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Abstract 

A complete thermodynamic description of the Ca – O system is proposed including 3rd generation modelling of 

crystalline CaO, liquid and amorphous CaO, and crystalline CaO2. Compared to previous modellings, a more 

robust description of the thermodynamic properties of the binary phases is achieved using data recently obtained 

by density functional theory calculations and molecular dynamics simulations. The heat capacity of crystalline 

CaO is reassessed, leading to a noticeably higher value below the melting point compared to previous modellings 

and resulting in a slightly higher standard entropy. It is highlighted that the parameters given in terms of 

polynomial functions of temperature that were employed so far in 3rd generation models to describe anharmonic 

contributions in the heat capacity of compounds were not suited to satisfactorily describe the thermodynamic 

properties of crystalline CaO. It is suggested that this observation can be generalized to most refractory oxides. 

Alternative terms are proposed in the Gibbs energy function that give more flexibility in fitting the experimental 

data and lead to more numerically reasonable values for the parameters. The liquid and amorphous CaO phase is 

described using the two-state model, leading to a significant improvement in the description of its heat capacity. 

The description of crystalline CaO2 is also improved as only estimates of the thermodynamic properties of the 

compound were available in previous modellings of the system. Finally, phase equilibria data on the Ca – CaO 

liquidus is reviewed, and it is highlighted that slight discrepancies in the relatively low temperature 

measurements can lead to significantly different descriptions of the liquid phase.  
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1. Introduction 

Discussions at the 1995 Ringberg meeting aimed at improving the current thermodynamic models. On the one 

hand, it was recommended for crystalline phases to replace the phenomenological polynomial description of the 

temperature dependence of the heat capacity by an extended Debye or Einstein model [1]. In addition to an 

improved physical meaning, doing so allows to model the thermodynamic properties of the phases down to 0 K, 

enabling a better integration of data from first-principles calculations. On the other hand, it was recommended to 

model the liquid phase using the so called Two-State model [2], in which atoms are either considered to be in an 

amorphous-like or in a liquid-like state. The motivation behind this change is that using the traditional 

polynomial description of the temperature dependence, extrapolations beyond the stability range of the phases 

may lead to spurious predictions, such as artificial phase stability, or the so-called Kauzmann and inverse 

Kauzmann paradoxes [2]. Following those guidelines, various authors [3-9] are currently working toward the 

development of the so-called 3rd generation databases. 

From the review of the Ca – O system performed by Wriedt [10], the known stable compounds are solid CaO, 

which is stoichiometric up to at least 1400 K, and solid CaO2, which is unstable at room temperature and 

atmospheric pressure. The CaO4 and CaO6 compounds might be stable at high oxygen pressures and low 

temperatures, but their existence was not demonstrated through experiments yet. 

Solid CaO, with its common mineral name "lime", is an important compound for many applications. It is the key 

active component in building materials (lime-silicates and lime-aluminates [11]), in geochemistry and 

planetology [12], metallurgical slags [13] and glass-forming oxides [14]. It is therefore one of the key 

constituents in any Calphad based thermodynamic database for oxides such as the FactSage FToxid database 

[15]. 

The thermodynamic properties of phases in the Ca – O system were described by various authors [16-18] based 

on different thermodynamic models and experimental data. Hillert et al. [16] gave a partial description of the 

system up to CaO using the ionic model for the liquid phase. A more complete description on the whole 

composition range including the CaO2 compound was proposed by Lindberg et al. [17]. In this work, the liquid 

phase was described using the modified quasi-chemical model, but the validity of its description is limited to the 

partial Ca – CaO system as it was highlighted by Liang et al. [18]. The most recent description of the Ca – O 

system was provided by Liang et al. [18] based on a remarkably thorough assessment of the existing literature 

data. The associate solution model was used by the authors to describe the liquid phase in the whole composition 

range. Compared to the description proposed by Lindberg et al. [17], the Ca – CaO liquidus was reassessed and 

the melting point of CaO was revised to a value which is almost 400 K higher than some experimental values in 

the literature based on a recent investigation conducted by Manara et al. [19]. 

This work aim at improving the thermodynamic description of the Ca – O system, and 3rd generation models are 

used to describe crystalline CaO, liquid and amorphous CaO as well as of crystalline CaO2. Thermodynamic data 

recently obtained by first principles Density Functional Theory (DFT) calculations and molecular dynamics 

simulations are used to obtain a robust description of the thermodynamic properties of the phases of the system. 

Compared to previous assessments, the description of the heat capacity and entropy of crystalline and liquid and 

amorphous CaO is improved as well as the modelled thermodynamic properties of CaO2 that were based on 

estimations so far. Regarding the phase equilibria data, the literature on the Ca – CaO liquidus is reviewed, and it 

is highlighted that slight discrepancies in the relatively low temperature measurements can lead to significantly 

different descriptions of the liquid phase. 
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2. Review of the literature data 

2.1. Thermodynamic properties of crystalline CaO 

Significant discrepancies can be found in the experimental literature data on the standard enthalpy of formation 

of CaO. Indeed, Gourishankar et al. [20] derived from free-evaporation experiments an enthalpy of -602 kJ.mol-

1, which is 33 kJ.mol-1 more positive than the values obtained from bomb calorimetry [21] and acid solution 

calorimetry [22]. After conducting a thorough and critical investigation of the literature data, Liang et al. [23] 

suggested a value of -634±1.5 kJ.mol-1 for the standard enthalpy of formation of CaO. The proposed enthalpy is 

in perfect agreement with the value of -634.6 kJ.mol-1 obtained from DFT calculations by Pisch et al. [24]. 

Therefore, this value is selected in the present modelling. 

Regarding the heat capacity and heat content of crystalline CaO, several independent dataset are available in the 

whole 4 – 3086 K range. The heat capacity data [25-27] in the literature are plotted in Fig. 1, and the available 

heat content data [28-37] represented in Fig. 2. Although the experimental data are essentially consistent, some 

discrepancies can be found, leading to different choices in the modelling and impacting the stability of 

crystalline CaO. Pisch et al. [24] performed phonon calculations, which can be a powerful tool in critically 

assessing conflicting literature data [38]. Calculations were performed by the authors in the quasi-harmonic 

approximation using the Strongly Constrained and Appropriately Normed (SCAN) functional [39] and results 

are also plotted in Fig. 1 and 2. The validity of such ab initio calculations is generally limited in temperature to 

roughly two third of the melting point of the compound, and the DFT dataset is therefore limited at 

approximately 2000 K. Below 298.15 K, the phonon calculations were found to be in a better agreement with the 

measurements from Park et al. [26] compared with the results from Nernst et al. [25] and Gmelin et al. [40]. The 

latter datasets are therefore not used in the present modelling. The discrepancy stems most likely from the 

experimental difficulty to obtain pure, dense bulk samples of CaO for the measurement. As an example, one can 

cite the work from Gmelin [27, 40]. The sample preparation is described in the earlier paper. The CaO sample 

was prepared by electronic melting at very high temperature followed by a sintering step. The obtained sample is 

very pure from a chemical point of view, but its density is more than 30% less than the theoretical value. It is 

obvious that the measurement of thermodynamic properties such as the heat capacity at constant pressure on 

samples with high porosity is difficult to perform (thermal equilibration in the calorimeter) which increases the 

uncertainty in the measurement. Consequently, a value of 40.35 J.mol-1.K-1 is selected in this work for the 

absolute entropy of CaO, derived from the DFT phonon calculations in the quasi-harmonic approximation, 

which is slightly higher than the value of 38.21 J.mol-1.K-1 compiled in the JANAF tables [41]. Above 300 K, the 

heat content as a function of temperature as derived from the phonon calculations by Pisch et al. [24] were found 

to be in rather good agreement with most datasets [28, 30-33, 35-37], except the heat content proposed by Roth 

et al. [29] and Chekhovskoi et al. [34]. Therefore, the latter datasets were not taken into account in the 

modelling. It is however to be noted that Chekhovskoi et al. [34] are the only experimental data available in the 

2000 – 3086 K range, and the trend measured by the authors clearly features a greater increase of heat content 

above roughly 2600 K. Additional information were provided in this rather high temperature range by Alvares et 

al. [37] who performed classical molecular dynamics simulations on crystalline CaO. Due to the specific Born-

Mayer-Huggins (BMG) potential used by the authors, the molecular dynamics heat contents are shifted in 

enthalpy compared to the accepted data, and they are therefore not used in the modelling. However, the ab initio 

data feature a trend similar to that reported by Chekhovskoi et al. [34]. A sudden heat content increase before the 

melting point is frequently observed in oxides [42]. This trend is known as pre-melting effect and is due to 

different melting behavior of the anionic and cationic sublattices in the crystal structures of oxides. Therefore, 

the present modelling aim at reproducing this characteristic trend. To do so, valuables anchor points were 

provided by Alvares et al [37] who also performed ab initio molecular dynamics using the SCAN interaction 

functional [39]. Only three data points were calculated this way for crystalline CaO due to the very high 

computation time required. The data point at 1500 K is in satisfying agreement with the accepted heat content 

data, supporting the validity of the calculations.  
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Fig. 1. Literature heat capacity data on crystalline CaO. It is noted that the DFT calculations from Pisch et al. 

[24] are available up to 2000 K, but the X-axis scale was reduced at 300 K for a better resolution in the 

comparison of the different datasets. 

 

Fig. 2. Literature heat content data on crystalline CaO. Inlet: zoom on the area where the most datasets are 

available. 

