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Abstract 
Oxide glasses and melts are of interest in many fields of science and technology. 
The structural and physico-chemical properties of C12A7, C11M1A7, C10M2A7, 
C9M3A7, and C8M4A7 glasses (C = CaO, M = MgO and A = Al2O3) were studied for 

the first time. It was shown by Al K-edge XANES spectroscopy that Al is in fourfold 
coordination in all studied glass samples with increasing Q4/Q2 ratio in the C12A7-
C8M4A7 composition range. The coordination number of Ca was found to be be-

tween 6 and 7 in all studied glasses by Ca K-edge XANES spectroscopy. From the 
thermodynamic point of view there is no composition dependence, within exper-
imental uncertainty, of the heat capacity in the C12A7-C8M4A7 composition 

range. In contrast, the enthalpy of formation from the constituent solid oxides at 
298.15 K was found to be greater for C8M4A7 than for C12A7 glasses. A decrease 

of density, molar volume and glass transition temperature was observed for in-
creasing MgO content. In addition to the experimental investigation, classical mo-
lecular dynamics simulations were conducted using a recently optimized Born-

Mayer-Huggins potential. It was found that the simulations present a good esti-
mation of the structural properties (local surroundings of Ca and Mg) and some 
of the thermodynamic properties (heat capacity of glasses and liquids), but over-

estimate the values of the coordination number of Al and the other thermody-
namic properties (density and enthalpy of formation from oxides at 298.15 K). 
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Key findings 
● Al is in fourfold coordination in all the studied glass samples, with increasing the Q4/Q2 

ratio in the C12A7-C8M4A7 composition range. 

● There is no excess composition dependence, within experimental uncertainty, of 

the heat capacity in the C12A7-C8M4A7 composition range in the 370–830K temper-

ature interval. 

● The enthalpy of formation from constituent oxides at 298.15 K was found to be 

greater for C8M4A7 than for C12A7 glasses. 

© 2025, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Multicomponent oxide glasses and melts are materials used 

in many scientific areas. They are applied in the cement in-

dustry [1,2], in the production of optics [3,4] and glass-ce-

ramics [5,6], and they are also very important from a fun-

damental point of view in Earth science and planetology 

[7,8]. It is well known that there are different oxide glass 

families: silicates, borates, chalcogenides, phosphates, hal-

ides [8]. In addition, there is one more family – aluminate 

glasses that are usually considered to belong to silicate 

glasses. In aluminate glasses Al is only a network former, 

which allows better understanding of the role of Al in glasses. 

The most detailed information about structural properties of 

aluminate glasses is summarized in [9]. The majority of ex-

isting data are presented for glasses and melts in the  

CaO–Al2O3 binary system. Additional information is pre-

sented for the SrO-Al2O3 and BaO-Al2O3 binary systems. It is 

also noted that it is impossible to synthesize glasses in the 

MgO–Al2O3 binary system even using fast-quench methods 

[9], since Mg2+ forms a very stable spinel with alumina 

(MgAl2O4), which is always crystallized from melt. However, 

MgO is one of the widespread substances in the Earth’s man-

tle; therefore, it is critically important from a fundamental 

point of view to study glasses and melts containing MgO. 
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In the CaO–Al2O3 binary system it is possible to synthe-

size glasses for compositions ranging from C3A (Ca3Al2O6) 

to CA (CaAl2O4) [9]. Moreover, glasses close to the C12A7 

(Ca12Al14O33) composition are easy to quench, and their prep-

aration does not need sophisticated laser-melting tech-

niques. The structure of glasses in calcium-aluminate system 

are well-known [10–13] in the literature. Aluminium is only 

a network former and is in tetrahedral coordination with the 

number of bridging oxygens varying between 2 (often noted 

Q2 in the literature) and 4 (Q4) for C3A and CA, respectively 

[11]. Calcium in glasses evolves from a regular 6-fold coordi-

nation for C3A glass up to 7-fold for CA [12]. From the ther-

modynamic point of view glasses in the C3A-CA range are 

also well studied [14–17]. There are a thermodynamic assess-

ment of the CaO-Al2O3 system [14], high-quality data on heat 

capacity of C3A [15] and C12A7 [16] glasses, enthalpy of so-

lution in lead-borate solvent at 985 K of CA glass [17] and 

enthalpy of formation from oxides of C12A7 glass [16]. 

There is a series of experimental and calculated investiga-

tions of glasses in the CaO-MgO-Al2O3-SiO2 quaternary system 

[18–25] in the literature, but for the CaO-MgO-Al2O3 ternary 

system (without SiO2) very limited data was found [26]. How-

ever, using the Calphad approach, low-dimensional systems 

should be studied from the beginning, starting from the unary, 

binary and ternary glasses. In addition, in the recent works 

[27,28] the need of high-quality experimental data to predict 

the reactivity of amorphous substances using thermodynamic 

and kinetic modeling was shown. 

Summarizing the above, in this work we focus on glasses 

in the (Ca1-xMgx)O-Al2O3 ternary system for the following 

reasons: i) their structural and physico-chemical properties 

have not been reported in the literature; ii) these are pure 

aluminate glasses (without any other glass-forming oxides); 

iii) it is possible to synthesize glasses by classical quenching, 

since the base of the glasses is CaO-Al2O3 system; and iv) re-

placing CaO by MgO allows us to investigate the impact of 

MgO content on structural and physico-chemical properties 

of glasses. Thus, the aim of this work is to investigate the 

structural and physico-chemical properties of glasses in the 

(Ca1-xMgx)O-Al2O3 ternary system. 

2. Experimental Section 

2.1. Starting materials 

The following raw materials supplied by Alfa Aesar were 

used in this work: CaCO3 (>99.95%), α-Al2O3 (>99.9%) and 

MgO (>99.95%). The purity of calcium carbonate and mag-

nesium oxide is declared as a metal base. All chemicals were 

used as such without further purification. 

