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Abstract. In a previous study, using one composition as 
an example, it was shown that the activity coefficient (γ) of 
silver in the composition region is close to pure Ag (0.9 <x 
<1 AgxAu1-x) γ> 1, and for the rest of the composition 
region Ag (0.9 <x <1 AgxAu1-x) γ< 1. To exclude 
experimental errors and the human factor in the 
composition range close to pure silver, one sample was 
additionally synthesized: Ag0.92Au0.08. The results obtained 
using a digital scanning microscope (analysis of the surface 
composition of the sample) and EMF measurements in the 
electrochemical cell (A) confirmed a positive deviation from 
Raoult's law in the region of 0.9 <x <1  
AgxAu1 -x.(-) C (graphite)|Ag|Agβ-alumina|AgxAu1-
x| C (graphite) (+)    (A) 
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The thermodynamic parameters of the silver and 

gold alloy have been repeatedly studied over the past 

100 years [Bogdanov et. al., 2015, Barker et. al., 

1983, Fischbach, 1980, Korepanov, Osachii, 2018, 

Osadchii, Korepanov, Zhdanov 2016, Santoso et. al., 

2020, Zarkevich N. A. et al. 2008, Osadchii, 

Korepanov, 2017, White et. al., 1957].  These studies 

usually used previously proposed thermodynamic 

models of solid solutions and a limited amount of 

their own experimental data-calorimetric and / or 

electrochemical. The main disadvantage of these 

works is a single obtaining of experimental data.  

The most reliable, in this case, are the data 

obtained by the method of a solid-state galvanic cell 

with repeated experiments on the temperature from 

the maximum to the minimum for all the studied 

compositions. The relative simplicity and high 

reliability of the method allows us to obtain an array 

of [(EMF (E), temperature (T), and composition (x)] 

data for determining the thermodynamic properties of 

a solid solution without using any models. To do this, 

it is necessary and sufficient to have experimental 

values of the activity of silver a(T, x). 

It should be noted that Agβ-alumina and AgCl 

are suitable for studying the Ag-Au system as a solid 

electrolyte with Ag
+
 ionic conductivity. Other known 

solid silver iodide-based electrolytes, such as AgI 

and RbAg4I5, exhibit chemical interaction with the 

solid solution and probably to varying degrees, 

depending on the composition and temperature. The 

main purpose of this study was to show, based on an 

array of repeated experimental data, that there is a 

positive deviation from ideal solution in the area of 

Ag compositions (0.9 <x <1 AgxAu1 – x).  

 

Reagents and materials. Gold (99.99%) and 

silver (99.99%) plates 0.2 mm thick were used to 

make the samples. Agß-alumina ceramics (Ionotec 

LTD, England) were used as the solid electrolyte. 

 

Solid-state galvanic cell and experimental 

technique. The schematic diagram of the 

electrochemical cell is a column of three tablets with 

a diameter of 6 mm and a thickness of 1 to 5 mm. 

These are usually: the Ag reference electrode, the 

AgxAu1-x alloy, solid-state electrolyte (Agß-alumina) 

or AgCl between them, and the inert electrodes: 

 
(-) Pt|C(graphite)|Ag|Agβ-alumina|AgxAu1-
x|C(graphite)|Pt(+)  (A) 

 

A detailed description of the installation design 

and experimental methods were described in the 

article [Osadchii, Rappo, 2004]. 

 

Results. X-ray spectral analysis (Table 1) of the 

sample surface was performed using a digital 

scanning microscope Tescan Vega TS5130MM 

(Camscan MV2300), with an INCA Energy 450 

energy dispersive spectrometer with an INCA 

PentaFET X3 semiconductor Si(Li) detector. The 

obtained data showed slight deviations from the 

synthesized composition of the samples (no more 

than 0.5% of the molar fraction of silver). 

Dependences of EMF on the temperature in the 

electrochemical cell (A) for three compositions were 

obtained (table.1). 