2.2. Thermodynamic properties of liquid and amorphous CaO 

Regarding the thermodynamic properties of liquid and amorphous CaO, no experimental data could be found in 

the literature. Indeed, the rather very high melting point of the compound makes experimental work extremely 

challenging. The heat capacity of the liquid above the melting point was estimated by Gurvich et al. [43] at 

84±10 J.K-1.mol-1 based on analogy with experimental data on liquid BeO and BaO. Alvares et al. [37] 

calculated the heat content of liquid CaO in the 2200 – 4000 K range by molecular dynamics simulations. 

Similarly to the heat content obtained for crystalline CaO, the calculated data are shifted in enthalpy due to the 

potential used by the authors, and the raw data are therefore discarded. However, as no other experimental 

information are available, the heat content trend was retained as the original data were converted into heat 

capacity data where a shift in enthalpy have a less significant impact. The converted data are consistent with the 

estimations from Gurvich et al. [43] and are accepted in the present assessment. In addition, Alvares et al. [37] 

calculated the heat content of liquid CaO at 3200 K by ab initio molecular dynamics. A value of 248.2 kJ/mol 

was obtained with respect to crystalline CaO at 300 K and is selected in the present assessment. 
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2.3. Data relative to the melting of CaO 

The data regarding the melting of CaO were reviewed by Liang et al. [18] and discussed by Manara et al. [19]. 

Due to very delicate experimental work, conflicting values ranging from 2843 K to 3223 K have been reported in 

the literature data. It is to be noted that both the measurements and their interpretation are challenging, as it is 

unsure whether CaO is melting or boiling, if the reaction is congruent or not, and even whether the compound is 

stoichiometric or not at such high temperatures [10]. Manara et al. [19] conducted a remarkable experimental 

study of the melting of CaO by quasi-containerless laser heating under different atmospheres. Under an 

oxidizing environment (air at 0.3 MPa), the authors measured a solidification point at 3222±25 K that they 

attributed to the congruent melting of CaO due to the seemingly negligible influence of the pressure on the 

measured value. Under a reducing environment (Ar + 6% H2 at 0.3 MPa), the authors measured a solidification 

point at 3192±40 K that they attributed to the three-phase equilibria between a crystalline CaO, a CaO liquid 

with oxygen deflects, and a gas. 

Regarding the enthalpy and entropy of fusion of CaO, no experimental data are available. The entropy of fusion 

was reported in the JANAF tables [41] at 25.06 J.K-1.mol-1, although it has to be noted that this value is purely 

estimated. A similar estimation of 25±5 J.K-1.mol-1 was made by Gurvich et al. [43] based on the entropy of 

melting of BeO and other alkaline-earth metal oxides. The corresponding enthalpy of fusion at the selected 

temperature of 3222 K is calculated at 80±16 kJ.mol-1. The molecular dynamics simulations conducted by 

Alvares et al. [37] lead to a very similar enthalpy of fusion of 80.92 kJ.mol-1. Therefore, this value was accepted 

in the present assessment. It is noted that this enthalpy of fusion is also in a satisfying agreement with the data 

obtained before and after the melting by ab initio molecular dynamics by Alvares et al. [37] as it will be 

highlighted when presenting the results of the modelling. 

2.4. Thermodynamic properties and thermal stability of CaO2 

Very limited information are available regarding the CaO2 compound. The calcium peroxide is only stable at 

rather high oxygen pressures, as the oxygen pressures in equilibrium with both CaO and CaO2 at room 

temperature were reported to be about 1 bar [10]. However, there is debate in the literature concerning the 

stability of this compound under standard conditions. Brosset and Vannerberg [44] tried to synthesize this 

compound using the standard experimental procedure from the literature. Instead of getting pure CaO2, they 

ended up with an oxide-hydroxide compound when carefully analyzing the sample, indicating that the pure oxide 

compound may be unstable at room temperature. Neither its melting point nor its thermodynamic properties have 

been measured [10]. This compound is not entered in the JANAF tables [41], and estimations of its 

thermodynamic properties can be found in [45]. Recently, the thermodynamic properties of CaO2 have been 

determined by DFT and phonon calculations by Pisch et al. [24]. Those data are considered as robust supported 

by the fact that the calculations performed by the authors on crystalline CaO are in very good agreement with the 

experimental literature. 

2.5. Data relative to the Ca – CaO Liquidus 

Five dataset related to the Ca – CaO liquidus are available in the literature. They were obtained in three 

independent investigations, and lead to four conflicting trends. To begin with, the experimental work will be 

reviewed. In a second time, the dataset will be presented and compared with previous modelling of the system, 

and the agreement between the different sources as well as the data selection will be discussed. In the 

experimental literature, the liquidus was always expressed in mole percent of CaO. In this work, the data were 

converted into atomic percent of oxygen using the following equation: 

𝑥𝑂 =
𝑥𝐶𝑎𝑂

1 + 𝑥𝐶𝑎𝑂

                                                                                                                                                                           (1) 

First of all, the solubility limit of CaO in liquid Ca was estimated by Bevan et al. [46]. The authors performed a 

visual comparison of the size of CaO pellets before and after the thermal treatment of 20 mole percent of CaO in 

liquid Ca at 1523 K. On this basis, a solubility of 14.2±1.5 at.%O (16.5±1.5 mol.%CaO) was proposed. 
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Then, the Ca – CaO Liquidus was determined in the 1233 – 1705 K range by both chemical and differential 

thermal analyses by Fischbach [47]. The author used 99% pure Ca, that was stored and handled in protective 

atmosphere. Regarding CaO, it was stated that its purity was controlled “very carefully”, but no quantitative 

information are given. Unfortunately, no further experimental details are available as only experimental work 

performed on Ca – CaF2 and Ca – CaCl2 slags were described by the author, and it is uncertain that the followed 

procedure was the same. It is however noted that the experimental work performed by Fischbach [47] on Ca – 

CaF2 and Ca – CaCl2 slags was meticulous, and that a special care was given by the author on having an efficient 

quenching procedure so that no segregation effects would occur during cooling. 

More recently, Zaitsev et al. [48, 49] measured the activity of Ca in the liquid in two-phase equilibria with CaO 

in the 1165 – 1723 K range, and the authors also stated that they measured the solubility limit of CaO in liquid 

Ca in the same temperature range. The materials used by the authors are 99.9 wt.% pure Ca, and CaO of 

unknown purity obtained by thermal decomposition CaCO3. The samples were sealed in iron or molybdenum 

vessels that were carefully degassed prior to the experiments. Regarding the activity measurements, a static 

method was used by the authors [49] as the partial pressure of Ca in the investigated temperature range is too 

high for the Knudsen technique. The experimental assembly consisted in two dismountable chambers connected 

so that the gas could flow between them but not the condensed phases. The equilibrium Ca partial pressure on 

top of saturated Ca – CaO samples was determined from the volume of the top unfilled chamber and the amount 

of evaporated calcium. The latter was determined by chemical analysis from the condensate on the walls of the 

chamber in question. In order to verify the validity of their experimental procedure, the authors measured the 

vapour pressure of pure Ca from 1473 to 1673 K, and they found those measurements to be in good agreement 

with the accepted literature data. The authors derived activity data from their measurements using up-to-date 

data on pure Ca as it was carefully checked by Liang et al. [18]. A source of error may come from the presence 

of additional species in the gas phase such as CaO or O2 that were not considered by the authors. Therefore, 

thermodynamic calculations were performed using the Ca – O description proposed by Liang et al. [18], and Ca 

was found to be the only significant specie present in the gas in this temperature and composition range. Similar 

results were obtained using the database resulting from this work as Ca and Ca2 are calculated to be the largely 

predominant species in this temperature and composition range. Regarding the solubility measurements, Zaitsev 

et al. [49] reported that equilibrated Ca – CaO samples were quenched, and that the calcium content in the 

samples was determined by chemical analysis by the induction-bound plasma technique. It was noted by the 

authors that when the melts were unsaturated, the determined calcium concentration was in good agreement with 

the initial composition. In their literature review, Liang et al. [18] discarded those solubility data from Zaitsev et 

al. [49] because the assessors reached the conclusion that the authors did not actually performed the 

measurements. The main reason behind this is that the solubility data proposed by Zaitsev et al. [49] appear to be 

smoothed and do not feature the expected experimental scatter. This is even more striking when looking at the 

Ca – CaO partial phase diagram proposed by Zaitsev et al. [49]. In this figure, the authors only represented their 

proposed solubility data featuring the best agreement, discarding 5 data points over 19 in the process. As the 

authors mentioned that they performed measurements on unsaturated samples, one can wonder if those 5 data 

points are part of it or not as no comments can be found on this matter in the discussion. It seems that the authors 

did not discard the activity measurements obtained at the corresponding temperatures, therefore it is assumed 

that this choice was made to make the proposed phase diagram look better. 

The reported data [46, 47, 49] on the solubility limit of CaO in liquid Ca are plotted along with the results from 

previous modellings of the Ca – O system [17, 18] in Fig. 3. In order to evaluate the overall agreement between 

the activity measurements from Zaitsev et al. [49] and the literature solubility data [46, 47, 49], the liquidus 

modelled by Liang et al. [18] when only fitting those data is also presented in Fig. 3. Several important 

observations can be made from this plot. 
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Fig. 3. Reported literature data on the Ca – CaO liquidus along with the results from previous modellings of the 

system. The black dash-dotted line is the liquidus accepted by Liang et al. [23] whereas the green densely dashed 

line is the liquidus obtained by the same authors when fitting only the activity data measured by Zaitsev et al. 

[49]. 