2.2. Glass synthesis 

The studied glasses were synthesized by the classical 

method of melting and quenching in water. The starting 

materials (powders of CaCO3, MgO and α-Al2O3 in appropri-

ate amounts) were dried in a muffle furnace in air for 12 h 

at 573 K, 573 K and 1273 K, respectively. After that, they 

were mixed in a calculated ratio and put in a Pt/Au crucible. 

The mixture was calcined at 1273 K for 1 hour to remove 

traces of water and CO2. The furnace temperature was then 

increased to 1873 K (which corresponds to a temperature 

50–250 K above the liquidus temperature of the mixture, 

depending on the target composition), and the sample was 

kept for 2 h to obtain a homogeneous melt. The glasses were 

quenched by immersing the bottom of the crucible in cold 

water for approximately 10–15 sec. The resulting glass was 

then ground in a mechanical agate mortar, and the obtained 

powder was remelted again at the same temperature of 

1873 K. This procedure was repeated three times to ensure 

the sample was homogeneous. To verify the absence of crys-

talline phases, powder X-ray diffraction (powder XRD) anal-

ysis was performed. The results showed no evidence of any 

crystalline phases in the samples, confirming that the result-

ing samples are amorphous (see Figure S1). The photo of the 

synthesized glasses is presented in Figure S2 in the supple-

mentary information. 

The chemical composition of all glasses was determined 

by the X-ray fluorescence method. Fused bed samples were 

produced using 67/33 lithium meta-borate / tetraborate as 

fluxing agent and a Katanax X300 automatic fluxer. The 

chemical composition was measured in a Panalytical Ze-

tium spectrometer using the standard calibration. The re-

sults are reported in Table 1. In addition to the target ox-

ides, in the whole final glass samples a small amount 

(around 0.3 mol.%) of SiO2 was found, which could get into 

the samples from the agate mortar. 

All resulting glasses had a yellowish color, which is associ-

ated with the presence of Pt4+ trapped in the samples from the 

crucible material [29]. To determine the amount of dissolved 

platinum in the studied glasses, a wet chemical analysis of the 

samples was carried out using inductively coupled plasma 

mass spectrometry (ICP-MS ELAN DRC II). Standard samples 

of platinum (Carl Roth) were used for calibration. According 

to the results of the analysis, the amount of platinum did not 

exceed 0.02 wt.% in all the samples. 

Glasses in the binary CaO-Al2O3 and the ternary CaO-

Al2O3-MgO systems were selected for our study correspond-

ing to the C12A7-“M12A7” section (cement notation: 

C = CaO, M = MgO and A = Al2O3). Five glass compositions 

were chosen for the investigation: C(12-n)M(n)A7, where n 

is 0, 1, 2, 3 and 4 (Figure S3). The C12A7 (n = 0) glass sam-

ple is an amorphous analogue of the mineral mayenite 

(Ca12Al14O33±x), the labelling of the samples with magne-

sium corresponds to different amounts of CaO replaced by 

MgO in the C12A7 sample (n = 1; 2; 3; 4). 

2.3. Al and Ca K-edge XANES spectroscopy 

Al and Ca K-edge X-ray absorption near edge structure 

(XANES) spectroscopy measurements were performed on 

the LUCIA beamline at the SOLEIL synchrotron facility 

(Saint-Aubin, France). For the Al edge, a KTP monochroma-

tor was used for all measurements with a calibrated energy 

using an Al foil as a reference. 

https://doi.org/10.15826/chimtech.2025.12.2.18
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Table 1 Composition (in mol.%) and molar mass (g/mol) of studied glasses. The aimed compositions and molar masses are in brackets. 

Name 
x, % * 

M, g/mol 
CaO MgO Al2O3 SiO2 Σ ** 

C12A7 62.9 (63.2) 0 (0) 36.5 (36.8) 0.4 (0) 99.8 (100) 72.99 (72.98) 

C11M1A7 57.2 (57.9) 6.3 (5.3) 36.1 (36.8) 0.3 (0) 99.9 (100) 71.80 (72.15) 

C10M2A7 52.0 (52.6) 11.4 (10.5) 36.2 (36.8) 0.3 (0) 99.9 (100) 71.02 (71.32) 

C9M3A7 46.5 (47.4) 16.7 (15.8) 36.4 (36.8) 0.3 (0) 99.9 (100) 70.26 (70.49) 

C8M4A7 41.3 (42.1) 21.9 (21.1) 36.4 (36.8) 0.3 (0) 99.9 (100) 69.45 (69.66) 

* Determined by X-ray fluorescence. 

** Some additional traces of Fe2O3, ZrO2, P2O5 were also experimentally found. 

 

The spectra were collected in the 1540-1660 eV range with 

a step of 0.2 eV and a counting time of 400 ms. From 6 to 

18 spectra were recorded for each studied sample. 

The Ca K-edge XANES spectra were collected using a Si-

(111) double-crystal monochromator calibrated at 4966 eV 

with a metallic Ti foil and checked with calcite CaCO3, per-

ovskite CaTiO3, and wollastonite CaSiO3 as calcium refer-

ences. The spectra were collected in the region from 3970 

to 4200 eV with a step of 0.2 eV and a counting time of 

400 ms. Three scans were acquired for each sample with 

their subsequent averaging. All XANES spectra at the Al and 

Ca K-edge were acquired in fluorescence mode using a 

60 mm2 mono-element silicon drift diode detector 

(Bruker). 

All XANES spectra were averaged and normalized using 

the Larch software [30]. The normalization parameters 

were kept the same for all samples. For the Ca K-edge, in 

addition to the position of the main edge, particular atten-

tion was given to the analysis of the pre-edge peak. After 

the background subtraction the pre-edge peaks were fitted 

using a sum of pseudo-Voigt functions. The analysis of the 

pre-edge features (position, relative intensity) gives infor-

mation about Ca surroundings. 