 

Conclusion.The EMF method, using Agß-

alumina as a solid electrolyte, was used to directly 

determine the activity of silver in an Ag-Au alloy in 

the temperature range of 323-723 K. During the 

processing of the results and comparison with 

existing studies and models of description, it was 

confirmed that the activity coefficient (γ, γ=a/x) of 

silver in a wide range of compositions (0 <x <0.9 in 

AgxAu1-x) is γ>1, and for a narrow region of 

compositions rich in silver (0.9<x <1.0 in AgxAu1-x) 

is γ <1, as shown in Fig.1 and Fig.2. 
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Table. 1. Equations of temperature dependence of the EMF of an electrochemical cell (A) for three compositions. 

Composition E=a+bT T/K Number of 

points 

R
2
 

a±3% b±3% 

Ag0.9Au0.1 3.43 0.00659 335 - 640 78 0.9959 

Ag0.92Au0.18 0.160 0.00466 329 - 665 61 0.9974 

Ag0.95Au0.05 0.583 0.00105 335 - 780 91 0.9921 

 

 

 

Fig. 1. EMF of an electrochemical cell (A). 
Experimental and ideal EMF dependences on 
temperature and composition (Table 1.). 

Fig. 2. Activity of silver in the alloy from the 
composition at a temperature of 423 K. 
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Abstract. Calculations of thermodynamic properties of the 
MgO–FeO melts were made in the temperature range 
1600–3200 K based on the developed semi-empirical 
model. The calculated values of the oxide activities and the 
mixing energies of melts are compared with available 
information. 
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The physico-chemical properties of the MgO–

FeO system are very important for understanding of 

the geological processes. This significance is 

connected with the presence of solid solutions of 

ferropericlase (Mg,Fe)O, which is one of the main 

mineral phases of the Earth lower mantle. The 

preliminary data on the phase diagram of the MgO–

FeO system obtained by Bowen & Schairer (1935) 

presented in Fig. 1. They are close to the results of 

subsequent studies (Schenk & Pfaff, 1961; Scheel, 

1975) and do not contradict the theoretical 

calculations (Wu et al., 1993). The decomposition 

temperatures of MgFe2O3 (Carter, 1959) and 

MgFeO2 (Yamauchi et al., 2014) do not exceed 

1300 K, but have not been determined 

experimentally. 

The iron oxide activity (aFeO) in the MgO–FeO 

system at 1050–1573 K was determined by the 

studies of equilibria involving gas mixtures of 

H2O / H2 (Shashkina & Gerasimov, 1953; Aubry et 

al., 1965; Berthet & Perrot, 1970), CO / CO2 

(Schmahl et al., 1961) and CO2 / H2 (Hahn & Muan, 

1962; Katsura & Kimura, 1965; Nafziger & Muan, 

1967; Saha & Biggar, 1974; Srecec et al., 1987), and 

by the e. m. f. method (Engell, 1962; Gordeev et al., 

1965; Abbattista et al., 1973; Srecec et al., 1987; 

Hasegawa et al., 2006). A brief summary of the 

experimental conditions is given in Table 1. The 

values of aMgO were not determined experimentally 

and were calculated using the Gibbs-Duhem 

equation. Comparison of the concentration 

dependences of experimental data on the FeO 

activity coefficient (γFeO) in the MgO–FeO system at 

temperatures close to 1173 and 1473 K indicates 

positive deviations from ideality (Fig. 2). It is 

possible to notice discrepancies at 1173 K between 

the data obtained in (Shashkina & Gerasimov, 1953; 

Schmahl et al., 1961; Gordeev et al., 1965) and 

(Engell, 1962; Aubry et al., 1965; Berthet & Perrot, 

1970): the values of δγFeO ~ 0.3 at 25 mol % FeO 

(Fig. 2a). Similar discrepancies are observed between 

the data obtained in (Gordeev et al., 1965; Srecec et 

al., 1987) and (Hahn & Muan, 1962; Hasegawa et al., 

2006) at 1473 K. The low accuracy of these data 

does not allow us to correctly estimate the enthalpy 

and entropy (ΔH, ΔS) of solid solution formation in 

the MgO–FeO system (Fig. 3), which follows from 

the comparison of experimental results (Shashkina & 

Gerasimov, 1953; Hasegawa et al., 2006) and 

calculations (Merli et al., 2015). 