First of all, it is noted that the data point estimated by Bevan et al. [46] is very far off from any other literature 

data. The visual determination performed by the authors may give a first estimate but is obviously not reliable, 

and this data point is therefore discarded. 

Then, a very good agreement was obtained between the dataset measured by Fischbach [47] with both chemical 

and differential thermal analyses. This supports the validity of the experimental procedure followed by the 

author.  

It is interesting to focus next on the agreement between the solubility data from Fischbach [47] and the activity 

measurements from Zaitsev et al. [49], which can be roughly evaluated in Fig. 3 by comparing the former data 

with the liquidus proposed by Liang et al. [18] when only fitting the latter data. Although a reasonable agreement 

is obtained in the 1450 – 1750 K range, both liquidus feature conflicting trends. If the disagreement may not be 

significant in this temperature range, this implies different choices in the temperature dependency of the 

interactions of the constituents in the liquid phase that result in sensibly different descriptions at higher 

temperatures as it will be highlighted later in the discussion. 

Finally, it is highlighted in Fig. 3 that the solubility data reported by Zaitsev et al. [49] deviate significantly from 

the other dataset with increasing temperature. If those are not actual experimental measurements as suggested by 

Liang et al. [18], this disagreement would come from the derivation performed by the authors to obtain those 

data. If those are actual experimental measurements, it is likely that the solubility limit of CaO in saturated liquid 

Ca was overestimated by taking undissolved CaO particles during the sampling, as it seems that no special care 

was taken by the authors on this matter. In either case, this dataset is considered doubtful and is discarded in the 

present assessment. 

In conclusion, after discarding the estimated data from Bevan et al. [46] and the reported solubility data from 

Zaitsev et al. [49], the two remaining dataset relative to the Ca – CaO liquidus are the activity measurements 

from Zaitsev et al. [49] and the solubility data from Fischbach [47]. Although given the experimental 

uncertainties both dataset are in an acceptable agreement, they feature two conflicting trends that can lead to 

significant differences in the modelling at higher temperatures. In this work, the direct solubility measurements 

from Fischbach [47] are preferred as activity measurements represent more delicate experimental work. This 

choice is also supported by the fact Fischbach [47] obtained consistent datasets using two different experimental 

procedure. Nonetheless, as this choice is not straightforward, the activity measurements from Zaitsev et al. [49] 

will also be fitted in a separate attempt, and the results obtained in both cases will be compared and discussed. 
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2.6. Invariant Ca/CaO eutectic reaction 

Bevan et al. [46] measured by thermal analysis the eutectic between β-Ca and CaO using sealed iron containers. 

The authors measured the melting point of β-Ca at 1110±1 K, which is 5 K lower than the accepted value of 

1115 K. The eutectic temperature was measured at 1107±1.5 K on the basis of three different compositions. 

Wriedt [10] retained the measured difference of 3 K between both measurements and suggested the eutectic 

temperature of 1112 K based on the accepted melting point of β-Ca. Doubts have been raised in the literature 

[18, 47] regarding the purity of the materials used by Bevan et al. [46]. Indeed, no information are given by the 

latter authors [46] on this matter, and the relatively low melting point of β-Ca obtained by the authors suggests 

purity issues. Plus, the solubility of CaO in liquid Ca that the authors [46] visually estimated to be 14.2±1.5 

at.%O (16.5±1.5 mol.%CaO) at 1523 K is roughly 3 times higher than the experimental measurements from 

Fischbach [47] as shown in Fig. 3. Therefore, the eutectic temperature measured by Bevan et al. [46] is 

considered doubtful in the present assessment.  

Nonetheless, the activity measurements performed by Zaitsev et al. [49] and the Ca – CaO solubility data 

obtained by Fischbach [47] suggest that the invariant point composition is lower than roughly 1.5 at.%O, which 

is consistent with the fact that the eutectic temperature should be rather close to the melting point of pure Ca. 

Bevan and Richardson [46] estimated the eutectic liquid oxygen content at 0.3 "mole per cent.", but a 

composition of 1.5 mol%CaO was drawn on the corresponding figure which is most confusing. 

In conclusion, the temperature of the eutectic involving β-Ca and CaO is, although uncertain, likely to be located 

between 1105 K and 1114 K. 

3. Thermodynamic modelling and optimization procedure 

3.1. Model for crystalline CaO and CaO2 

Discussions at the 1995 Ringberg meeting [1] aimed at finding a universal model for the thermodynamic 

properties of crystalline phases that could give a satisfactorily fit of the data from very low to very high 

temperatures while carrying physical meaning and being easy to implement in thermodynamic databases. It was 

recommended as a compromise to describe the heat capacity of compounds either using an Einstein or a Debye 

model with a constant Debye or Einstein temperature and additional terms given in terms of polynomial 

functions of temperature to account for the rise of anharmonic contributions at higher temperatures. Although the 

Debye model gives better results in describing the heat capacity at low temperature, the Einstein model was 

preferred by Chen and Sundman [9] and following modelers [3-7] as it is easier to implement. The heat capacity 

of a crystalline phases can then be expressed, excluding any potential magnetic transformations, as [9]: 

𝐶𝑝 = 3𝑅 (
𝜃𝐸

𝑇
)

2 exp (
𝜃𝐸

𝑇
)

(exp (
𝜃𝐸

𝑇
) − 1)2

+ 𝑎𝑇 + 𝑏𝑇4                                                                                                                    (2) 

where θE is the Einstein temperature, and where the aT term is here to account for non-thermodynamic 

information such as the electron density of states at the Fermi level and the bT4 term for the high-order 

anharmonic lattice vibrations. It is noted that when modelling a compound, the Einstein contribution of Eq. 2 

should be multiplied by the phase stoichiometry. It is underlined for the upcoming discussion that it was initially 

recommended at the Ringberg workshop [1] to have a bT2 term instead of a bT4 term, and the reason why Chen 

and Sundman [9] changed it was for the model to be able to fit a wider spectrum of phases while also resulting in 

more reasonable numerical values for the parameter a. 

Above the melting point, in order to avoid absurd extrapolation of the metastable crystalline solid at very high 

temperatures that may lead to its re-stabilization, it was recommended by Chen and Sundman [9] to make the 

heat capacity of the solid tends to the heat capacity of the liquid phase at an arbitrary chosen high temperature. 

The expression recommended by the authors to enable this while ensuring the continuity of the thermodynamic 

properties and their derivative at the junction is the following: 
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𝐶𝑝 = 3𝑅 (
𝜃𝐸

𝑇
)

2 exp (
𝜃𝐸

𝑇
)

(exp (
𝜃𝐸

𝑇
) − 1)2

+ 𝑎′ + 𝑏′𝑇−6 + 𝑐′𝑇−12                                                                                                (3) 

The model was successfully used by various authors [5-7] to describe the thermodynamic properties of Mn, Co 

and Pb. However, a satisfying fit could not be obtained using a single characteristic Einstein temperature for C 

[4] and Sn [3]. Using multiple Einstein temperatures, Eq. 2 is modified as following: 

𝐶𝑝 = 3𝑅 ∑ 𝛼𝑖 (
𝜃𝑖

𝑇
)

2

𝑖

exp (
𝜃𝑖

𝑇
)

(exp (
𝜃𝑖

𝑇
) − 1)2

+ 𝑎𝑇 + 𝑏𝑇4                                                                                                          (4) 

where the sum of the αi coefficients have to be roughly equal to the phase stoichiometry. 

In the present work, multiple Einstein temperatures had also to be used to give a satisfactory description of 

calcium oxides as it will be highlighted later in the discussion. 

In addition, the heat capacity of CaO could not be satisfactorily modeled using the additional aT and bT4 terms 

presented in Eq. 4. The reason is that CaO features a sudden increase in heat capacity from the rather very high 

temperature of roughly 2600 K, which those terms can simply not reproduce. It is reminded here that an increase 

of heat capacity before melting is a common feature for oxides as briefly discussed in section 2.1. A better fit 

could be obtain either by using aT + bT12 terms, or aT + bT6 + cT7 terms instead of the recommended aT + bT4 

terms. However, finding the adequate polynomial function of the temperature was proven not to be 

straightforward. In addition, when using high power polynomial terms, the corresponding parameters may have 

unreasonable numerical values, such as roughly 10-40 for the bT12 term in the present case of modelling CaO. 