2.4. Density measurements 

The density of the glass pieces was measured using the Ar-

chimedes method. Toluene was used as an immersion liq-

uid. The glass pieces were balanced in both air and toluene, 

and since the toluene density and its variations with tem-

perature are precisely known, the density of the studied 

samples (ds) was calculated using Equation 1: 

𝑑𝑠 = 𝑑𝑡 ∙
𝑚𝑎

𝑚𝑎 −𝑚𝑡
, (1) 

where ma and mt are the weight of sample in air and tolu-

ene, respectively, dt – density of toluene. Before each set of 

experiments a standard sapphire sample with a mass close 

to 1 g was measured to check the correct value of density 

(3.987 g/mL). For each composition at least 10 glass pieces 

were measured. The uncertainty of this method is 

0.001 g/mL, and detailed information about this technique 

is presented elsewhere [31]. 

2.5. Glass transition temperature measurements 

The glass transition temperature (Tg) of the studied glasses 

was experimentally measured by differential scanning 

calorimetry (DSC calorimeter LABSYS evo, Setaram). The 

measurements were conducted from room temperature to 

1823 K at 10 K/min heating rate in Ar atmosphere in Pt/Rh 

crucibles using glass powder amounts of around 30 mg. The 

glass transition temperature Tg was determined as the mid-

dle of the glass-transition range. The temperature calibra-

tion of the calorimeter was performed in the 853-1673 K 

temperature range using high purity K2SO4 (solid-solid 

transition; melting point), CaF2 (melting point) and NaCl 

(melting point). The experimental uncertainty of these 

measurements was estimated as ±5 K. The software Calisto 

from Setaram was used to treat the obtained raw data. 

2.6. Heat capacity measurements 

The isobaric heat capacity (Cp) of the studied glasses was 

measured using differential scanning calorimetry (DSC Cal-

vet Pro, Setaram). This equipment is a high-precision Tian-

Calvet type calorimeter with a 3D Calvet sensor and a ther-

mopile with more than 600 thermocouples. The measure-

ments were conducted below the glass transition tempera-

ture in the 370–830 K temperature range at a 10 K/min 

constant heating rate in Ar atmosphere. The powder glass 

samples were placed in Al2O3 crucible with amounts rang-

ing from 60 to 100 mg. The heat capacity of each sample 

was measured at least 3 times, and the result was obtained 

by averaging of these data. Before the experiments, the 

baseline (empty crucibles) and a reference sample (one cru-

cible with high-purity sapphire cylinder of around 300 mg) 

were measured to calibrate the equipment. The experi-

mental uncertainty of these measurements was estimated 

as ±3% in the whole temperature range. The software 

Calisto from Setaram was used to treat the obtained raw 

data. 

2.7. High temperature drop-solution calorimetry 

The enthalpy of dissolution of C8M4A7 glass sample in a 

lead borate solvent (n(PbO) / n(B2O3) = 2; 30.00±0.05 g) 

was measured by high temperature drop-solution calorim-

etry. The experiments were carried out using a commercial 

isoperibol Tian-Calvet calorimeter Alexsys 1000 (Setaram, 

France). The measurements were conducted at 1073 K with 

5-15 mg of individual glass pellets under atmospheric pres-

sure (the rate of artificial air flow was 10 mL/min). To en-

hance the dissolution process, dry air (x(H2O) < 5·10-4%) 

was bubbled through the solvent at a rate of 5 mL/min. This 

ensured constant mixing and maintained a high oxygen 

https://doi.org/10.15826/chimtech.2025.12.2.18
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fugacity in the melt, helping to preserve the oxidation state 

of the dissolved oxides. The experiments were carried out 

in two independent lead borate solvents. Prior to each se-

ries of experiments, the calorimeter was calibrated by drop-

ping 4–17 mg of high-purity alumina pellets (99.95% from 

NIST) into an empty platinum crucible placed inside the cal-

orimeter. The calibration factors were determined with un-

certainties of less than ±1%. Heat increments between the 

room temperature and the temperature inside the calorim-

eter (1073 K) were calculated using the Standard Reference 

Material equation [32]. After the experiments, the enthalpy 

of formation of C8M4A7 glass with respect to the constitu-

ent single oxides in their crystalline reference state was cal-

culated. Detailed information about the experimental pro-

cedure is described in our recent article [16]. The Calisto 

software from Setaram was used to record the output sig-

nals and integrate the heat flux curves from the calorime-

ter. 

3. Molecular Dynamics Simulations 

The structural and physico-chemical properties of studied 

glasses were calculated by using classical molecular dynam-

ics (MD) simulations. To describe the interatomic interac-

tion, the Born-Mayer–Huggins potential (see Equation 2), 

which works well for oxide systems, was chosen, in which 

the parameter D was assumed to be 0 for all interaction 

pairs: 

𝑢(𝑟𝑖𝑗) =
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
+ 𝐴𝑖𝑗𝑒𝑥𝑝 (

𝜎𝑖𝑗 − 𝑟𝑖𝑗

𝜌𝑖𝑗
) − (

𝐶𝑖𝑗

𝑟𝑖𝑗
)

6

− (
𝐷

𝑟𝑖𝑗
)

8

, (2) 

where i, j represent different ions, and rij is the interatomic 

distance between two ions of types i and j. The first term 

corresponds to a long-range Coulomb interaction. The sec-

ond term represents a repulsion of particles, while the last 

two terms are the contribution of dipole attraction. 

The parameters for CaO and Al2O3 were taken from [33] 

and for MgO from [34]. For the pairs Ca-Mg, Ca-Al and Mg-

Al, we only took into account the Coulomb term in Equa-

tion 2. 

