 

was preserved. For the BaO-MgO system, the substrate was prepared from the 

pure MgO powder, which was pelletized, sintered and drilled to cylinder shape 

(D=18 mm and h=4 mm) with an inner diameter of 10 mm and depth of 2 mm. 

The arrangement of the substrate with the sample is graphically presented in 

the next section. 

4.3 Experimental apparatus  

The experimental work was divided into two batches where one batch aimed at 

investigating the liquidus of the systems, and another one focused on solid state 

phase equilibria of the stoichiometric compounds in the systems. Therefore, two 

types of furnaces were employed and are separately introduced in the following 

paragraphs. 

For the first batch, considering the requirements of fast quenching and 

requirement of high temperature (above 1723 K), the equilibration was 

accomplished in the furnace with a vertical Al2O3 work tube inside, as illustrated 

in Figure 2. The hot zone of the furnace was preliminarily determined by 

establishing and comparing the thermal profiles at 1173 K, 1473 K and 1773 K. 

The furnace was found to have 6 cm long hot zone that allowed flexibility in 

positioning the sample and sample holder. A calibrated S-type thermocouple 

was connected to a Keithley 2010 multi-meter, and a cold junction 

compensation was connected to a Keithley 2000 multi-meter to measure the 

ambient room temperature with a Pt100 sensor. The data of temperature 

throughout the experiments were collected using a NI LabVIEW temperature 

logging program. The overall accuracy of the measurements was estimated as 

±2 K. The top and bottom of the work tube were open to the atmosphere. The 

rolled copper tubes, with water running inside, were employed for cooling the 

furnace. 

As it can be seen from Figure 3, the pelletized sample was placed in the MgO 

(or Al2O3 or SiO2) substrate and suspended, using a platinum wire, from the 

bottom of the tube and raised into the hot zone. The position of the sample and 

substrate is shown in detail in Figure 4. 

For another batch of the experiment to determine the phase relations of the 

stoichiometric compounds, a horizontal tube furnace (Figure 5) was employed 

for the equilibration experiments. The same method as introduced above was 

used to find the hot zone of this furnace. The details of the method can also be 

found in the publications [II,III]. The samples prepared in this batch contained 

over 60 % BaO, and by taking into account the hydration of high-baria 

compositions and the formation of barium peroxide (BaO2) at low temperatures, 

the experiment was conducted under the protection of gas mixture of argon 

(99%) and hydrogen (1%) and a filter was connected to remove moisture in the 

gas before flushing the gas into the furnace. The samples with varying 

compositions of BaO and Al2O3 were placed in the alumina crucible boat. For 
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the BaO-SiO2 system without Al2O3, a net made of platinum wire was placed 

under the samples to avoid the contact with alumina crucible boat. The 

temperature in this study was low (below 1573 K) and the phenomenon that BaO 

attacks Pt was not observed. 

 

Figure 3. Schematic picture of the vertical tube furnace. 

 

                                                                                   

 

 

 

 

 

 

 

 

 

Figure 4. Arrangement of the sample and sample holder. 

 

Figure 5. Schematic picture of the horizontal furnace and arrangement of the samples. 
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4.4 Equilibration time 

Careful consideration was given to the equilibration time. Prior to the 

experiments, a few trials were conducted to verify the suitable equilibration 

time.  

For the experiments aiming at measuring the liquidus of the system, time 

series of 4 h, 8 h, 12 h and 24 h was performed as the pre-experiments. It was 

found that the equilibrium was achieved within 8 h at and above 1673 K, and 

longer diffusion time, 24 h, was needed at 1623 K. The attainment of the 

equilibrium state was confirmed by two means, (i) for the quenched samples at 

various hours, checking the phases via backscattered electron (BSE) graphs 

whether co-existence of molten phase and crystals (or solid-solid phases) at the 

given temperatures can be observed, and (ii) the chemical analysis employing 

Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy 

(SEM/EDS) to check the homogeneity of the phases at different locations of the 

samples whether they are consistent. 

For the experiments investigating the phase relations of stoichiometric 

compounds in the systems, considering the mass of the each sample (≈2 g), 

longer equilibration time of 14 h, 20 h, 48 h and 96 h was tested. It was 

concluded that the equilibration time ranged from 20 h to 48 h, depending on 

the systems under investigation. The more detailed information can be obtained 

from the publications in this thesis. 