This may causes issues for the calculations software, as the mentioned b parameter was for instance rounded to 0 

by the Thermocalc software [50] when entered as a function in a database. In conclusion, using a polynomial 

function of the temperature does not seem adapted to model the anharamonic contribution in the heat capacity of 

refractory oxides. Therefore, in this work, the following expression was used to describe the heat capacity of 

crystalline phases below their melting point: 

𝐶𝑝 = 3𝑅 ∑ 𝛼𝑖 (
𝜃𝑖

𝑇
)

2

𝑖

exp (
𝜃𝑖

𝑇
)

(exp (
𝜃𝑖

𝑇
) − 1)2

+ 𝑎𝑇 + 𝑇 exp(𝑏 + 𝑐𝑇)                                                                                      (5) 

where the b parameter is only a horizontal shift of the heat capacity increase, and the c parameter influence on its 

shape. The proposed Texp(b+cT) term was proven to be much more flexible in describing very high temperature 

heat capacity trends compared with powers of T, as it can fit very sharp increases and well as more monotonous 

trends. In addition, the quality of fit was also better, as only optimized powers of T terms in the form of bTd + 

cTe could have given similar results. Finally, the numerical values of the related parameters are more reasonable 

as it will be highlighted when presenting the optimized parameters. It has to be noted, however, that this 

exponential term is very sensitive to the parameters value, and without a proper starting point the optimization 

software might fail to find a solution. Indeed, depending on the initial input for the b and c parameters, the 

exponential term might be unreasonably large or small. In order to find a good starting point easily, it is 

suggested to begin with fitting a numerically reasonable heat capacity contribution (e.g. 10 J.mol-1.K-1) at the 

melting point with this exponential term, that is to say: 

𝑇𝑓𝑢𝑠 exp(𝑏 + 𝑐𝑇𝑓𝑢𝑠) = 𝐶𝑝𝑎𝑟𝑏𝑖𝑡𝑟𝑎𝑡𝑦
 ⇔  𝑏 + 𝑐𝑇𝑓𝑢𝑠 = ln (𝐶𝑝𝑎𝑟𝑏𝑖𝑡𝑟𝑎𝑡𝑦

) − ln(𝑇𝑓𝑢𝑠)                                                       (6) 

with Tfus the melting point, and Cparbitrary
 a numerically reasonable heat capacity value. From this point, by taking 

arbitrary equivalent contributions of the b and c parameters at the melting point, that is to say c = b/Tfus, the 

following starting values are obtained : 
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𝑏 = 𝑐𝑇𝑓𝑢𝑠 =
ln (𝐶𝑝𝑎𝑟𝑏𝑖𝑡𝑟𝑎𝑡𝑦

) − ln (𝑇𝑓𝑢𝑠)

2
                                                                                                                             (7) 

In the particular case of CaO, by taking Cparbitrary
 equal to 10 J.mol-1.K-1 and a melting point of 3222 K, one 

obtain a starting value for the optimization of -3 for b and -9.10-4 for c. 

By integration Eq. 5, the following Gibbs energy expression is found for the solid below its melting point: 

𝐺 = 𝐸0 +
3

2
𝑅 ∑ 𝛼𝑖𝜃𝑖

𝑖
+ 3𝑅𝑇 ∑ 𝛼𝑖 ln (1 − exp (−

𝜃𝑖

𝑇
))

𝑖

−
𝑎

2
𝑇2 −

exp(𝑏 + 𝑐𝑇)

𝑐2
                                                   (8) 

To avoid unrealistic extrapolation of CaO above its melting point, it was attempted to use Eq (2) as proposed by 

Chen and Sundman [9]. However, as the heat capacity increase is rather steep and due to the very high melting 

point temperature of 3222 K, to have a continuous heat capacity derivative at the junction resulted in the heat 

capacity of the solid to be much higher than the heat capacity of the liquid at higher temperatures as the b’T-6 and 

c’T-12 terms were not enough to dampen it. Indeed, the higher the junction temperature, the less stiff is the heat 

capacity curvature using negative powers of T terms. In fact, no viable solutions were found using any 

combination of negative powers of T, therefore the expression was once again adapted as following: 

𝐶𝑝 = 𝐴 −
𝑇

(𝐵 + 𝐶𝑇)3
                                                                                                                                                                (9) 

First of all, at very high temperatures the Einstein model tends to the constant value of 3R per atoms which can 

be redundant with the parameter a' of Eq. 3, therefore it was removed from the expression to keep it as simple as 

possible. Then, a T/(B+CT)3 term was used, where the B parameter allows to shift the heat capacity dampening 

along the temperature axis, and the C parameter enable to fit the required curvature at the junction. The reason 

the denominator is up to the power 3 is to avoid having any logarithmic terms appearing when integrating the 

heat capacity expression to obtain S, H and G, as negative values would then result in errors in the calculations. 

The A parameter can be directly set at the desired high temperature heat capacity constant value, and the B and C 

parameters are optimized using the conditions of continuity of the heat capacity and its derivative at the junction. 

By integration Eq. 9, the following Gibbs energy expression is found for the solid above its melting point: 

𝐺 = 𝐻′ − 𝑆′𝑇 + 𝐴𝑇(1 − ln(𝑇)) +
1

2𝐶2(𝐵 + 𝐶𝑇)
                                                                                                          (10) 

Where parameters S’ and H’ are optimized using the conditions of continuity of the entropy and the enthalpy at 

the junction. 

3.2. Model for liquid and amorphous CaO 

The liquid and amorphous phases were described using the two-state model discussed during the 1995 Ringberg 

meeting [2] and based on previous works from Ågren [51]. This model considers that atoms or molecules in the 

liquid phase are either in the amorphous-like state, featuring only vibrational degrees of freedom, or in the 

liquid-like state, with translational degrees of freedom. The general expression for the Gibbs energy of the 

amorphous-liquid phase is then given as following: 

𝐺𝑙𝑖𝑞−𝑎𝑚 = 𝐺𝑎𝑚 − 𝑅𝑇𝑙𝑛 (1 + exp (−
∆𝐺𝑑

𝑅𝑇
))                                                                                                                   (11) 

Due to a lack of information on the thermodynamic properties of amorphous CaO, its Gibbs energy can be taken 

in first approximation as [2]: 

𝐺𝑎𝑚 = 𝐺𝑐𝑟𝑦𝑠𝑡 + 𝐴 + 𝐵𝑇                                                                                                                                                       (12) 
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First of all, it is important to note that, as suggested by Chen and Sundman [9], the term accounting for the high-

order anharmonic contributions in the Gibbs energy of the crystalline state, in the form of an exponential in this 

work, was excluded of the description of the amorphous phase. Then, Ågren and co-workers [2] pointed out that 

for the amorphous state to obey the third law of thermodynamics, B should be taken equal to 0. In practice, this 

choice was widely made in the literature [4, 5, 7-9]. Whether glasses such as CaO should have a non-zero 

residual entropy at the zero absolute temperature raises deep questions on our understanding of such materials, as 

it is from instance showcased in the eloquent discussion of Schmelzer et al. [52]. This work does not intend to 

take position in a theoretical point of view on the matter, but the influence of the residual entropy at 0 K on the 

modelled thermodynamic properties of CaO will be presented and discussed. 

Finally, the ΔGd term in Eq. 11 stand for the Gibbs energy difference between the liquid-like and the amorphous-

like atoms, and can be expressed in a classical CALPHAD expansion [2] : 

∆𝐺𝑑 = 𝐴 + 𝐵𝑇 + 𝐶𝑇𝑙𝑛(𝑇) + ⋯                                                                                                                                         (13) 

As a starting point, it is recommended in the literature to either set B to the value of the gas constant R [2, 7, 51] 

or to the entropy of fusion [5, 8, 9], and the parameter A to the enthalpy of fusion [5]. The parameter C may be 

optimized in a second time if data are available and are not satisfactorily fitted by using only A and B [5]. It is 

however noted that, because the heat capacity of the amorphous CaO was taken equal to the one the crystalline 

phase excluding the terms accounting for the high-order anharmonic contributions, the heat capacity of the liquid 

phase would be lower than the one of the crystalline phase after the melting point without using the parameter C. 

This parameter is therefore needed here, and as a starting point one can simply take the difference in heat 

capacity between the modelled amorphous phase and the liquid phase at the melting point. Starting value for the 

parameters B and A can be found afterwards under the rough approximation that 60% of the atoms are in the 

liquid-like state at the melting point by using the parameter C, the modelled properties of the amorphous and of 

the crystalline phases, and the entropy and enthalpy of fusion. It is further noted that using the parameter C that 

should be negative, the parameter B may be positive, which would mean that the entropy of the amorphous 

phase is higher than the one of the liquid phase in the very low temperature range. While this is unphysical, it is 

directly linked to the fact the Gibbs energy difference between the liquid-like and the amorphous-like atoms is 

expressed in a 2nd generation CALPHAD expression, which is typically not valid below 298.15 K. Finally, it is 

also noted here that the parameter A should always be positive so that the atoms start in the amorphous-like state 

at low temperature. 

3.3. Model for the Ca – O binary liquid phase 

Liang et al. [18] highlighted that in the Ca – O system the liquid model need to be able to accounts for the strong 

short-range ordering, significant even at low oxygen content of only a few at.%. In this work, the liquid phase is 

described with a three species associate model [53, 54], where CaO was chosen as the intermediate associate. 

The Gibbs energy of the liquid phase is presented in the following equation: 

𝐺𝑚
𝑙𝑖𝑞

= ∑ 𝑥𝑘𝐺𝑘
𝑙𝑖𝑞

𝑘

+ 𝑅𝑇 ∑ 𝑥𝑘ln (𝑥𝑘)

𝑘

+ ∑ ∑ 𝑥𝑖𝑥𝑗 𝐿𝑖,𝑗
𝑙𝑖𝑞0

𝑗𝑖

                                                                                           (14) 

where i, j and k are the species Ca, CaO and O, xi, xj and xk their molar fraction, Gk
liq their molar Gibbs energy in 

the liquid phase, and 0Li,j
liq the zero-order Redlich-kister binary interaction parameter between the species i and j 

in the liquid phase. The temperature dependency of 0Li,j
liq is taken into account according to the following 

equation: 

𝐿𝑖,𝑗
𝑙𝑖𝑞0 = 𝑎𝑖,𝑗

𝑙𝑖𝑞0 + 𝑏𝑖,𝑗
𝑙𝑖𝑞0 𝑇                                                                                                                                                         (15) 

where 0ai,j
liq and 0bi,j

liq are the parameters of the optimization. Due to the limited range of existence of the 

available literature data, the liquid solution was kept regular, meaning that no further composition dependency 

than the xi xj multiplicative factor was introduced in the binary interaction parameters. 
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3.4. Selection of the unary data and description of the gas phase 

The description of O2(g) and of liquid and solid Ca are taken from the SGTE unary database [55] in its version 

5.1. The description for the gas phase is taken from the SGTE substance database [56] and is constituted of 

species Ca, Ca2, O, O2, O3 and CaO. Its validity is limited at a minimum temperature of 298.15 K, yet 

calculations had to be performed below this lower limit as the CaO2 phase was found to decompose at lower 

temperatures to form crystalline CaO and a gas. In the oxygen-rich region where the decomposition occurs, O2 is 

the predominant specie in the gas phase at 298.15 K as the occupancy of any other constituents is calculated to 

be lower than 10-29. Therefore, the contribution of the Ca, Ca2, O, O3 and CaO species in the Gibbs energy of the 

gas phase is negligible in the region of interest below ambient temperature. As a result, only the description of 

O2 had to be extended down to 100 K. In the JANAF tables [41], the heat capacity of O2(g) is reported to be 

constant below 298.15 K, as a difference of less than 0.1 J.K-1.mol-1 can be found from this temperature to 100 

K. The Gibbs energy of O2 in the gas phase was therefore modelled using a three parameters CALPHAD 

expression in the form of A+BT+CTln(T). The A, B and C parameters were computed using the conditions of 

continuity of the thermodynamic properties of O2(g) at the junction temperature of 298.15 K. 