The simulations were carried out using the LAMMPS 

software package [35]; the total number of atoms was 

10 005 atoms (C12A7: Ca – 2035, Al – 2374, O – 5596; 

C11M1A7: Ca – 1865, Mg – 170, Al – 2374, O – 5596; 

C10M2A7: Ca – 1696, Mg – 339, Al – 2374, O – 5596; 

C9M3A7: Ca – 1526, Mg – 509, Al – 2374, O – 5596; C8M4A7: 

Ca – 1357, Mg – 678, Al – 2374, O – 5596). All the calcula-

tions were performed in the NPT ensemble at atmospheric 

pressure. The equations of motion were numerically solved 

within the Verlet algorithm in the velocity form using a 

time step of 1 fs. The initial atom positions were chosen 

randomly. For all glass compositions, the system was first 

heated up to 3000 K and equilibrated during 100 ps for 

complete melting. The system was then quickly cooled 

(quenched) to the required temperature with a cooling rate 

of 1011 K/s, and equilibrated again at this new temperature 

for 100 ps to reach equilibrium. Last but not least, the prop-

erties calculation stage was then performed during 200 ps. 

Averaging of the obtained properties over time at the last 

stage gave estimates of the structural and physico-chemical 

properties (all stages were also conducted at the NPT en-

semble). 

At the production stage different properties of the 

glasses were calculated. From the structural point of view, 

the pair correlation function (gij(r)) was determined (see 

Equation 3): 

𝑔𝑖𝑗(𝑟) =
𝑁

𝑉

𝑛𝑖𝑗(𝑟)

4𝜋𝑟𝑖𝑗
2∆𝑟

, (3) 

where nij(r) represents the mean number of particles j in a 

spherical shell of radius r and thickness Δr centered on par-

ticle i (i, j – Ca, Mg, Al and O species). 

Using the resulting pair correlation functions (giO(r)), 

the coordination numbers of Ca, Mg and Al atoms (CNiO) 

were determined. To do this, a numerical integration of the 

pair correlation function to the first minimum (rmin) was 

performed: 

𝐶𝑁𝑖𝑂 = 4𝜋𝜌𝑥𝑂∫ 𝑟2𝑔𝑖𝑂(𝑟)𝑑𝑟,
𝑟𝑚𝑖𝑛

0

 (4) 

where ρ is the calculated density, and xO is the concentra-

tion of O atoms (NO/N). Since only the nearest neighbours 

(oxygen atoms) were taken into account in the calculation, 

integration was carried out to the first minimum (rmin) of 

the corresponding partial pair correlation function. 

For the thermodynamic properties, the enthalpy of the 

studied glasses was calculated using Equation 5: 

𝐻(𝑇, 𝑃) =
1

2
∑𝑚𝑖𝑣𝑖

2

𝑁

𝑖=1

+
1

2
∑ 𝑢(𝑟𝑖𝑗)

𝑁

𝑖<𝑗=1

+ 𝑃𝑒𝑥𝑡𝑉, (5) 

where Pext is the pressure exerted on the virtual surface in-

side which the atoms are located, and V is the volume of the 

cell. Since the absolute value of enthalpy has no physical 

meaning, calculations at different temperatures (the tem-

perature step is 100 K) were used to obtain the heat content 

between the two temperatures, which can be compared to 

the actual experimental data. The heat capacity at constant 

pressure Cp was calculated as the temperature derivative of 

enthalpy as a function of temperature at constant pressure: 

𝐶𝑝(𝑇, 𝑃) = (
𝜕𝐻(𝑇, 𝑃)

𝜕𝑇
)
𝑃

. (6) 

In addition to the heat content, the enthalpy of for-

mation from the constituent solid oxides were calculated. 

For that, additional simulations for crystalline CaO (NaCl 

structure type), Al2O3 (corundum structure type) and MgO 

(NaCl structure type) at 300 K were conducted with 10648, 

7680, and 10648 atoms, respectively. The enthalpy of for-

mation from oxides was calculated as a difference between 

the enthalpy of studied glasses at 300 K and the enthalpy of 
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constituent solid oxides considering the molar fraction of 

the latter in the glasses. 

The density of studied glasses in this work was calcu-

lated directly as the inverse volume of the system at atmos-

pheric pressure. The glass transition temperature was 

found as a sharp jump in the calculated density and a bend 

in the heat content data. 

4. Results and Discussions 

4.1. Al surroundings 

The results of the Al K-edge XANES spectroscopy measure-

ments are presented in Figure 1. In all spectra there are 

three main peaks at around 1565, 1568.5 and 1582.5 eV. The 

absorption peak A at around 1565 eV corresponds to a 1s-3p 

transition. The energy position of this peak is related to an 

Al coordination in the structure. The [4]Al/[6]Al ratios of 

many aluminosilicates and aluminum oxide minerals were 

discussed in [36,37] in detail. The second peak B at around 

1568.5 eV and a weak feature B1 are related to multiple 

scattering in the medium-range order [38]. The last broad 

peak C at around 1582.5 eV corresponds to a multiple scat-

tering from the nearest neighbors of the AlO4 tetrahedra. A 

presence of this peak indicates that Al is present in the four-

fold coordination [38]. 

Analyzing the position of the absorption peak A 

(1565 eV) and taking into account the relevant literature 

data [36,37], we may conclude that in all the samples Al is 

in fourfold coordination. Additional evidence is the pres-

ence of a broad peak C (1582.5 eV) at the Al K-edge XANES 

spectroscopy. 

Similar spectra were found in the literature [11,13] for a 

pure binary C12A7 glass. The positions of all peaks are iden-

tical to those observed in our work. In the article [11], the 

authors found a correlation between the ratio of relative in-

tensity of peaks A and B at the Al K-edge XANES spectros-

copy and the ratio of bridging and non-bridging oxygens in 

the glass composition: a more intense peak B indicates 

more non-bridging oxygens in the glass. 