 

 

 
 

Fig. 1. The phase diagram of the MgO–FeO system 
(1–4) determined in (Bowen & Schairer, 1935; 
Schenk & Pfaff, 1961; Scheel, 1975; Wu et al., 
1993), respectively. Table of symbols: I – (Mg,Fe)O 
solid solution; II – (Mg,Fe)O solid solution + liquid; 
III – liquid. 

 

 

Table 1. The experimental conditions of aFeO determinations in the MgO–FeO system 

Method of investigation T, K FeO, mol 

% 

Number of 

samples 

Reference 

H2O / H2 equlibrium 1133–1333 0–100 18 Shashkina & Gerasimov, 1953 

CO / CO2 equlibrium 1073–1273 10–95 9 Schmahl et al., 1961 

E. m. f. 1073–1273 10–90 6 Engell, 1962 

CO2 / H2 equlibrium 1373–1573 5–95 8 Hahn & Muan, 1962 
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Method of investigation T, K FeO, mol 

% 

Number of 

samples 

Reference 

E. m. f. 1173–1473 30–89 7 Gordeev et al., 1965 

H2O / H2 equlibrium 1123 4–73 6 Aubry et al., 1965 

CO2 / H2 equlibrium 1433 20–80 5 Katsura & Kimura, 1965 

CO2 / H2 equlibrium 1373–1573 30–80 5 Nafziger & Muan, 1967 

H2O / H2 equlibrium 1123 10–90 9 Berthet & Perrot, 1970 

E. m. f. 1073–1373 30–90 5 Abbattista et al., 1973 

CO2 / H2 equlibrium 1433 15–65 5 Saha & Biggar, 1974 

E. m. f. 1050–1400 15–85 7 Srecec et al., 1987 

CO2 / H2 equlibrium 1573 10–85 8 Srecec et al., 1987 

E. m. f. 1373–1573 12–90 9 Hasegawa et al., 2006 

 

 

Table 2. The standard Gibbs energies of condensed phases and vapor species over the MgO–FeO melts at 2500 K 

calculated in the present study 

Condensed phases Gas phase 

Solid phases ΔG°2500, 

kJ/mol 

Liquid phases ΔG°2500, 

kJ/mol 

Vapor species ΔG°2500, 

kJ/mol 

MgO –355.557 MgO –340.913 Mg –100.474 

 

Fig. 2. γFeO in the MgO–FeO melts at 1173 (a) и 1473 K (b), determined by: 1 – Shashkina & Gerasimov 
(1953); 2 – Schmahl et al. (1961); 3 – Engell (1962); 4 – Hahn & Muan (1962); 5 – Gordeev et al. 
(1965); 6 – Aubry et al. (1965); 7 – Nafziger & Muan (1967); 8 – Berthet & Perrot (1970); 9 – 
Abbattista et al. (1973); 10 – Srecec et al. (1987); 11 – Hasegawa et al. (2006). 

 

 

Fig. 3. The enthalpy (а) and entropy (b) of solid solution formation in the MgO–FeO system (1, 3, 7) 
and the partial enthalpy and entropy of MgO (2, 5) and FeO (3, 6), determined by: 1–3 – Shashkina & 
Gerasimov (1953) and 4–6 – Hasegawa et al. (2006), and calculated by: 7 – Merli et al. (2015). 
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Condensed phases Gas phase 

Solid phases ΔG°2500, 

kJ/mol 

Liquid phases ΔG°2500, 

kJ/mol 

Vapor species ΔG°2500, 

kJ/mol 

MgFeO2 –481.919     Mg2 –4.268 

MgFe2O3 –602.032     MgO –141.776 

FeO –118.362 FeO –134.332 Fe 70.719 

        Fe2 322.148 

        FeO 31.496 

        FeO2 40.263 

        O 88.160 

        O2 0.000 

        O3 300.418 

        O4 240.548 

 

 

Fig. 4. The activities (а) of MgO (1–4) and FeO (5–8) and the mixing energies (b) of the MgO–FeO melts at 
2000 (1, 5), 2473 (2, 6, 9) and 2773 K (3, 4, 7, 8), calculated: 1–3, 5–7 – in the present study; 4 and 8 – Wu et 
al. (1993); 9 – Merli et al. (2015). 