3.5. Data selection and optimization procedure 

The optimization was performed using the Thermocalc software [50]. 

First of all, crystalline CaO was modelled. To begin with, the heat capacity of the phase was described up to the 

compound's selected melting point of 3222 K using the DFT data from Alvares et al. [37] up to 1700 K and the 

heat content data obtained by the same authors by ab initio molecular dynamics. The reason the DFT heat 

capacity from 1700 to 2000 K was not taken into account is that the calculations are less reliable when 

approaching roughly two-thirds of the melting point, and the heat capacity slope started to dampen slightly from 

this point. In order to fit satisfactorily the steeper heat content increase from roughly 2600 K observed both 

experimentally [34] and in molecular dynamics simulations [37], the exponential term proposed in Eq. 5. had to 

be used as discussed in the corresponding section. At the melting point, an arbitrary heat capacity value of 78 

J.mol-1.K-1, corresponding to roughly 95% of the liquid heat capacity at this temperature, was also selected. The 

reason behind this choice is that the greater increase in heat content from 2600 K can quickly lead to a very high 

and unreasonable heat capacity value at the melting point. This artificial anchor point allowed to avoid this while 

still enabling a very satisfying fit of the selected heat content data and trend. During this whole process, a higher 

weight was assigned to the selected standard entropy of 40.35 J.mol-1.K-1. The number of Einstein temperature 

needed to obtain a satisfactory fit of the selected data was chosen by trial and error as presented in Fig. 4. When 

using a single Einstein temperature, the lower temperature heat capacity could not be fitted satisfactorily. This is 

a known drawback of the model, yet the present description of CaO would be easier to implement in higher order 

systems and databases using a single Einstein temperature. Therefore, it was attempted to propose a description 

of the phase using a single Einstein temperature and valid only from 298.15 K nonetheless. However, in order to 

fit the standard entropy with a single Einstein temperature, the heat capacity value and trend at the corresponding 

temperature of 298.15 K have to vary significantly from the selected data. Therefore the term “aT”, originally 

dedicated to account for non-thermodynamic information, has to be used to make up for it. As a result, a rather 

poor fit of the data was obtained on the whole temperature range as it is highlighted on Fig. 4. Using an extra T3 

term in the Gibbs energy of CaO was attempted, but doing so the improvement in the 300 – 2000 K temperature 

range was made at the expense of the quality of the fit at higher temperatures. Finally, and in order to be able to 

propose a fit using only a single Einstein temperature, a "BT" term was added in Eq. 8. This term comes from 

the 2nd generation CALPHAD descriptions and its use lead to a constant shift in the entropy of the phase with 

respect to temperature. In the present case, this enabled the standard entropy of the phase could be fitted while 

also having reasonable value and trend for the heat capacity at 298.15 K. As a result, the fit of the data was 

acceptable above this temperature as it can be seen on Fig. 4. If this solution is proposed as an alternative in this 

work, it is partly in contradiction with the purpose of the 3rd generation databases, which is to improve the 

physical meaning of the models and to fit the thermodynamic properties of the phases down to 0 K. It is 

therefore concluded that multiple Einstein temperatures are needed to give a satisfactory 3rd generation 

description of CaO. Using two Einstein temperatures according to Eq. 8, the fit is much more satisfying, but it is 
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still difficult to fit the data in the 1 – 200 K range. This slightly impact the quality of the fit up to 400 K as it can 

be seen on Fig. 4. Therefore, 3 Einstein temperatures were used to model the heat capacity of crystalline CaO. 

In a final stage, the E0 parameter of Eq. 8 was optimized using the enthalpy of formation calculated by DFT by 

Pisch et al. [24]. 

 

Fig. 4. Difference between the modelled and the heat capacity data of CaO selected from Pisch et al. [24] in the 0 

– 2000 K range when using 1, 2 and 3 Einstein temperatures. It is noted that using a single Einstein temperature 

the data were fitted from 298.15 K in order to try to improve the description at higher temperatures. It is also 

reminded that the deviation from the selected DFT heat capacity data above 1600 K is made by choice as 

discussed in the corresponding paragraph. 

Then, the heat capacity of crystalline CaO was dampened above the selected melting point of 3222 K in order to 

avoid unrealistic extrapolation at very high temperature. In order to obtain continuous functions at the junction 

for the heat capacity and its derivative, the T/(B+CT)3 term proposed in Eq. 9 had to be used instead of the 

traditional negative powers of T as discussed in the corresponding section. The continuity of the entropy and 

enthalpy was ensured afterwards by optimizing the H' and S' parameters of Eq. 10. 

In a third stage, the liquid and amorphous CaO phase was modelled. Regarding the heat capacity of amorphous 

CaO, the same description as for crystalline CaO was selected, except for the exponential term proposed in Eq. 5 

which was not used. The influence of having a non-zero residual entropy was investigated by fitting the B 

parameter of Eq. 12 to an arbitrary residual entropy of 3 J.mol-1.K-1 and the result will be discussed afterwards. 

In the description of amorphous CaO accepted in this work, the parameter B was kept equal to zero. The 

parameter A of Eq. 12 was optimized along with the parameters A, B and C of Eq. 13 using the liquid heat 

content data obtained by molecular dynamics by Alvares et al. [37] and converted in heat capacity, the heat 

content data point at 3200 K obtained by the same authors by ab initio molecular dynamics, the melting point of 

3222 K measured by Manara et al. [19], the enthalpy of fusion of 80.92 kJ.mol-1 calculated by Alvares et al. [37] 

and the corresponding entropy of fusion of 25.12 J.mol-1.K-1. A higher weight was assigned to the data relative to 

the melting of CaO in this process. 

In a fourth step, thermodynamic properties of CaO2 were described. The heat capacity of the compound was 

modelled using Eq. 5 based on the DFT calculations from Pisch et al. [24] up to 300 K. As the thermal stability 

of CaO2 is very limited, one can expect negligible anharmonic contributions in the heat capacity of the 

compound. Therefore, it was attempted to fit the selected heat capacity data only using the Einstein contribution 

and without adding extra terms. As for CaO, a higher weight was assigned to the standard entropy during the 

optimization process. In doing so, a very satisfying result was obtained using 3 Einstein temperatures. Using a 

single Einstein temperature, only the standard entropy could be fitted as for CaO. Because the CaO2 compound is 

not stable above room temperature under 1 bar, a special emphasis should be placed on fitting the low 

temperature heat capacity of the phase. It was therefore not attempted to provide a description of the phase based 
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on a single Einstein temperature and valid only above 298.15 K as for CaO. The heat capacity of CaO2 was 

described using 3 Einstein temperatures and no extra terms. As a result, it is noted that the modelled heat 

capacity of the phase tend to the constant value of 3R per atoms at higher temperature. The E0 parameter of Eq. 8 

was optimized afterwards using the enthalpy of formation calculated by DFT by Pisch et al. [24]. 

 

Fig. 5. Difference between the modelled and the selected heat capacity data of CaO2 in the 0 – 300 K range when 

using 1, 2 and 3 Einstein temperatures 

Finally, the Liquid phase was described using the associate model and is constituted of the Ca, CaO and O 

species. The Gibbs energy of the Liquid phase was presented in Eq. 14, and binary interaction parameters 

between the species are described according to Eq. 15. No interaction parameters were modelled between Ca and 

O. To do so would be meaningless as both species are never present simultaneously in significant amounts. 

Regarding the interaction between CaO and O, an arbitrary value of +30 was selected for the parameter 0bCaO,O
liq 

as taken from the work of Liang et al. [18]. This parameter enabled a more satisfactorily fit of the observations 

from Manara et al. [19] as it will be discussed in more details when presenting the modelling results. Finally, 

regarding the interaction between Ca and CaO, two different sets of parameters were obtained using either the 

solubility measurements from Fischbach [47] or the activity data from Zaitsev et al. [49]. As it was discussed in 

the literature review, the accepted set of parameter in this works is the one that lead to a good fit of the solubility 

measurements from Fischbach [47]. 