4.5 Experimental procedure  

For the experiment using vertical tube furnace (Figure 2), the pelletized sample 

was placed in the crucible, suspended and elevated using a platinum wire from 

the bottom of the work tube to the hot zone. The top and bottom of the work 

tube were open to the atmosphere. Then the sample was held at target 

temperature and time to complete the equilibration. After the equilibrium was 

reached, a bottle of mixture of ice and water was placed under the bottom of 

work tube. The quenching happened that the sample and sample holder were 

rapidly released by pulling the platinum wire. The quenched sample was dried 

and mounted in epoxy resin. In order to acquire the cross section of the mounted 

sample, the solidified epoxy resin was ground and polished without introducing 

water and lubricant. The polished sample was carbon coated, after which it was 

ready to be analysed. This batch of experiments focused on the temperature 

varying from 1623 K to 1923 K.  

For another batch of experiments investigating phase relations of 

stoichiometric compounds, the crucible boat with samples inside was placed at 

the hot zone of the furnace with flowing gas of Ar (99%) and H2 (1%). Before the 

equilibration experiment, the furnace was flushed with gas mixture for half an 

hour to remove the extra air in it. The quenching was conducted by using a hook 

to pull the boat out of the furnace and placing into the icy water. In order to 

avoid water and possible contaminations to the samples, they were left on the 

crucible boat when quenching occurred. This batch of experiments was made 

from 1423 K to 1523 K. 
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4.6 Experimental analysis  

For the experiments studying the liquidus of the oxide systems, the carbon 

coated samples were analysed with SEM/EDS to identify and quantify various 

phases studied. The microscope can provide images of the sample by scanning 

with a focused beam of accelerated electrons. The accelerating voltage was 15 

kV. The EDS detects x-ray emitted from the sample bombarded by the beam to 

characterize the elements of the analysed area. The standards were Barite for 

Ba, Apatite for Ca, Olivine for Mg, Albite for Al, and Quartz for Si. To acquire 

more accurate chemical analysis, Electron Probe X-ray Micro-Analyser (EPMA) 

with five wavelength dispersive spectrometers at Geological Survey of Finland 

(GTK) was employed. It is a non-destructive method for elemental analysis at 

the surface of the sample with the sensitivity at the level of ppm. The analysis 

were performed on every sample at different locations of the phases with total 

10 points. The accelerating voltage was 15 kV and beam current was 6 nA. The 

analysed lines and standards used for each element were O Ka (hematite), Ba 

La (barite), Al Ka (alumina) and Si Ka (quartz). 

Since the mass of the samples achieved from the experimental investigation 

of phase relationships of the compounds in the oxide systems was large enough, 

each sample was divided into two parts that one portion was analysed by 

SEM/EDS and X-ray powder diffractometer with CuKα radiation were applied 

to analyse the other portion.  
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5. Results and discussion 

The CALPHAD technique is unable to predict the existence of the phase unless 

it is experimentally confirmed and included into the thermodynamic 

assessment. Therefore, it should be noted that even if thermodynamic 

modelling is convenient and efficient, experimental work is required as the 

foundation to realize the completion of thermodynamic modelling with a high 

reliability. The present thesis focuses on (i) the experimental investigation of 

the phase equilibria of various oxide systems in the regions where data are 

scarcely available, (ii) thermodynamic assessment and optimization to acquire 

sets of thermodynamic parameters to well describe the oxide systems, and (iii) 

test the feasibility and validity of various thermodynamic models applied to 

describe the behaviour of the molten phase in the systems. Consequently, the 

measured phase equilibria data, optimized thermodynamic parameters and 

calculated phase diagrams and property diagrams of various oxide systems are 

presented as the results. For each system included in the present thesis, 

experimental work started by investigating the phase equilibria at elevated 

temperatures (above 1300 K) in the regions where the availability of data was 

poor. On the basis of the personal experiments and literature data, the 

thermodynamic modelling was performed using various models. The 

optimization work was conducted using PARROT module in the Thermo-Calc 

package [23], until a set of self-consistent thermodynamic parameters was 

obtained that the experimental data can be reproduced. In total, six binary 

systems were experimentally and thermodynamically studied. The detailed 

descriptions of the experimental and thermodynamic modelling results are 

presented in the Appendices [I-V], but a summary with a discussion is given 

below. 