 

The theoretical calculations of the oxide activity 

and mixing energy (ΔG
m
) in the MgO–FeO melts in 

the temperature range of 1600–3200 K were 

performed in the present study using a semi-

empirical model (Shornikov, 2019) in order to refine 

its parameters. The model parameters were the 

standard Gibbs energies (ΔG°) of formation of oxides 

(MgO, FeO, MgFeO2 and MgFe2O3), as well as the 

vapor species listed in Table 2. They were calculated 

from experimental and theoretical data. Table 2 

shows the calculated values of ΔG° of condensed 

phases and gas phase components over the MgO–

FeO melts at 2500 K used to find equilibrium 

conditions at a given composition and temperature. 

The comparison of the calculated values of oxide 

activity in the MgO–FeO melts with results of Wu et 

al. (1993) shows some difference (Fig. 4a), since Wu 

et al. (1993) assumed an almost ideal melt behavior 

in the temperature range (2473–3073 K), allowing 

slightly positive deviations from ideality. The 

calculations performed in the present study also 

indicate the ideal behavior of the melt in the 

concentration range of 80–100 mol % FeO, but at the 

same time our result shows the inflection of 

concentration dependences of oxide activity in the 

field “(Mg, Fe)O solid solution + liquid” according 

to the MgO–FeO phase diagram (Bowen & Schairer, 

1935; Schenk & Pfaff, 1961; Scheel, 1975) shown in 

Fig. 1. 

As follows from Fig. 4b, the mixing energy in 

the MgO–FeO melts is small: its minimum value is 

in the range from –10 kJ/mol (at 2000 K) to –15 

kJ/mol (at 2773 K). The differences in the ΔG
m
 

values calculated by Merli et al. (2015) at 2500 K 

and Wu et al. (1993) at 2773 K (Fig. 4b) with those 

defined in the present study do not exceed 2 kJ/mol 

in the entire concentration region. However, our 

calculations show that the ΔG
m
 minimum value shifts 

with increasing temperature, which corresponds to 

the melt trend to the ideal behavior. 
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Shornikov S. I. Thermodynamic properties of 

the CaO–MgO melts 

Vernadsky Institute of Geochemistry & Analytical 
Chemistry RAS, Moscow (sergey.shornikov@gmail.com) 

Abstract. Thermodynamic properties of CaO–MgO melts 
were calculated within the framework of the developed 
semi-empirical model in the temperature range 2600–3300 
K. The calculated values of the oxide activities and the 
mixing energies of melts are compared with available 
information. 

Keywords: thermodynamic properties of oxide melts, the 
CaO–MgO system 

The significant practical interest in the physical 

and chemical properties of the CaO-MgO system, 

which is an integral part of the most important 

geochemical systems, is due to the growing need for 

refractories with high resistance in metallurgical 

processes. 

The high melting points (Tm) of magnesium and 

calcium oxides – 3250±20 K (Ronchi & Sheindlin, 

2001) and 3222±25 K (Manara et al., 2014), 

respectively, cause difficulties in determination of 

the melting enthalpy (ΔHm) of these oxides, which 

are in the range of 50–80 kJ/mol (Table 1). 

Rankin & Merwin (1916) estimated the position 

of the eutectic composition in the CaO–MgO system 

at 59 mol. % CaO at 2573±50 K. The positions of the 

oxide solid solution regions were established in 

subsequent studies, but the eutectic positions were in 

a wide range of concentrations and temperatures: 

from 45 (Afanasjev & Saldau, 1950) to 59 mol. % 

CaO (Doman et al., 1963) and from 2553 

(Wartenberg & Prophet, 1932; Wartenberg et al., 

1937) to 2643 K (Ruff et al., 1933; Doman et al., 

1963). Therefore, the liquidus line in the phase 

diagram of the CaO–MgO system in Fig. 1 was 
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constructed based on the agreed data obtained in 

(Foex, 1968; Ronchi & Sheindlin, 2001; Manara et 

al., 2014). 