This dependence was also observed for other glasses in 

the CaO-Al2O3 system such as C3A, C12A7 and CA [11]. In a 

C12A7 glass, it was indirectly shown that Al has surround-

ings between Q2 and Q4 [11,12]. Analyzing the ratio of peaks 

A and B of our studied samples, we may notice that for the 

C8M4A7 sample (purple curve) peak B has the lowest rela-

tive intensity, which means that in the series C12A7-

C8M4A7 (with increasing the Ca replacement by Mg) the 

number of bridging oxygens is increasing. 

In addition to the experimental investigation of the Al 

surroundings, classical molecular dynamics simulations 

were conducted (see Equation 4). As a result, the coordina-

tion number of Al varies between 4.6 and 4.7 (depending on 

composition) at 300 K for all studied glasses, which is in a 

poor agreement with the experiment findings. The calcu-

lated bond length of Al-O was 1.75 Å. At higher temperature  

 

(2000 K) the coordination number of Al in the melts de-

creases to 4.3-4.5 (depending on composition) and contin-

ues to slightly decrease with increasing temperature. 

4.2. Ca surroundings 

The results of the Ca K-edge XANES spectroscopy measure-

ments are presented in Figure 2. In all the spectra a main 

absorption peak at around 4051 eV is observed, correspond-

ing to the 1s-np transition. In addition, at lower energy the 

pre-edge peak at around 4040 eV is visible, corresponding 

to a 1s-3d transition [39] together with a shoulder at around 

4045 eV which was observed in all the spectra. In Figure 3 

the pre-edge region of normalized Ca K-edge XANES spectra 

of the studied glasses are presented. The presence and the 

relative intensity of the pre-edge peak are related to the Ca 

surroundings. 

We obtained Ca K-edge XANES spectra of C12A7 glass 

that are similar to those available in the literature [12,13]. 

It is well known that in the absence of the pre-edge peak, 

Ca is in octahedral coordination (like in the C3A crystal 

[12]). The appearance of this pre-edge peak corresponds to 

a break in the symmetric octahedral structure and leads to 

increasing of the local surroundings of Ca like in the CaO-

Al2O3 and CaO-Al2O3-SiO2 systems [11–13]. 

 
Figure 1 Normalized Al K-edge XANES spectra of studied glasses. 

 
Figure 2 Normalized Ca K-edge XANES spectra of studied glasses. 
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Figure 3 Pre-edge region of normalized Ca K-edge XANES spectra 

of studied glasses. 

The relative intensity of pre-edge peak for all the stud-

ied glasses in this work is the same within experimental 

uncertainty, which means that the coordination number of 

Ca in all the samples is ranging between 6 and 7. 

From classical MD simulations, the calculated coordina-

tion number of calcium (see Equation 4) was found to be in 

the 6.1-6.3 range (depending on composition), which is an 

excellent estimation compared to the experimental data. 

The bond length of Ca-O is higher than that of Al-O (since 

Al is a network former) and equal to 2.27 Å. At 2000 K the 

coordination number of Ca in the melts is 6.5 to 6.7 (de-

pending on composition) and decreases with temperature. 

4.3. Mg surroundings 

Due to experimental difficulties, we were not able to exper-

imentally determine the atomic surroundings of Mg. How-

ever, using classical molecular dynamics, we calculated the 

coordination number of Mg in all the studied glasses (see 

Equation 4). The result varies between 5.4-5.8 (depending 

on composition) at room temperature with a bond length of 

Mg-O that equals 2.12 Å. This result is in a good agreement 

with the data for the other glass systems containing MgO 

[25,40]. The results obtained by Shimoda et al. [41] using 
25Mg NMR spectroscopy, which contradict other literature 

data, showed that Mg is in an octahedral coordination. 

However, in another work of the same authors, it is stated 

that Ca atoms have a coordination of 7÷8 [42]. Thus, the 

results of their work qualitatively confirm that the coordi-

nation number of Ca in glasses is greater than the coordi-

nation number of Mg. 

Based on these results, we can conclude that the param-

eters of BMH potential used in this work describe well the 

structural properties of non-crystalline phases in the three-

component CaO-Al2O3-MgO system. In addition, at high 

temperature (2000 K), the coordination number of Mg in 

the melts varies in the 5.5-5.6 range (depending on compo-

sition) and slightly decreases with temperature. 

4.4. Density and glass transition temperature 

The density of the studied glasses was experimentally 

measured by the Archimedes method. The results are pre-

sented in Table 2 and in Figure S4. For the C12A7 glass, a 

good agreement with the literature data from [43] 

(d = 2.909 g/mL) was found. However, in another article of 

the same authors [11] the reported density value is signifi-

cantly lower (d = 2.657 g/mL). The origin of this big differ-

ence is unknown, but we propose that in paper [11] the col-

umn of density (Table 1) is a misprint, since the glass syn-

thesis details are the same in both papers. It is also inter-

esting to mention that we found close values of the density 

of glasses among the literature data in the CaO-MgO-Al2O3-

SiO2 quaternary system with low (~4 mol.%) SiO2 content 

[21]. 

A decreasing density from C12A7 to C9M3A7 samples 

was observed in the samples. For the last glass of the series, 

C8M4A7, the result is different; however, it is difficult to 

draw any conclusion as the uncertainty ranges overlap for 

the samples C9M3A7 and C8M4A7. The measured data were 

used to calculate the molar volume (Table 2 and Figure S5). 

Again, a decrease in molar volume of glass was found upon 

replacement of CaO by MgO in the C12A7 glass sample. 

In addition to the experimental investigation, the den-

sity of glasses was calculated by classical molecular dynam-

ics. The results are also presented in Table 2. The calculated 

density is overestimated by ~10% compared to the experi-

mental observations for all samples. This result was some-

how expected, since for the MD simulations the parameters 

for CaO were used from [33], which represent a minor ad-

justment of the parameters as compared to the previous pa-

per of the same authors [44].  

Table 2 Density (g/mL), molar volume (mL/mol) and glass transition temperature (K) of studied glasses. The experimental uncertainties 

for d and Tg are in brackets. 