5.1  Evaluation of the thermodynamic data of BaO 

As the whole present work is concentrated on BaO-containing oxide systems 

(BaO-SrO-MgO-CaO-Al2O3-SiO2), the accuracy and reliability of the 

thermodynamic data of BaO is the key to make the thermodynamic assessment 

reliable. Therefore, the evaluation of the thermodynamic properties and 

parameters to describe the BaO is necessary. This evaluation work was 

conducted and presented in a technical report [58] where the detailed 

introduction and discussion are provided. The melting point, heat capacity, 

enthalpy increment, enthalpy of formation and entropy of formation of the BaO 
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was assessed and compared in the report. Three primary results shown in the 

Figures 6, 7 and 8 illustrate that the thermodynamic parameters were consistent 

with the SGTE substance database 1994 [37], and thus were employed to 

describe the BaO in the entire work. The thermodynamic parameters of BaO in 

the database [37] are presented as the Gibbs energy functions with temperature 

intervals, which can be found in the publications [I, II, IV, V]. 

 

 

Figure 6. A comparison of the heat capacity data of BaO below 300 K [58]. 

 

 

Figure 7. A comparison of the heat capacity data of BaO above 300 K [58]. 
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Figure 8. A comparison of enthalpy increment of BaO [58]. 

5.2 The BaO-MgO system  

Due to the high melting points of BaO and MgO, 2196 K and 3215 K respectively, 

the experiments are hard to conduct, and hence the phase equilibrium data is 

poorly known. Regarding the liquidus and eutectic reaction, a large discrepancy 

can be found between the measurements by Wartenberg and Prophet [59] and 

the calculations by Van-der Kemp et al. [60] and Shukla [61]. Based on the high 

temperature equilibration and quenching experiments in publication [I], no 

molten phase could be observed below 1873 K and the no solubility was found 

between BaO and MgO. The results of the calculated work in publication [I] are 

compared with the literature data and shown in Figure 9. By using only four 

data points, Wartenberg [59] constructed the phase diagram of the BaO-MgO 

system, and the melting point of MgO in his work is largely different from those 

reported by Mcnally et al. [62], Schneider [63] and Ronchi and Sheindlin [64].  

So the phase diagram constructed by Wartenberg [59] is inconvincible 

compared with the general accepted approaches to determine the phase 

diagram [51]. Considering the fact that no information can be found above 1900 

K as a result of the high experimental temperature, the calculated phase 

diagram in the publication [I] accords with the modelling work by Shukla [61]. 

More experimental measurements are necessary in order to describe the liquid 

behaviour above 2000 K. 

5.3 The BaO-CaO system  

The only previous experimental measurement of the BaO-CaO system was 

conducted by Flidlider et al. [65], indicating a very low mutual solubility of 

barium and calcium oxides in the solid state, by using the calorimetric method. 
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However, the specific values of the solubility between the two components were 

absent from their work. Due to the absence of experimental data, the 

thermodynamic modelling was conducted in publication [V] by considering the 

calculations by Van-der Kemp [60], Shukla [61] and Seo et al. [66]. The 

calculated phase diagram is shown in Figure 10. The calculated solubility ranges 

agree well with the work by Van-der Kemp [60] and Shukla [61]. The same 

recommendation as for the BaO-MgO system is made that liquidus data at 

temperatures above 2000 K is needed. 

 

 

Figure 9. Calculated phase diagram of the BaO-MgO system compared with literature data [I]. 

 

Figure 10. Calculated phase diagram of the BaO-CaO system compared with literature data [V]. 
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5.4 The BaO-SrO system 

By means of mass spectrometry, Van Der Kemp and Oonk [67] determined the 

excess molar Gibbs energy for barium and strontium oxides in the temperature 

range 1430 K to 1530 K. Based on these results, the phase diagram of BaO-SrO 

was calculated and the consolute temperature for solid demixing was reported 

to be T=1334 K. The solid state miscibility gap was delineated by Jacob and 

Varghese [68] on the basis of the X-ray diffraction study. In publication [V], the 

thermodynamic assessment was executed by considering these two sets of data. 

The calculated phase diagram with the literature data is presented in Figure 11. 

It can be seen that the calculated solid state immiscibility agrees well with the 

measurement by Jacob and Varghese [68]. Since Van Der Kemp and Oonk [67] 

used regular solution model with symmetric excess Gibbs energy, the peak of 

the immiscibility of the two solids was calculated to be 0.5 mol% SrO and 1334K. 
 

 

Figure 11. Calculated phase diagram of the BaO-SrO system compared with literature data [V]. 