Table 1. The temperature and the melting enthalpy of CaO and MgO 

CaO MgO 

Tm, 

K 

ΔHm, 

kJ/mol 

References Tm, 

K 

ΔHm, 

kJ/mol 

References 

2900 52.000 Glushko et al., 1978–1982 3100 77.000 Glushko et al., 1978–1982 

– 68.000 Eliezer et al., 1981 3105 57.650 Howald & Roy, 1991 

3173 59.050 Howald, 1992 3105 74.200 Howald, 1992 

3200 79.496 Barin, 1995 3105 77.822 Barin, 1995 

3200 79.496 Chase, 1998 3105 77.822 Chase, 1998 

3222 – Manara et al., 2014 3250 – Ronchi & Sheindlin, 2001 

2845 79.496 Bale et al., 2016 3098 77.402 Bale et al., 2016 

3214 62.881 The present study 3246 63.718 The present study 

 

 

Fig. 1. The phase diagram of the CaO–MgO system. 
Table of symbols: I – MgO (solid solution); II – 
MgO (solid solution) + CaO (solid solution); III – 
MgO (solid solution) + liquid; IV – CaO (solid 
solution); V – CaO (solid solution) + liquid; VI – 
liquid; the symbols 1–4 correspond to the data, 
obtained in (Ruff et al., 1933; Afanasjev & Saldau, 
1950; Doman et al., 1965; Foex, 1968). 

Based on the data (Halla, 1965) on the formation 

of dolomite from calcite and magnesite 

Kubaschewski (1972) reported of CaMgO2 

decomposing at 2573 K, which is quite close to the 

temperature of the eutectic composition in the CaO–

MgO system (Doman et al., 1963). The enthalpy of 

formation (ΔfH298) of this compound calculated by 

Kubashevsky was –3.77±0.62 kJ/mol and did not 

contradict the thermochemical calculations (Barin, 

1995), but no compounds or solid solution regions 

were detected in the CaO–MgO system already in the 

temperature range of 1173–1273 K (Fletcher et al., 

1970; Terpstra et al., 1984). It indicates the 

decomposition of this possible compound at a 

significantly lower temperature than Kubaschewski’s 

reports (1972). 

Powell & Searcy (1978) studied the thermal 

decomposition of dolomite in a vacuum in the 

temperature range of 770–900 K by the torsion 

method (according to Knudsen and to Langmuir). 

According to the authors, dolomite decomposes into 

gaseous CO2 and glassy CaMgO2, for which ΔfH850 = 

78.65 kJ/mol and ΔfS850 =36.82 J/mol/K were 

calculated. It was significantly different from the data 

(Kubaschewski, 1972; Barin, 1995). The assumption 

of Powell & Searcy (1978) about the formation of 

glassy CaMgO2 was based on x-ray analysis of the 

decomposition product, showing broad peaks 

corresponding to CaO and MgO, which, however, 

could correspond to an x-ray-like mixture of oxides. 

The authors report that the thermodynamic data 

obtained by the torsion method do not agree with 

those for dolomite and its thermally stable products 

due to the formation of CaMgO2 compound they 

found. However, this discrepancy is most likely due 

to the fact that Powell & Searcy (1978) did not take 

into account the effects of condensation and self-

cooling in the experiment, which, as shown by Lvov 

& Ugolkov (2003), lead to a systematic and 

significant distortion of thermodynamic data on the 

decomposition of dolomite, which explains the 

differences in the data (Powell & Searcy, 1978) and 

(Kubaschewski, 1972; Barin, 1995). 

Note that in addition to the considered CaMgO2, 

the literature mentions a number of possible 

structural formations modeled according to the 

formalism of semi-empirical interatomic potentials 

between calcium and magnesium oxides – Ca4MgO5, 

Ca3MgO4, Ca2MgO3, CaMg2O3, CaMg3O4 (Kohan & 

Ceder, 1996; Stolbov & Cohen, 2002). 