The thermodynamic parameters describing the Gibbs energy of crystalline CaO and CaO2 were rounded in a way 

that the thermodynamic properties of those compounds would not vary by more than roughly 10-05 percent of the 

fitted values. Regarding the liquid and amorphous CaO phase, the parameters were rounded so that the 

maximum in the modelled heat capacity would not vary by more than roughly 10-05 percent. Finally, regarding 

the interaction parameters in the liquid phase, the proposed parameters are more rounded than the ones 

mentioned above as the available experimental data are more scarce and uncertain. 
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3.6. Thermodynamic parameters 

The parameters obtained in this modelling are presented in Table 1. In this work, the constant R was taken equal 

to 8.31446 J.K-1.mol-1 in accordance with the 2018 CODATA recommended values. 

Table 1 – Thermodynamic parameters determined in this work in the modelling of the Ca – O system 

 

Gibbs energy of CaO (crystalline) below its melting point (0 < T < 3222) : (Ca)1(O)1 – extended Einstein model, according to Eq. 8 

𝐺(𝐶𝑎)1(𝑂)1

𝑐𝑟𝑦𝑠𝑡
= 𝐸0 +

3

2
𝑅 ∑ 𝛼𝑖𝜃𝑖 + 3𝑅𝑇 ∑ 𝛼𝑖 ln (1 − exp (−

𝜃𝑖

𝑇
)) −

𝑎

2
𝑇2 −

exp(𝑏 + 𝑐𝑇)

𝑐2
 

 

E0 α1 θ1 α2 θ2 α3 θ3 a b c Σαi 

-652134.4 1.142993 369.447 0.62542 601.229 0.218718 188.291 0.00364916 -15.0586 0.00304142 1.987 

 

Gibbs energy of CaO (crystalline) above its melting point (3222 < T < 6000) : (Ca)1(O)1 – according to Eq. 10 

𝐺(𝐶𝑎)1(𝑂)1

𝑐𝑟𝑦𝑠𝑡
= 𝐻′ − 𝑆′𝑇 + 𝐴𝑇(1 − ln(𝑇)) +

1

2𝐶2(𝐵 + 𝐶𝑇)
 

 

H' S' A B C 

-731248.3 -492.1078 81.5229 -191.395 0.06241502 

 

Gibbs energy of CaO (amorphous) (0 < T < 6000) : (CaO)1 – according to Eq. 12 

𝐺(𝐶𝑎𝑂)1

𝑎𝑚 = 𝐸0
′ + 𝐵𝑇 +

3

2
𝑅 ∑ 𝛼𝑖𝜃𝑖 + 3𝑅𝑇 ∑ 𝛼𝑖 ln (1 − exp (−

𝜃𝑖

𝑇
)) −

𝑎

2
𝑇2 

 

E0' B α1 θ1 α2 θ2 α3 θ3 a Note 

-618466.5 - 1.142993 369.447 0.62542 601.229 0.218718 188.291 0.00364916 Accepted 

-614661.3 3.0 1.142993 369.447 0.62542 601.229 0.218718 188.291 0.00364916 Alternative 

 

Gibbs energy of CaO (liquid-amorphous) (0 < T < 6000) : (CaO)1 – according to Eq. 11 and 13 

𝐺(𝐶𝑎𝑂)1

𝑙𝑖𝑞−𝑎𝑚
= 𝐺(𝐶𝑎𝑂)1

𝑎𝑚 − 𝑅𝑇𝑙𝑛 (1 + exp (−
∆𝐺𝑑

𝑅𝑇
))  𝑤𝑖𝑡ℎ ∆𝐺𝑑 = 𝐴 + 𝐵𝑇 + 𝐶𝑇𝑙𝑛(𝑇) 

 

A B C Note 

31233.8 85.5245 -12.76672 Using the accepted description of amorphous CaO 

38814.6 71.14105 -10.95002 Using the alternative description of amorphous CaO 

 

Gibbs energy of CaO2 (crystalline) (0 < T < 6000) : (Ca)1(O)2 – according to Eq. 8 

𝐺(𝐶𝑎)1(𝑂)2

𝑐𝑟𝑦𝑠𝑡
= 𝐸0 +

3

2
𝑅 ∑ 𝛼𝑖𝜃𝑖 + 3𝑅𝑇 ∑ 𝛼𝑖 ln (1 − exp (−

𝜃𝑖

𝑇
)) −

𝑎

2
𝑇2 −

exp(𝑏 + 𝑐𝑇)

𝑐2
 

 

E0 α1 θ1 α2 θ2 α3 θ3 a b c Σαi 

-676359.7 2.04814 398.195 0.45973 184.418 0.56518 954.326 - - - 3.073 

 

Interaction parameter between the CaO and O species in the liquid phase – according to Eq. 15 

𝐿𝐶𝑎𝑂,𝑂
𝑙𝑖𝑞0 = 𝑎𝐶𝑎𝑂,𝑂

𝑙𝑖𝑞0 + 𝑏𝐶𝑎𝑂,𝑂
𝑙𝑖𝑞0 𝑇 

 

𝑎𝐶𝑎𝑂,𝑂
𝑙𝑖𝑞0  𝑏𝐶𝑎𝑂,𝑂

𝑙𝑖𝑞0 𝑇 

- +30 

 

Interaction parameter between the Ca and CaO species in the liquid phase – according to Eq. 15 

𝐿𝐶𝑎,𝐶𝑎𝑂
𝑙𝑖𝑞0 = 𝑎𝐶𝑎,𝐶𝑎𝑂

𝑙𝑖𝑞0 + 𝑏𝐶𝑎,𝐶𝑎𝑂
𝑙𝑖𝑞0 𝑇 

 

𝑎𝐶𝑎𝑂,𝑂
𝑙𝑖𝑞0  𝑏𝐶𝑎𝑂,𝑂

𝑙𝑖𝑞0 𝑇 Note 
-9625 12.30 Accepted, optimized using solubility measurements from Fischbach [47] 
9284 - Alternative, optimized using activity measurements from Zaitsev et al. [49] 

 

  



16 

 

As discussed in Section 3.5, an alternative description of crystalline CaO using a single Einstein temperature is 

also proposed in this work. The obtained parameters and the corresponding description of the liquid and 

amorphous phase are presented in Table 2. The results of the modelling using this alternative description of CaO 

are very similar to the accepted description above 298.15 K and will not be discussed further in the following 

sections. 

Table 2 – Thermodynamic parameters for an alternative description of crystalline and liquid and amorphous CaO 

using a single Einstein temperature and only valid from 298.15 K 

 

Alternative description of the Gibbs energy of CaO (crystalline) below its melting point (298.15 < T < 3222) : (Ca)1(O)1 – extended 
Einstein model using a single Einstein temperature, based on Eq. 8 

𝐺(𝐶𝑎)1(𝑂)1

𝑐𝑟𝑦𝑠𝑡
= 𝐸0 + 𝐵𝑇 +

6

2
𝑅𝜃𝐸 + 6𝑅𝑇 ln (1 − exp (−

𝜃𝐸

𝑇
)) −

𝑎

2
𝑇2 −

exp(𝑏 + 𝑐𝑇)

𝑐2
 

 

E0 B θE a b c 

-652291.4 -5.1278 445.626 0.00330042 -11.93755 0.00208731 

 

Alternative description of the Gibbs energy of CaO (crystalline) above its melting point (3222 < T < 6000) : (Ca)1(O)1 – according to Eq. 
10 

𝐺(𝐶𝑎)1(𝑂)1

𝑐𝑟𝑦𝑠𝑡
= 𝐻′ − 𝑆′𝑇 + 𝐴𝑇(1 − ln(𝑇)) +

1

2𝐶2(𝐵 + 𝐶𝑇)
 

 

H' S' A B C 

-730132.6 -491.6656 81.5229 -119.5876 0.04012844 

 

Alternative description of the Gibbs energy of CaO (amorphous) (298.15 < T < 6000) : (CaO)1 – based on Eq. 12 

𝐺(𝐶𝑎𝑂)1

𝑎𝑚 = 𝐸0
′ + 𝐵𝑇 +

6

2
𝑅𝜃𝐸 + 6𝑅𝑇 ln (1 − exp (−

𝜃𝐸

𝑇
)) −

𝑎

2
𝑇2 

 

E0' B θE a 

-617860.5 -5.1278 445.626 0.00330042 

 

Alternative description of the Gibbs energy of CaO (liquid-amorphous) (298.15 < T < 6000) : (CaO)1 – according to Eq. 11 and 13 

𝐺(𝐶𝑎𝑂)1

𝑙𝑖𝑞−𝑎𝑚
= 𝐺(𝐶𝑎𝑂)1

𝑎𝑚 − 𝑅𝑇𝑙𝑛 (1 + exp (−
∆𝐺𝑑

𝑅𝑇
))  𝑤𝑖𝑡ℎ ∆𝐺𝑑 = 𝐴 + 𝐵𝑇 + 𝐶𝑇𝑙𝑛(𝑇) 

 

A B C 

27914.1 95.5796 -13.9605 
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4. Results and discussion 

The results presented in this section were calculated using both Pandat [57] and Thermocalc [50] software 

packages. The standard thermodynamic properties of the substances modelled in this work are presented in 

comparison with the relevant literature data in Table 3. 