5.5 The BaO-Al2O3 system 

Literature data on experimental and thermodynamic modelling are available to 

describe the BaO-Al2O3 system in most regions, as can be found in the 

publication [II]. The major disagreement lies in the phase relations in the high-

baria corner. The B3A (Ba3Al2O6), B4A (Ba4Al2O7), B5A (Ba5Al2O8), B7A 

(Ba7Al2O10), B8A (Ba8Al2O11) and B10A (Ba10Al2O13) were reported by Appendino 

[69] (experimental) and Shukla [61] (calculated) to be stable phases above 

1200K. However, in the works by Purt [70], Toropov and Galakhov [71] and 

Kovba et al. [72] based on XRD analysis, only B3A, B4A and B7A were confirmed 

to be stable above 1200 K. These findings were consistent with the phase 

relations determined in the present work, as shown in the publication [II]. The 

liquidus of the phase BA were studied using high temperature equilibration 

quenching technique and analysed with SEM/EDS and EPMA, and the 
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measured phase equilibria can be achieved in the publication [II]. The 

representative microstructure of the quenched samples denoting the 

equilibrium between molten phase and BA is presented in Figure 12. Clear 

scratches can be observed due to the dry polishing method employed to avoid 

the corruption of the samples contacting with polishing liquid. 

The substitutional solution model and associate solution model (introduced 

in Chapter 3) were applied to describe the molten phase in the BaO-Al2O3 

system. As can be found in the technical report [58] that the melting behaviour 

of the liquid was thermodynamically modelled, but the liquid in equilibrium 

with BA phase was poorly described.  

 

 

Figure 12. Backscattered scanning electron micrographs of the quenched BaO-Al2O3 sample at 
1723 K. The crystals are BA phase and non-crystalline continuous phase is molten phase [II]. 

 

Figure 13. Calculated phase diagram of the BaO-Al2O3 system compared with literature data [II]. 

With the newly added experiments reported by the publication [II] and the 

calculated liquidus from MTOX oxide database [24], the thermodynamic re-

assessment using associate solution model was performed and the 
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thermodynamic description of this system was improved. The liquidus across 

the whole compositional range and the calculated melting points of B3A, B4A, 

BA and BA6 are well fitted with the experimental determinations, as shown in 

the calculated phase diagram in Figure 13. An agreement was achieved 

regarding the calculated thermodynamic properties compared with literature 

data, including heat capacities of BA, B3A, BA6, B4A and B7A, enthalpy of mixing 

for liquid, and heat contents (HT-H298) of BA.  The comparison of the calculated 

properties and literature data can be found in the publication [II], and a set of 

consistent thermodynamic parameters is presented in the publication [II]. In 

order to further improve the description of this binary system across the whole 

compositional range, (i) the experimental melting behaviour of the B7A is 

needed but it is extremely challenging that the experiment involves high-baria 

samples at temperature above 1800 K, and (ii) the associate model with two 

associates, B3A and BA, is recommended for a trial to describe the liquid curve 

between the two phases. 

5.6 The BaO-SiO2 system 

The phase diagram and thermodynamic properties of the BaO-SiO2 system were 

extensively investigated by means of experimental determination and 

thermodynamic modelling. The critical literature review can be obtained in the 

publications [III, IV]. According to the experimental results made by the author 

[III,IV] and from literature data [73-76], seven stoichiometric compounds were 

experimentally confirmed. They are Ba3SiO5 (B3S), Ba2SiO4 (B2S), BaSiO3 (BS), 

Ba2Si3O8 (B2S3), Ba3Si5O13 (B3S5) and Ba5Si8O21 (B5S8). The phase relations of the 

stoichiometric compounds in the high BaO side were identified presented in the 

publication [III,IV]. In the SiO2-rich corner, a discrepancy exists that a reverse 

S-shaped liquid curve was experimentally detected by the author [III], Greig 

[77] and Ol’Shanskij [78], while a liquid miscibility gap was calculated by Shukla 

[61]. No liquid immiscibility was observed based on the experimental results 

achieved by the author [III]. The experimental determinations [III] by EPMA 

and EDS are listed in Table 2. The melting behaviour of the B3S was difficult to 

investigate due to the restriction of the furnace with the maximum temperature 

of 1973 K. Therefore, the thermodynamic assessment of the BaO-SiO2 system 

was based on the available experimental data measured by the author and from 

the selected literature. 