Name M, g/mol * 
d, g/mL Vm, mL/mol 

Tg, K 
exp calc ** exp calc ** 

C12A7 72.99 2.919(2) 3.19 25.0 22.9 1120(5) 

C11M1A7 71.80 2.914(1) 3.18 24.6 22.7 1103(5) 

C10M2A7 71.02 2.911(1) 3.20 24.4 22.3 1091(5) 

C9M3A7 70.26 2.909(2) 3.20 24.2 22.0 1078(5) 

C8M4A7 69.45 2.913(3) 3.20 23.8 21.8 1070(5) 

* Composition of glass sample was determined by X-ray fluorescence. 
** Calculated by classical molecular dynamics simulation. 
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Alvares et al. [44] did show that the specific volume of solid 

CaO was underestimated by ~12% using their optimized po-

tential (which means that density is overestimated), as 

compared to the available experimental data. It is therefore 

not surprising that we observed a similar behavior in this 

work. However, it should be noted that the molar volume 

calculated by MD (see Table 2) has the same trend for 

C12A7-C8M4A7 series compared to the experimental data: 

Vm decreases with increasing replacement of Ca by Mg in 

C12A7 glass. 

The glass transition temperature was experimentally 

determined by DSC, and the results are presented in Table 2 

and Figure S6. The raw DSC curves of studied samples are 

presented in Figure S7. A good agreement of the obtained 

Tg for the C12A7 glass with literature data [11,43] was ob-

served. A linear decrease of the glass transition tempera-

ture with increasing MgO content was found. 

The glass transition temperature obtained by classical 

molecular dynamics simulations for all the studied glasses 

was found to be between 1300 and 1400 K (see Figure S8 

and Figure S9). The final value is higher than the value 

found by DSC (see Table 2), which was expected, due to the 

fast cooling rate in MD. 

4.5. Heat capacity 

Differential scanning calorimetry was used to measure the 

isobaric heat capacity of C12A7, C10M2A7 and C8M4A7 

glasses in the 370–830 K temperature range. The results 

are presented in Figures 4 and 6 and in Tables S1–S3. In ad-

dition to the data obtained in this work, the heat capacity 

of the C12A7 glass measured in the range of 10–350 K by 

low-temperature adiabatic calorimetry [16] is also added in 

Figure 4 for comparison. 

 
Figure 4 Heat capacity of a C12A7 glass measured by DSC in this 

work (green triangles). Blue squares – heat capacity of a C12A7 

glass obtained by low-temperature adiabatic calorimetry (litera-

ture data [16]). Purple dashed line – Voronin’s model (Planck-Ein-
stein functions) with the parameters from [16], dark red line – Vo-

ronin’s model (Planck-Einstein functions) with the parameters ob-

tained in this work (Table 3). 

As can be seen for the C12A7 glass the results obtained 

by DSC in this work (green triangles in Figure 4) and by 

low-temperature adiabatic calorimetry [16] (blue squares 

in Figure 4) are in agreement with each other, which shows 

the validity of the experimental approach. 

In addition to experimental data two calculated curves 

were added in Figure 4. The purple dashed line is obtained 

using Voronin’s model to determine the heat capacity as a 

function of temperature. It corresponds to a combination of 

Planck-Einstein functions [45] using parameters from our 

previous article [16], in which a numerical optimization 

was conducted for the low-temperature adiabatic calorim-

etry data (10–350 K) only. As can be seen in Figure 4, this 

model does not predict new experimental data at a higher 

temperature (> 600 K) within experimental uncertainty. 

Thus, in this work a new optimization of parameters was 

carried out, including both the low-temperature data [16] 

and the new data obtained by DSC in this work. Detailed 

information about Voronin’s model [45] and the optimiza-

tion procedures are presented in our previous paper [16]. 

As a result, a new set of parameters of Voronin’s model for 

C12A7 glass was generated, and the parameters are listed 

in Table 3. The numerical values are provided with an ad-

ditional number of significant digits to enable the most pre-

cise reproduction of the calculation results of this study. 

The thermodynamic functions (Cp, S°(T)–S°(0), H°(T)–

H°(0)) were calculated using the parameters from Table 3 

and Equations 1–3 from [16] and are presented in Table S4. 

The differences between the experimental heat capacity 

of C12A7 obtained by DSC in this work (see Table S1), those 

obtained by adiabatic calorimetry (see Table S1 in [16]) and 

calculated by Equation 1 from [16] as well as those calcu-

lated using the parameters from Table 3 for C12A7 glass 

sample are shown in Figure 5. The deviations for almost all 

points obtained by adiabatic calorimetry in our previous 

work [16] are less than 0.4% for T > 50 K, and 2% from 10 

to 50 K. However, using this new set of parameters of Vo-

ronin’s model from Table 3, the differences of Cp data meas-

ured by DSC in this work and the calculated values using 

the model are less than experimental uncertainty. Thus, we 

believe that the new parameters of the Planck-Einstein 

equation adequately describe all experimental data. 

In addition to the C12A7 glass sample, the heat capacity 

of C10M2A7 and C8M4A7 glasses were measured by DSC in 

the 380–830 K temperature range. The results are pre-

sented in Figure 6 and listed in Tables S2–S3 in the Supple-

mentary Information file. 

Table 3 A new set of parameters of Voronin’s model (combination 

of Planck-Einstein functions) for C12A7 glass 

Parameter Value Parameter Value 

𝛼1 0.048±0.002 𝜃3, К 268±5 

𝜃1, К 71±1 𝛼4 1.205±0.017 

𝛼2 0.225±0.013 𝜃4, К 549±10 

𝜃2, К 140±3 𝛼5 0.944±0.026 

𝛼3 0.785±0.015 𝜃5, К 1115±19 
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Figure 5 Differences between experimental heat capacity (Table S1 
(this work) and Table S1 in [16])) and that calculated by Equation 1 

from [16] and parameters from Table 3 for C12A7 glass sample. 