The results of numerous theoretical studies 

concerning the thermodynamic properties of the 

CaO–MgO system have recently been reviewed by 

Liang et al. (2018). However, starting from the semi-

empirical calculations performed by Kaufman 

(1979), theoretical calculations are usually limited to 

the construction of phase diagrams of the CaO–MgO 

system, which, in general, coincide with the 

experimental data obtained by Doman et al. (1963). It 

is possible to note the only theoretical work 

performed by Wu et al. (1993) using quasi-chemical 

model, where the oxide activity (ai) and mixing 
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energy (ΔG
m
) in the CaO–MgO melts were 

calculated at 2773–3173 K. The results of 

calculations presented in Fig. 2 and indicate slight 

deviations of the CaO–MgO melt behavior from the 

ideality. However, it is not possible to compare these 

data with other experimental and theoretical data. 

In the present study the theoretical calculations of 

oxide activities and mixing energies in the CaO–

MgO melts were performed using a semi-empirical 

model (Shornikov, 2019) in the temperature range of 

2600–3300 K in order to refine its parameters. The 

model parameters were the standard Gibbs energies 

ΔG° for the formation of oxides (CaO, MgO and 

CaMgO2), as well as the gas phase components listed 

in Table 2. They were calculated from experimental 

and theoretical data. The table also shows the 

calculated values of ΔG° of condensed phases and 

gas phase components over the CaO–MgO melts at 

2973 K, which used to find equilibrium conditions at 

a given composition and temperature. The solution of 

the equation for the total Gibbs energy of the system 

under study was found by the Gibbs energy 

minimization method (GEMM). 

The calculations used the values of the melting 

temperatures of CaO and MgO, equal to 3214±12 K 

and 3246±13 K, respectively. They were calculated 

from data on the position of the liquidus line in the 

CaO–MgO system, obtained by Foex (1968) and did 

not contradict the experimental data (Ronchi & 

Sheindlin, 2001; Manara et al., 2014). The calculated 

values of the melting enthalpy of calcium and 

magnesium oxides are presented in Table 1 and 

correspond to the rest of the data. The 

thermodynamic calculations took into account the 

amendments proposed in (Gourishankar et al., 1993). 

Table 2. The standard Gibbs energies of condensed phases and vapor species over the CaO–MgO melts at 2973 K 

calculated in the present study 

Condensed phases Gas phase 

Solid phases ΔG°2973, 

kJ/mol 

Liquid phases ΔG°2973, 

kJ/mol 

Vapor species ΔG°2973, 

kJ/mol 

CaO –284.532 CaO –279.824 Ca –106.479 

CaMgO2 –592.680   Ca2 –25.522 

MgO –298.386 MgO –293.027 CaO –111.162 

    Mg –139.971 

    Mg2 –38.102 

    MgO –172.921 

    O 56.337 

    O2 0.000 

    O3 320.027 

    O4 284.677 

 

 

Fig. 2. The activities (а) of CaO (1–3) and MgO (4–6) and the mixing energies (b) in the CaO–MgO melts at 
2973 (1, 3, 4, 6) and 3173 (2, 5, 7), calculated: 1, 2, 4, 5 – in the present study; 3, 6, 7 – Wu et al. (1993). 

The CaO and MgO activities calculated in the 

present study are consistent with the liquidus line 

position in the CaO–MgO system and are close to 

ideal (Fig. 2a), as in (Wu et al., 1993). The mixing 

energy (ΔG
m
) in the CaO–MgO melts (Fig. 2b) is 

small: its minimum value is in the range from –10 

kJ/mol (at 2973 K) to –14 kJ/mol (at 3173 K). 

Differences in the ΔG
m
 values calculated by Wu et al. 

(1993) do not exceed 2 kJ/mol in the entire 

concentration region. Observed differences seem to 

be due to slightly different thermodynamic data 

accepted in (Wu et al., 1993) for CaO and MgO 
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(Table 1). The ΔG
m
 minimum value is in the 

concentration range of 50–55 mol. % CaO and close 

to the composition of the eutectic composition. 

The present study was supported by the Russian 

Foundation for Basic Research (grant #19-05-

00801A). 
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