Table 3 – Thermodynamic properties at 298.15 K and 1 bar pressure of the substances modelled in this work 

compared with the relevant literature data and results from previous modelling 

Substance Reference Cp° (J.mol-1.K-1) S° (J.mol-1.K-1) ∆fH° (kJ.mol-1) 

CaO(cr) 

This Work – CALPHAD Modelling 42.73 40.35 -634.6 

[18] – CALPHAD Modelling 42.05 38.10 -634.0 

[17] – CALPHAD Modelling 42.02 37.75 -635.1 

[18] – Critical literature review - - -634±1.5 

[24] – DFT calculations 42.73 40.35 -634.6 

[41] – Thermodynamic compilation  42.12 38.21 -635.1 

CaO(liq-am) 

This Work – CALPHAD Modelling 42.73 40.35 -600.9 

[18] – CALPHAD Modelling 42.04 58.69 -565.6 

[17] – CALPHAD Modelling 42.02 65.69 -555.6 

[41] – Thermodynamic compilation 

(estimates) 

42.12 62.32 -557.3 

CaO2(cr) 

This Work – CALPHAD Modelling 61.63 59.60 -648.1 

[18] – CALPHAD Modelling 82.84 83.68 -652.7 

[17] – CALPHAD Modelling 82.84 83.68 -659.0 

[24] – DFT calculations 61.58 59.60 -648.1 

 

4.1. Crystalline CaO 

The modelled heat content of crystalline CaO are plotted in Fig. 6 along with the available literature data [28-34, 

36] and results from previous modellings of the system [17, 18]. A satisfactory fit of all the literature data was 

obtained, expect for the conflicting datasets from Chekhovskoi et al. [34] and Roth et al. [29]. It is highlighted 

that the data obtained by ab initio molecular dynamics by Alvares et al. [37] serve as a valuable anchor point in 

the very high temperature range. Indeed, even a slight increase in the heat contents results in a significant 

increase in the heat capacity as it can be seen when comparing Fig. 6 and Fig. 7 presented below. Compared to 

previous modellings of the system, the description of Lindberg et al. [17] features a discontinuity in heat content 

at their selected melting point of 2845 K, and the one of Liang et al. [18] does not reproduce the very high 

temperature increase in heat content observed experimentally by Chekhovskoi et al. [34] and in molecular 

dynamics simulations conducted by Alvares et al. [37]. 

 

Fig. 6. Modelled heat content of crystalline CaO compared with (a) the literature data (inlet: zoom on the 2400 – 

3100 K range) and (b) results from previous modellings of the system 
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The modelled heat capacity of crystalline CaO is presented along with the available literature data [25-27] and 

results from previous modellings of the system [17, 18] in Fig. 7. The agreement with the DFT data from 

Alvares et al. [37] is very satisfying as it is also highlighted in Fig. 4. A very satisfying agreement was also 

obtained with the experimental data from Parks et al. [26], whereas the data from Gmelin et al. [27] are not fitted 

closely. Compared to previous modellings of the system, the heat capacity data below 298.15 K cannot be fitted 

by the latter with 2nd generation models. Besides, both previous descriptions give a less satisfying fit of the DFT 

data from Pisch et al. [24] on the 350 – 1500 K range. At higher temperatures, the description of Lindberg et al. 

[17] features an artificial discontinuity at their selected melting point of 2845 K, and the one of Liang et al. [18] 

does not reproduce the sudden pre-melting increase of heat capacity before the compound's melting point that is 

a result of the heat content data presented in Fig. 6. 

The standard entropy at 298.15 K is calculated from the heat capacity at 40.35 J.mol-1.K-1, which is slightly 

higher than the value of 38.21 J.mol-1.K-1 compiled in the JANAF tables [41] based on the data from Gmelin et 

al. [27], as well as the value of 37.75 J.mol-1.K-1 fitted by Lindberg et al. [17] and the one of 38.10 J.mol-1.K-1  

fitted by Liang et al. [18]. 

 

Fig. 7. Modelled heat capacity of crystalline CaO compared with (a) the literature data (inlet: zoom on the 0 – 

300 K range) and (b) results from previous modellings of the system. It is noted that although the heat capacity 

modelled in previous assessments are plotted on the whole temperature range, their validity range was suggested 

by the authors to be limited below 298.15 K and above 3500 K in the case of Lindberg et al. [17]. 

The standard enthalpy of formation of CaO is modelled at -634.6 kJ.mol-1 (-317.3 kJ.mol of atoms-1) which is in 

perfect agreement with the DFT calculations Pisch et al. [24] and in a very satisfying agreement with the value 

of -634±1.5 kJ.mol-1 critically assessed from the experimental literature by Liang et al. [23] as well as the value 

assessed in the JANAF compilation [41] of -635.09±0.88 kJ.mol-1. Therefore no significant differences are 

obtained between the enthalpy of formation fitted in this work and the ones of -635.09 kJ.mol-1 and -634.00 

kJ.mol-1 fitted by Lindberg et al. [17] and Liang et al. [18] respectively. 

4.2. Liquid and amorphous CaO 

The modelled heat capacity of liquid and amorphous CaO is presented on Fig. 8 along with the data obtained by 

Alvares et al. [37]. 

On Fig. 8 (a) is also presented for comparison a tentative modelling of the phase using a non-zero residual 

entropy at 0 K taken at an arbitrary value of 3 J.mol-1.K-1 as well as the modelled heat capacity of crystalline 

CaO. In both tentative modellings of the liquid and amorphous phase, the thermodynamic properties at the 

selected melting point of 3222 K are almost identical. Using a non-zero residual entropy enable to ensure that the 

entropy of the liquid is always strictly higher than the entropy of the crystalline phase. At the melting point, the 

Gibbs energy contribution of the residual entropy is then minus 3 times 3222 K, that is to say roughly -9.7 

kJ.mol-1. For the tentative modelling with a non-zero residual entropy to fit the same fixed melting point and 

enthalpy of fusion, the non-residual entropy has therefore to be lower at 3222 K. This is obtained by a shift of the 

heat capacity increase towards high temperatures. By roughly estimating the glass transition temperature at the 
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half of the heat capacity increase, a temperature of 1150 K is obtained without residual entropy compared to 

1275 K when adding a residual entropy of 3 J.mol-1.K-1 at 0 K. The description of the liquid and amorphous CaO 

accepted in this work is the one without residual entropy, notably as no data are available on the glass transition 

and it gave a slightly more satisfying fit of the data from Alvares et al. [37]. It might be interesting to investigate 

on the impact of the residual entropy on the goodness of fit for a compound for which the thermodynamic 

properties are very well established. 

On Fig. 8 (b), the accepted description of liquid and amorphous CaO, that is to say the one without residual 

entropy at 0 K, is compared with and the results from previous modellings of the system [17, 18]. It is noted that 

Lindberg et al. [17] used the exact same description of the heat capacity for solid and liquid CaO. The heat 

capacity of liquid CaO modelled by Liang et al. [18] is in acceptable agreement with the one proposed in this 

work above the melting point of CaO selected at 3222 K in both assessments. Below the melting point however, 

the description of the metastable liquid phase proposed by Liang et al. [18] does not feature the expected 

increase in heat capacity with the decreasing temperature. 

 

Fig. 8. Modelled heat capacity of liquid and amorphous CaO along with the available literature data. In (a), the 

accepted description is compared with a tentative description of the phase with a residual entropy of 3 J.mol-1.K-1 

as well as with the modelled heat capacity of crystalline CaO. In (b), the accepted description is compared with 

results from previous modellings of the system. It is noted that although the heat capacity modelled in previous 

assessments are plotted on the whole temperature range, their validity range was suggested by the authors to be 

limited below 298.15 K and above 3500 K in the case of Lindberg et al. [17]. 

The selected melting point of CaO at 3222 K based on the work of Manara et al. [19] was perfectly fitted, and 

the modelled enthalpy of fusion of 81.1 kJ.mol-1 is in good agreement with the value of 80.92 kJ.mol-1 calculated 

by Alvares et al. [37] as well as with the value of 80±16 kJ.mol-1 estimated by Gurvich et al. [43]. The 

corresponding modelled entropy of fusion is 25.2 J.mol-1.K-1. The heat content at 3200 K when taking for 

reference the enthalpy of crystalline CaO at 298.15 K was modelled at 245.6 kJ.mol-1, which is in good 

agreement with the value of 248.2 kJ.mol-1 obtained by ab initio molecular dynamics by Alvares et al. [37]. 

The standard enthalpy of formation of liquid and amorphous CaO is modelled at -600.9 kJ.mol-1 (-300.5 kJ.mol 

of atoms-1), which is 33.7 kJ.mol-1 less exothermic that the one obtained for crystalline CaO. The standard 

entropy of the liquid and amorphous phase is equal to the one of crystalline CaO, that is to say 40.35 J.mol-1.K-1. 

This result directly come from the fact that, in the absence of data, the heat capacity of amorphous CaO was 

taken equal to the one of the crystalline phase, and no residual entropy was added at 0 K in the accepted 

description of the phase. 

4.3. Crystalline CaO2 

The modelled heat capacity of crystalline CaO2 is presented in Fig. 9 along with the DFT data from Pisch et al. 

[24] and the results from previous modellings of the system [17, 18]. A very satisfying agreement was obtained 

up to 298.15 K as it can also be seen on Fig. 5. The standard entropy of the phase is calculated from the heat 

capacity function at 59.6 J.mol-1.K-1. At higher temperature, the heat capacity tend to a constant value of 3R per 
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atoms. The proposed description presents an obvious improvement compared to the constant heat capacity of 

82.8 J.mol-1.K-1 selected in previous modellings of the system [17, 18]. 

 

Fig. 9. Modelled heat capacity of crystalline CaO2 along with the literature data and results from previous 

modellings of the system 

The standard enthalpy of formation of CaO2 is modelled at -648.1 kJ.mol-1 (-216.0 kJ.mol of atoms-1) which is in 

perfect agreement with the only available literature data obtained from DFT calculations by Pisch et al. [24]. 