No composition dependence, within the experimental 

uncertainty, on Cp was found upon replacement of CaO by 

MgO in the C(12-n)M(n)12A7 glass up to 4 magnesia mole-

cules in the glass composition. 

In addition to the experimental investigation, classical 

molecular dynamics simulations were conducted to calcu-

late the heat capacity of these glasses (see Equation 6). The 

results are also presented in Figure 6. As we can see, the 

absolute value of Cp for all the glasses and the main trend 

(close Cp value for C12A7, C10M2A7 and C8M4A7 glasses) 

are in excellent agreement with the results obtained by 

DSC. Thus, we can conclude that the parameters of the BMH 

potential used in this work give excellent results for esti-

mation of heat capacity of the glasses. 

In addition to the heat capacity of glasses, the heat ca-

pacity of studied samples in the liquid state was calculated 

by classical molecular dynamics simulations. The results 

from 1400 to 2300 K (Tg found by MD is slightly higher than 

1300 K, see above) are also presented in Figure 6. As we can 

see, the heat capacity values for C12A7 (112.4 J/(mol·K)), 

C10M2A7 (113.6 J/(mol·K)) and C8M4A7 (115.5 J/(mol·K)) 

liquids are close to each other and are in good agreement 

with Gurvich estimation (113 J/(mol·K)) [46], which may 

indirectly confirm that the parameters of the BMH potential 

used in this work give good results for estimation of heat 

capacity of the liquids. 

4.6. High-temperature drop-solution calorimetry 

To determine the enthalpy of dissolution of the C8M4A7 

sample, high-temperature drop-solution calorimetry was 

used. The raw data of the experiment (solvent, number of 

drops, mass of sample, mass of solvent, room temperature, 

calorimeter temperature, enthalpy of drop solution for each 

drop) are summarized and listed in Table S5 in the Supple-

mentary Information file. 

To check if the drop-solution experiments were carried 

out at infinitely diluted solution, the dependence of the en-

thalpy of dissolution of C8M4A7 glass vs the mole fraction 

of the dissolved sample in the lead borate solvent 

(30±0.05 g) was plotted and presented in Figure 7. Analyz-

ing the obtained results, a composition dependence of the 

heat effect on the total amount of the studied sample in the 

lead borate solvent was observed. Therefore, the found de-

pendence was fitted by linear regression and extrapolated 

to zero concentration of the sample in solvent to obtain the 

enthalpy of dissolution of C8M4A7 in lead borate solvent at 

1073 K. Thus, the final value was accepted as 

29.5±1.4 kJ/mol (the confidence interval corresponds to the 

two standard deviation). 

To calculate the enthalpy of formation from the constit-

uent oxides of C8M4A7 glass sample, a thermochemical cy-

cle was used (Table 4). 

 
Figure 6 Heat capacity of C12A7, C10M2A7 and C8M4A7 glasses 

measured by DSC (colored solid lines) and calculated heat capacity 

of C12A7, C10M2A7 and C8M4A7 glasses / liquids by classical mo-
lecular dynamics (dashed lines). Black solid line – estimation of 

heat capacity of liquid C12A7, C10M2A7 and C8M4A7 samples by 

Gurvich [46] (since suggested Cp of liquid CaO and MgO are the 
same [46], the estimated heat capacity for all studied samples is 

also the same). 

 
Figure 7 The dependence of the enthalpy of dissolution vs mole 

fraction of the dissolve C8M4A7 glass sample in the lead borate 

solvent at 1073 K (msolv=30.00±0.05 g). 
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Except for the enthalpy of dissolution of C8M4A7 glass 

in the lead borate solvent at 1073 K experimentally meas-

ured in this work, the data for pure oxides (CaO, Al2O3, 

MgO) in their crystalline state were taken from the litera-

ture [47,48] (these results were obtained in the same con-

ditions as those for our C8M4A7 glass). The final value of 

the enthalpy of formation from oxides of glassy C8M4A7 

was found to be 20.6±2.6 kJ/mol. 

Since it is impossible to synthesize the M12A7 glass sam-

ple because of too high liquidus temperature in the  

MgO-Al2O3 system and immediate crystallization of stable 

crystalline MgAl2O4, we cannot obtain a variation of the en-

thalpy of formation from oxides at 298.15 K for the whole 

series. The conclusion is that the value of  

ΔfHox(298.15) of C12A7 glass (the value was taken from 

[16]) increases with increasing replacement of CaO by MgO 

up to 4 atoms Mg in the glass composition (Figure 8). 

In addition to experimental investigation of the en-

thalpy of formation from oxides, FactSage (version 8.3) es-

timation [49] for the liquid / glass state and classical mo-

lecular dynamics simulations were conducted, and the re-

sults are also presented in Figure 8 (green and red curves, 

respectively). We found the same trend of  

ΔfHox(298.15) increasing with increasing replacement of 

CaO by MgO up to 4 atoms Mg in the glass composition. 

However, it should be noted that the absolute values of the 

enthalpy of formation from oxides are significantly shifted 

compared to the data obtained experimentally by the drop-

solution calorimetry. This discrepancy in absolute value of 

ΔfHox(298.15) may be explained, since the parameters of the 

BMH potential was set up by fitting the local structures 

(mainly the partial radial distribution functions) taken 

from DFT-based ab initio molecular dynamics simulations 

(see [33,34]) and the energy of the ab initio MD was not 

taken as a constraint for the fitting. Thus, we may conclude 

that the used parameters of the BMH potential give the cor-

rect trend in the enthalpy of formation from oxides but not 

the correct absolute values. In addition, we may conclude 

that the thermodynamic databases in Calphad are inaccurate, 

and the data we found experimentally can be further used to 

improve them. 