Substitutional solution model and associate solution model were employed to 

describe the liquid phase. For the associate model, one associate (Ba2SiO4) and 

two associates (BaSiO3 and Ba2SiO4) were applied to test which can better depict 

the melting behaviour of the molten phase. In the publications [IV] and [V], 

three sets of optimized thermodynamic parameters can be found that can 

reproduce the experimental data to different extents. The calculated phase 

diagrams using assessed thermodynamic parameters are shown in Figures 14, 

15 and 16. After comparison, the description of the behaviour of the molten 

phase across the whole compositions was largely improved by using associate 

solution model. At the same time, with two associates in the associate solution 
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model, the liquidus between B2S and BS presents a slight improvement than 

using the associate solution model with one associate.  

Table 2. Comparison of the phase composition of molten phase and crystals analysed by EPMA 
and EDS [III]. 

Temperature (K) Phase EPMA (mol %) EDS (mol %) 
  SiO2 BaO SiO2 BaO 

1913 Molten phase 86.55 13.44 87.7 12.3 
 SiO2 99.95 0.05 99.8 0.2 

1893 Molten phase 86.99 13.01 87.5 12.5 
 SiO2 99.93 0.07 99.9 0.1 

1873 Molten phase 79.65 20.35 81.6 18.4 
 SiO2 99.96 0.04 99.8 0.2 

1823 Molten phase 77.40 22.60 78.2 21.8 
 SiO2 99.93 0.07 99.8 0.2 

1773 Molten phase 76.60 23.40 77.6 22.4 
 SiO2 99.92 0.08 99.8 0.2 

1723 Molten phase 74.35 25.65 75.7 24.3 
 SiO2 99.92 0.08 99.9 0.1 

1703 Molten phase 74.53 25.47 75.1 24.9 
 SiO2 99.90 0.10 99.8 0.2 

1673 Molten phase 73.57 26.43 73.9 26.1 
 SiO2 99.90 0.10 99.8 0.2 

1623 BS2 67.36 32.64 66.5 33.5 
 BS 51.71 48.29 51.5 48.5 
 SiO2 99.92 0.08 99.0 1 

 

The illustrations of how the associates behave in the liquid phase are indicated 

in Figures 17, so that one can understand how the associate model works. 

However, the associate model should be regarded as a mathematical approach 

for the expression of the Gibbs energy functions since the existence of associates 

in the oxide systems studied in this thesis was insufficiently determined. 

 

 

Figure 14. Calculated phase diagram of the BaO-SiO2 system using substitutional solution model 
for the description of molten phase, compared with literature data [IV]. 

The thermodynamic properties, for example, heat capacities of B3S, B2S, BS, 

B2S3, B3S5 and B5S8, enthalpy increments (HT-H273) of the liquids with the 

composition of BS3, activities of BaO and SiO2 in glasses and melts and Gibbs 

energy of mixing at 1970 K, were calculated based on the thermodynamic 
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parameters acquired. The details can be extracted from the publications [IV] 

and [V]. The further work should be concentrated on the construction of the 

liquidus in the high-baria corner although it is demanding that the BaO tends 

to vaporize in this region at temperatures above 1673 K. 

 

 

Figure 15. Calculated phase diagram of the BaO-SiO2 system using associate solution model 
with B2S as an associate for the description of molten phase, compared with literature data [IV]. 

 

Figure 16. Calculated phase diagram of the BaO-SiO2 system using associate solution model 
with B2S and BS as associates for the description of molten phase, compared with literature data 
[V]. 
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Figure 17. Calculated site fractions of various species in the liquid phase. On the left, one 
associate was employed in the associate solution model. On the right, two associates were used 
[IV,V]. 

5.7 The SrO-SiO2 system 

Strontium resides in the same group as barium in the periodic table, so they may 

exhibit similar interactions with silicon oxide, for example, formation of the 

stoichiometric compounds (B2S and S2S, BS and SS, B3S and S3S) with high 

melting points. The major difference is the shape of the liquidus in the SiO2-rich 

corner. By means of quenching method combined with microscopic 

examination, Kracek [79] constructed the cristobalite liquidus in the alkali 

oxide-silica system (Mg, Ca, Sr, Ba, Li, Na, K, Rb and Cs). A reverse S-shaped 

liquid curve from BaO to Cs2O was indicated and the existence of a miscibility 

gap was reported for the MgO to SrO systems. This reverse S type cristobalite 

melting curve was also confirmed by Ol’Shanskij [78]. 