4.4. The Ca – O phase diagram 

First of all, it is reminded that after discarding the result from Bevan et al. [46] and the solubility data reported 

by Zaitsev et al. [49], two datasets with conflicting trends remain available in the literature related to the Ca – 

CaO liquidus, that is to say the solubility measurements from Fischbach [47] and the activity data from Zaitsev 

et al. [49]. Both these conflicting datasets were fitted in two separate attempts. The modelled Ca – CaO liquidus 

and activity of Ca in the liquid phase are presented for the two resulting attempts along with experimental data in 

Fig. 10. The whole Ca – CaO liquidus with the gas phase suspended in the calculations are compared for both 

different versions in Fig. 11. 

 

Fig. 10. Comparison between the fit obtained with three different modellings of the interaction between Ca and 

CaO in the liquid phase and (a) the available data on the Ca – CaO liquidus, and (b) the activity of Ca in the 

liquid phase with reference to liquid Ca taken at the temperature of the calculation. It is noted that the solubility 

data reported by Bevan et al. [46] is not presented on (a) in order to allow a better resolution. Also, although the 

gas phase does not appear as a stable in this temperature range under 1 bar of pressure, it is noted that it was 

suspended in the calculations. 
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Fig. 11. Comparison between the Ca – CaO liquidus obtained with two different modellings of the interactions 

between Ca and CaO in the liquid phase. The gas phase was suspended in the calculations. 

It is highlighted from Fig. 10 and 11 that although the solubility measurements from Fischbach [47] and the 

activity measurements from Zaitsev et al. [49] are in an acceptable agreement in the 1150 – 1750 K range, they 

both features conflicting trends that lead to significant differences in the higher temperature range. In fact, the 

interaction between Ca and CaO in the liquid phase are found to be always repulsive and constant with the 

temperature when fitting the activity data from Zaitsev et al. [49], whereas when taking the liquidus data from 

Fischbach [47] the interactions are found to be attractive up to 783 K and increasingly repulsive from this point. 

At higher temperatures, the potential existence of a miscibility gap in the Ca – CaO liquid was suggested by 

Bevan and Richardson [46], and this possibility was left open by Wriedt [10] in his assessment of the system. 

None of the modelled liquidus feature a miscibility gap, although the "S-shaped" curvature obtained when fitting 

the data from Fischbach [47] suggests a slight tendency to demixing. 

Regarding the eutectic between β-Ca and CaO, the results obtained with both different versions of the modelling 

are presented in Table 4. Results from the modelling based on the activity data from Zaitsev et al. [49] is in a 

slightly better agreement with eutectic temperature estimated from the literature data to roughly lie between 1105 

K and 1114 K. 

Table 4 – Modelled eutectic between β-Ca and CaO for the two different versions of the Ca – O system 

investigated in this section 

Temperature in 

K 

Composition of the invariant point 

in at.%O 

Note 

1094.6 1.70 Modelling using the solubility data from [47] 

(85Fis) - Accepted 

1103.2 0.98 Modelling using the activity data from [49] (01Zai) 

 

In this work, the modelling based on the direct liquidus measurements from Fischbach [47] is accepted over the 

one based on the activity data from Zaitsev et al. [49]. As it was argued in the review of the literature, the latter 

measurements represent more delicate experimental work, whereas the validity of the former are supported by 

the consistency between the datasets obtained with two different experimental techniques and by the 

experimental rigour of the author. 

The modelled Ca – O diagram calculated at 1 bar is presented in Fig. 12. 
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Fig. 12. The Ca – O phase diagram calculated in this work under the pressure of 1 bar. The Ca – CaO liquidus 

extended up to the melting of CaO is obtained by suspending the gas phase from the calculation and is 

represented by a blue dotted line. 

The CaO2 phase is predicted to decompose at 163 K under 1 bar of pressure, which is quite lower than the 

temperature of roughly 300 K reviewed by Wriedt [10]. As mentioned before, pure CaO2 may not exist and is 

merely an oxide-hydroxide mixture with attached water [44], which is in agreement with our modelling and 

would explain the wrongly estimated data in the literature. It is reminded here that to ensure the validity of the 

calculations, the Gibbs energy function of O2(g) was extended down to 100 K by keeping the heat capacity 

constant from 298.15 K as suggested in the JANAF tables [41]. It is noted however that this correction had only 

a limited effect on the results of the calculations. Indeed, the difference in the calculated decomposition 

temperature of CaO2 was less than 0.3 K down to the pressure of 10-5 bar where the invariant is calculated to 

occur at 104 K. 

CaO is predicted to melt congruently down to 0.05 bar of pressure. The corresponding temperature of 3221.9 K 

differ only very slightly from the temperature of 3222.0 K modelled in the pseudo-unary due to the presence of 

roughly 0.001 mole percent of Ca and O in the associate liquid at the melting point. 

In order to discuss the melting of CaO in more details, a zoom in the zone of interest is presented in Fig. 13. This 

part of the Ca – O diagram was calculated under a pressure of 0.63 bar in order to be consistent with the 

measurements from Manara et al. [19] performed under compressed air at 0.3 MPa of pressure. Under those 

conditions, a decomposition temperature of 3222±25 K was measured by the authors. By comparing their data 

with the melting point measured at 3178 K by Yamada et al. [58] under 0.1 MPa of air, it was assumed by 

Manara et al. [19] that CaO was stabilized up to its congruent melting point in both experiments, and that under 

oxidizing conditions the variation of the melting point of CaO over a pressure variation of a few tenths of MPa 

should be negligible. Therefore, it is assumed that the invariant decomposition of CaO on the oxygen-rich side to 

form liquid CaO and an oxygen-rich gas should match closely the congruent melting point of CaO and should 

not vary significantly over a few tenths of MPa of pressure. In order to meet this assumption, an interaction 

parameter of +30.T taken from the modelling performed by Liang et al. [18] was added between CaO and O in 

the liquid phase. Using this parameter, the non-congruent melting of CaO is unchanged in the calcium-rich side, 

and in the oxygen-rich side the solidification point under 0.63 bar is predicted at 3221.5 K instead of 3203 K 
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without it. Besides, it is noted that in a reducing environment (Ar + 6% H2 at 0.3 MPa), Manara et al. [19] 

systematically obtained a lower solidification point of 3192±40 K when compared with the temperature of 

3222±25 K measured in an oxidizing environment (0.3 MPa of air). As a result of the interaction parameter 

added between CaO and O in the liquid phase, the invariant decomposition of CaO in the Ca-rich side is always 

lower in temperature than the one is the O-rich side. Nonetheless, the measurement performed by Manara et al. 

[19] in a reducing environment cannot reasonably be used in the modelling as the experimental Ca and O partial 

pressures are unknown. Indeed, it is noted that the non-congruent melting temperature of CaO in the calcium-

rich side is predicted to vary significantly with the pressure, ranging from 3222 K under 0.1 bar of pressure to 

3168 K under 10 bar. 

 

Fig. 13. The melting of CaO under 0.63 bar of pressure 

Conclusions 

In this work, a thermodynamic description of the Ca – O system is proposed, including 3rd generation description 

of crystalline CaO, liquid and amorphous CaO, and crystalline CaO2. 

The present modelling is notably based on recent information provided by DFT [24] and coupled DFT and 

molecular dynamics [37] investigations which enable a much more robust description of the thermodynamic 

properties of the binary phases. Indeed, in a literature review the mentioned calculations were found to be in a 

very satisfying agreement with the experimental data for which a consensus was already achieved, such as for 

the heat content of crystalline CaO, and enabled a critical selection of the data for which conflicting values were 

reported. For instance, the low temperature heat capacity of crystalline CaO was reassessed, and a standard 

entropy of 40.35 J.mol-1.K-1 consistent with the experimental work from Park et al. [26] was preferred compared 

to the value of 38.21 J.mol-1.K-1 accepted so far and based on the only measurements available on the whole low 

temperature range [40]. In addition, the mentioned DFT calculations and molecular dynamics simulations 

provided data in areas that are hardly accessible to experiments, enabling an improved description of crystalline 

CaO2 as well as of liquid and amorphous CaO. 

Besides, it is highlighted here that a satisfactorily fit of the high temperature heat content data selected for 

crystalline CaO could not be obtained using the additional parameters given in terms of polynomial functions of 

temperature used so far in the 3rd generation models. It is suggested that those terms are not suited to describe the 

thermodynamic properties of refractory oxides in general. In this work, new terms in the form of Texp(A+BT) or 

T/(A+BT)3 are proposed instead. In the present case, they were proven to allow a much greater flexibility in 

describing the heat capacity of crystalline CaO up to the melting point in a single expression, while also resulting 

in numerically reasonable values for the parameters. 

In addition, it is emphasized that a satisfactorily fit of the thermodynamic properties of crystalline CaO could not 

be obtained using an extended Einstein model with a single Einstein temperature. Indeed, because a poor fit is 
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obtain in the low temperature range, the heat capacity value and trend at 298.15 K had to diverge from with the 

selected data in order to be able to fit the standard entropy of the phase. As a result, the extra terms originally 

added in the model to account for non-thermodynamic information had to be used to make up for it, leading to a 

less satisfying fit in the whole temperature range. 

In order to make the modelling of the Ca – O more robust, measurements of the Ca/CaO eutectic as well as of 

the solubility of CaO in liquid Ca in the 1150 – 1250 K range would serve as valuable anchor points for the 

liquid phase, and would therefore be interesting experimental perspectives. In addition, 3rd generation modelling 

of the Ca and O unary systems would be valuable inputs in the proposed modelling. 
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