4.7. Summary of the most important findings of 

the current study 

An experimental and theoretical study on the  

C(12-n)M(n)A7 glasses (n<=4) were performed to deter-

mine their structural and physico-chemical properties us-

ing XANES spectroscopy, various calorimetric techniques 

and classical molecular dynamics simulations. The key find-

ings are: 

• a good agreement on structural, dynamic and thermody-

namic properties of C12A7 glass with the literature data 

[11–13,16,43] was observed; 

• Al is in fourfold coordination in all studied glass samples. 

The Q4/Q2 ratio is increasing in the C12A7-C8M4A7 

composition range, which was confirmed by Al K-edge XANES 

spectroscopy; 

Table 4 Thermochemical cycle for calculation of the enthalpy of 

formation from pure solid oxides of the C8M4A7 glass sample at 
298.15 K from drop-solution calorimetry. The number of drops is 

presented in round brackets. 

CaO (cr, 298.15) → CaO (diss, 1073) 
ΔH1 = -7.08±2.31 

kJ/mol [47] 

MgO (cr, 298.15) → MgO (diss, 1073) 
ΔH2 = 42.09±0.41 

kJ/mol [48] 

α-Al2O3 (cr, 298.15) → Al2O3 (diss, 1073) 
ΔH3 = 120.12±0.17 

kJ/mol [48] 

(CaO)0.421(MgO)0.211(Al2O3)0.368 (gl, 

298.15) → 

(CaO)0.421(MgO)0.211(Al2O3)0.368 (diss, 

1073) 

ΔH4 = 29.5±1.4 kJ/mol 

[this work] (12) 

0.421CaO (cr, 298.15) + 0.211MgO (cr, 

298.15) + 0.368Al2O3 (cr, 298.15) → 
(CaO)0.421(MgO)0.211(Al2O3)0.368 (gl, 

298.15) 

∆f𝐻ox,298.15(C8M4A7, gl) * 

∆f𝐻ox,298.15(C8M4A7, gl) = 0.421∆𝐻1 + 0.211∆𝐻2 + 0.368∆𝐻3 − ∆𝐻4

= 20.6 ± 2.6 kJ mol⁄  

* The result was found by assuming the aimed composition of 
C8M4A7 glass (see Table 1). Taking into account the composition 

determined by XRF (Table 1) leads to a change in 

∆fHox,298.15(C8M4A7, gl) by 0.1 kJ/mol. 

 
Figure 8 Enthalpy of formation from oxides of C12A7-C8M4A7 

solid solution at 298.15 K: blue circle – experimental data obtained 
by drop-solution calorimetry in this work, black circle – experi-

mental data obtained by drop-solution calorimetry in [16], green 

solid curve – FactSage (version 8.3) estimation [49], red solid 
curve – classical molecular dynamics simulation obtained in this 

work. 

• the coordination number of Ca was found to be between 

6 and 7 in all studied glasses by Ca K-edge XANES spectros-

copy; 

• the published parameters of interaction potentials for 

classical molecular dynamics simulations were used in this 

work to simulate the glass properties numerically. The cal-

culated results give a good estimation on structural proper-

ties of glasses at room temperature for Ca and Mg (CN(Ca): 

6.1-6.3 and CN(Mg): 5.4-5.8) and a poor estimation for Al 
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(CN of Al: 4.6-4.7) as compared to our experimental find-

ings; 

• the density and molar volume decrease in the C12A7-

C8M4A7 composition range; 

• the interaction potential from the literature for classical 

MD simulations used in this work give a ~10% overesti-

mated values of the density of glasses at room temperature; 

• a linear decrease in the glass transition temperature in 

the C12A7-C8M4A7 composition range was observed; 

• the replacement of CaO by MgO in C12A7 glass influ-

ences to a greater extent the enthalpy term in the Gibbs free 

energy; 

• there is no excess composition dependence, within ex-

perimental uncertainty, of the heat capacity in the C12A7-

C8M4A7 composition range in the 370–830 K temperature 

range; 

• an optimized set of parameters of Voronin’s model 

(combination of Planck-Einstein functions) adequately de-

scribes all experimental Cp data of C12A7 glass sample; 

• the used parameters of the BMH potential give excellent 

results for the estimation of heat capacity of the glasses and 

good estimation of heat capacity of the liquids; 

• the enthalpy of formation at 298.15 K was found to be 

greater for C8M4A7 than for C12A7 glasses with respect to 

the constituent oxides. The glasses become less stable when 

MgO is added to their composition; 

• the calculated enthalpy of formation from oxides ob-

tained by FactSage (version 8.3) estimation [49] and clas-

sical molecular dynamics simulations has the same trend, 

but the absolute values are significantly shifted compared 

to the data obtained experimentally by drop-solution calo-

rimetry. 

5. Limitations 

The main limitation of this study is in the experimental in-

vestigation of the Mg local surroundings. Due to the very 

low intensity of Mg K-edge XANES spectra, it takes signifi-

cantly more time to collect a good spectrum, compared to 

the spectra for Ca and Al. Thus, in this work the local sur-

roundings of Mg was estimated only by classical molecular 

dynamics simulation. In the future it would be interesting 

to measure the coordination number of Mg by experimental 

methods and to compare the obtained results with the val-

ues found in this article by MD simulations. 

6. Conclusions 

In this work, we studied the structural and physico-chemi-

cal properties of glasses in the (Ca1-xMgx)O-Al2O3 ternary 

system using different experimental techniques and classi-

cal molecular dynamics simulations. To sum up, the re-

placement of CaO by MgO in the C12A7 glass leads to in-

creasing Q4/Q2 ratio, decreases the density and glass-tran-

sition temperature, increases the enthalpy of formation 

from oxides at 298.15 K, with constant, within the 

experimental uncertainty, Ca surroundings and heat capac-

ity of the glasses in the 370–830 K temperature range. The 

newly determined high-quality experimental data may be 

further used for the construction of physico-chemical mod-

els of glasses and liquids containing CaO, MgO and Al2O3, 

which may be of interest in various fundamental and ap-

plied fields. 
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