The same amount attention as the BaO-SiO2 system has been paid to the SrO-

SiO2 system due to its wide application in glass and ceramic technology. A 

collection of phase equilibria data, thermodynamic properties and 

thermodynamic modelling can be obtained by literature survey. After critical 

literature evaluation, the thermodynamic modelling was performed by the 

author using associate model to describe the molten phase. The calculated 

diagrams according to the optimized thermodynamic parameters by the author 

allow a good fit with the literature data, as can be found in the publication [V]. 

The calculated phase diagram compared with the experimental and modelling 

data is presented in Figure 18. A good agreement was achieved although the 

calculated temperature of the eutectic reaction, Liquid → SS + Tridymite, is 

slightly higher than the measured one. The calculated results concerning the 

thermodynamic properties, for example, activities of SrO and SiO2 in the melt, 

enthalpy increments (HT-H273) with the composition of SrO·2SiO2, enthalpy 

increments (HT-H298) of the S2S and SS phases, are all included in the 

publication [V]. Future study should concentrate on the phase relationships of 

the S3S, S2S and SS phase above 1200 K, the decomposition temperature of S3S 

and liquid immiscibility in the SiO2-rich region above 2000 K. 
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Figure 18. Calculated phase diagram of the SrO-SiO2 system using associate solution model with 
S2S as an associate for the description of molten phase, compared with literature data [V]. 

5.8 The BaO-SiO2-Al2O3 system 

When it comes to ternary oxides system, due to the complexity of the phase 

equilibria, such as, the formation of ternary compounds and solid solutions 

[80], only few experimental data are available in the literature, especially at the 

temperatures above 1673 K. New experimental data is beneficial for 

thermodynamic optimization of the ternary system and contributes to update 

the knowledge of the glass ceramics prepared based on celsian 

(BaO·Al2O3·2SiO2).  

As can be found in the work by Zhang and Taskinen [81], based on the XRD 

results, the authors successfully prepared celsian phase by solid state mixing, 96 

h equilibration at 1473 K, as can be found in Figure 19. The molten phase in 

equilibrium with the celsian phase (BaO·Al2O3·2SiO2) were experimentally 

investigated by SEM/EDS and XRD.  By using MTDATA software [25], the 

isothermal sections at 1673 K, 1773 K, 1873 K and 1973 K were calculated. 

Experimental information regarding the isothermal sections at elevated 

temperatures are necessary in order to perform thermodynamic assessment and 

establish the thermodynamic database of the BaO-SiO2-Al2O3 system. Future 

thermodynamic optimization of the ternary system will take into account the 

present measurements, assessed binary systems and updated data. 
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6. Conclusions 

By means of the experimental equilibration-quenching and CALPHAD 

techniques, the phase diagrams and thermodynamic property diagrams of the 

BaO-CaO, BaO-MgO, BaO-SrO, BaO-Al2O3, BaO-SiO2 and SrO-SiO2 systems 

were produced. The sets of self-consistent thermodynamic parameters 

optimized in the present work contribute to the extrapolation into higher order 

oxide systems and the establishment of the thermodynamic database for future 

industrial application. 

6.1 Experimental 

Phase equilibria were experimentally investigated in the systems of BaO-CaO, 

BaO-MgO, BaO-Al2O3 and BaO-SiO2. Two types of experimental set-ups were 

utilized for different purposes. For the construction of the liquidus at 

temperatures between 1623 K and 1973 K in the selected systems, the vertical 

furnace (Figure 2) was used to facilitate a fast quenching. Horizontal furnace 

(Figure 4) flushed with protective gas was applied to study the phase relations 

in the high-baria region. The experimental data acquired in the present thesis 

clarified the systems where less information is available and disagreements 

exist. The solid state phase equilibria were observed for the BaO-MgO system 

which corresponds with the modelling results. In the BaO-Al2O3 system, the 

liquidus in equilibrium with the BaAl2O4 phase was measured, and the phase 

relations at 1473 K and 1573 K were detected in the BaO-rich corner. The new 

data contribute to depict the complicated phase relationships of the 

stoichiometric compounds and to provide updated information for 

thermodynamic modelling work. A stable miscibility gap can be observed in the 

SiO2-rich region in most of the silicate systems. However, in the present work, 

based on the phase equilibria determination, a reverse S shape liquidus was 

constructed in the SiO2-rich region, which strengthens the support for a 

collection of work reporting the liquid curve of this shape instead of a stable 

miscibility gap by some other studies. The phase relations in the BaO-rich 

region and the phase stability of the Ba3SiO5 were determined and taken into 

account for thermodynamic assessment of this system. 
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6.2 Thermodynamic modelling 

By means of the CALPHAD technique, the phase diagram and thermodynamic 

data in the BaO-CaO, BaO-MgO, BaO-SrO, BaO-Al2O3, BaO-SiO2 and SrO-SiO2 

systems were critically evaluated. On the basis of the evaluated literature data 

and the experimental data acquired in the present thesis, thermodynamic 

assessments were performed using the PARROT module in the Thermo-Calc 

software package [23]. The Gibbs energy functions in terms of temperature and 

composition describing each phase in various systems are presented. For the 

thermodynamic modelling of the BaO-Al2O3 and BaO-SiO2 systems, both 

substitutional solution model and associate solution model were employed to 

describe the liquid phase. By comparing the calculated phase diagrams and 

thermodynamic properties adopting two kinds of models, no difference was 

found for the BaO-Al2O3 system. While for the BaO-SiO2 system, it was observed 

that associate model can better reproduce the experimental data than the 

substitutional solution model, especially for the reproduction of the liquidus in 

the SiO2-rich region. The test of applying two associates to model the liquid 

phase in the BaO-SiO2 systems was conducted, leading to the result of slightly 

improved description of the liquidus. A good fit with the literature data was 

achieved for the SrO-SiO2 system by associate solution model to illustrate the 

liquid phase. According to the calculated site fractions of various species in the 

molten phase of BaO-SiO2 and SrO-SiO2 systems (Figure 17), the dominations 

of the associates can be obviously observed, indicating a strong short range 

order in the liquid phase. Although the existence of the associates in the silicate 

system was referred in some work, it should be pointed out that the domination 

of the associates in the present work is calculated based on the mathematical 

expression of the Gibbs energy functions, instead of being experimentally 

confirmed.  

6.3 Future work 

The thesis contains the experimental and thermodynamic investigation 

concerning the basic binary systems of the BaO-SrO-CaO-MgO-Al2O3-SiO2 

system. The study should be extended to higher order systems in the future to 

facilitate the establishment of the complete thermodynamic database applied in 

the industrial processes. 

The study on the phase stabilities of the stoichiometric compounds below 

1473K in the oxides systems can be made to acquire the experimental data in a 

wider temperature range. Due to the poor availability of the information for the 

ternary oxides systems, more focus should be paid on the expansion of the 

knowledge base on the isothermal sections, isopleths and thermodynamic 

properties of the ternary systems by using various experimental techniques. It 

not only contributes to provide more experimental data for extrapolation and 

thermodynamic modelling of the ternary system, but improves the 

understanding of phase equilibria and chemical processes in the industrial 

applications, such as, solid oxide fuel cell (SOFC) based on the BaO-Al2O3-SiO2 
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system, removal of boron and phosphorous by using Al2O3-CaO-MgO-SiO2 slag 

or BaO-Al2O3-SiO2 slag and low temperature co-fired ceramics and so on. 

The feasibility of the associate solution model remains to be tested with more 

oxides systems outside this thesis. Despite the capability of well reproducing the 

experimental data by using associate solution model, the development of 

thermodynamic model with physical meaning should be paid more attentions. 

This not only ensures that the thermodynamic modelling is performed based on 

the physical grounds but eases the extrapolation towards higher orders with 

high accuracy and reliability. 
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Knowledge of the phase equilibria and 

thermodynamic properties is significant to 

understand the microstructure and 

properties of the materials based on BaO-

containing system. By employing 

experimental investigation, with assistance 

of the CALPHAD (CALculation of PHAse 

Diagram) technique, it is possible to 

establish a thermodynamic database 

capable of describing the complex oxide 

system, in a way to model and predict the 

phase equilibria, thermodynamic properties 

and chemical process of the desired systems. 

  

Based on (i) high-temperature 

equilibration/quenching technique coupled 

with SEM/EDS, EPMA and XRD analysis, 

and (ii) thermodynamic modelling using 

Thermo-Calc, the present work successfully 

investigated six binary systems and one 

ternary system. The phase equilibria data 

and thermodynamic properties were 

digitalized into thermodynamic database in 

the format of Gibbs energy functions. 
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