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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 = Al,O3;) 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 Q*/Q? 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 Ci12A7-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).

Key findings
e Al is in fourfold coordination in all the studied glass samples, with increasing the Q%/Q>
ratio in the C12A7-C8 M4A7 composition range.

e There is no excess composition dependence, within experimental uncertainty, of
the heat capacity in the C12A7-C8 M4A7 composition range in the 370-830K temper-
ature interval.

e The enthalpy of formation from constituent oxides at 298.15 K was found to be
greater for C8M4A7 than for C12A7 glasses.
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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
Ca0-Al:0O; binary system. Additional information is pre-
sented for the SrO-Al.O; and BaO-Al:O3 binary systems. It is
also noted that it is impossible to synthesize glasses in the
MgO-AlL:O; binary system even using fast-quench methods
[9], since Mg?** forms a very stable spinel with alumina
(MgAl.04), 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-Al:0O5 binary system it is possible to synthe-
size glasses for compositions ranging from C3A (CazAlz0s)
to CA (CaAl:04) [9]. Moreover, glasses close to the C12A7
(Cai2Al14033) 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
Q? in the literature) and 4 (Q%) 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 Ca0-Al.O5 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 Ca0-MgO-Al>03-SiO= quaternary system
[18-25] in the literature, but for the CaO-MgO-Al:O3 ternary
system (without SiOz) 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 (Ca:-xMgx)0-Al:03 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 Ca0-Al.O3; 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
(Cai-xMgx)0-Al:05 ternary system.

2. Experimental Section

2.1. Starting materials

The following raw materials supplied by Alfa Aesar were
used in this work: CaCOs3 (>99.95%), a-Al.03 (>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 a-Al.O3 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
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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 CO.. 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 SiO- 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 Pt** 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-Al.O3 and the ternary CaO-
Al>,03-MgO systems were selected for our study correspond-
ing to the Ci12A7-“M12A7” section (cement notation:
C = Ca0O, M = MgO and A = Al:03). 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
(Cai2Al14033: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.
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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.

x, % *
Name M, g/mol
CaO MgO Al 0, Sio, ox X2
C12A7 62.9 (63.2) o (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)
CoM3A7 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 Fe,03, ZrO,, P,O5 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 CaCOs, per-
ovskite CaTiOs, 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 mm? 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 lig-
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:

m
dy=d; - —=

pp—— €Y

where ma and m: are the weight of sample in air and tolu-
ene, respectively, d: - 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 (7Tg) of the studied glasses
was experimentally measured by differential scanning
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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 K.SO, (solid-solid
transition; melting point), CaF. (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 Al>O3 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 C8BM4A7 glass sample in a
lead borate solvent (n(PbO) / n(B203) = 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(H20) < 5-10%)
was bubbled through the solvent at a rate of 5 mL/min. This
ensured constant mixing and maintained a high oxygen
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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 o for all interaction
pairs:

q:9; Oii —T1i: C:: 6 D 8
-8 {322,

where i, j represent different ions, and ry 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 Al.O3; 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 (Ci12A7: Ca - 2035, Al - 2374, O - 5596;
Ci11M1A7: Ca - 1865, Mg - 170, Al - 2374, O - 5596;
Cio0M2A7: 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 1fs. 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 10" K/s, and equilibrated again at this new temperature
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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 (gii(r)) was determined (see
Equation 3):

N n;(r)

9i1(r) = V47tr5-Ar'

(3)

where nij(r) represents the mean number of particles j in a
spherical shell of radius r and thickness Ar 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:

Tmin

CNyp = 47T.0xoj ngio(r)dr, (4)

0
where p 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:

Iy 1w
H(T,P) = EZ miviz + 5 z u(ri]-) + PV, (5)
i=1 i<j=1
where Pex: 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:

AH(T, P)>
—ar )

Cy(T,P) = < 6)

aT

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 (NacCl
structure type), Al.O; (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 [4lAl/[61A]l 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 Bi1 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 AlO,4 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 Ca0-ALOj3 system such as C3A, C12A7 and CA [11]. In a
C12A7 glass, it was indirectly shown that Al has surround-
ings between Q% and Q% [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 Ci2A7-
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 A. At higher temperature
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(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-
Al,05 and Ca0-Al.03-SiO- systems [11-13].
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g C9M3A7
83
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8 C10M2A7
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[1v] 5]
8 Cl11M1A7
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©
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Figure 1 Normalized Al K-edge XANES spectra of studied glasses.
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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 A. 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 A. 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
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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 Ca0-Al.03-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 Ci12A7 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-Al.O3-
SiO2 quaternary system with low (~4 mol.%) SiO- 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 C9QM3A7 and C8 M4A7. 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 Tj are in brackets.

Name M, g/mol * d, g/mL e [IHIT0 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)

CoM3A7 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 ~129% 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 Ci2A7, CioM2A7 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.

80
701
60 1
50 1
B
- £ 40+
Q
L 304
201
DSC (this work)
10 P Adiabatic calorimetry [16]
——~- Voronin's model (from [16])
0 —— Voronin's model (this work)
0 200 400 600 800

T,K

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).
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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 S1in [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 C1o0M2A7 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
ay 0.048+0.002 65, K 268+5
6, K 71+1 a, 1.205+0.017
a, 0.225+0.013 6, K 549+10
6,,K 14043 as 0.944+0.026
as 0.785+0.015 05, K 1115+19
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Figure 5 Differences between experimental heat capacity (Table S1
(this work) and Table S1in [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, C1oM2A7 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 Ci12A7 (112.4 J/(mol-K)),
Ci10M2A7 (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
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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 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-

final value was

uent oxides of C8M4A7 glass sample, a thermochemical cy-
cle was used (Table 4).

1201

110+

== C12A7 MD
C1O0M2A7 MD
== C8M4AT MD
— GUrvich estimation [46]
== C12A7 DSC
C1OM2A7 DSC
== C8M4AT DSC

50

750 1000 1250 1500 1750 2000 2250
T, K

500

Figure 6 Heat capacity of C12A7, C10M2A7 and C8M4A7 glasses
measured by DSC (colored solid lines) and calculated heat capacity
of C12A7, C1o0M2A7 and C8M4A7 glasses / liquids by classical mo-
lecular dynamics (dashed lines). Black solid line - estimation of
heat capacity of liquid C12A7, C1o0M2A7 and C8M4A7 samples by
Gurvich [46] (since suggested C, of liquid CaO and MgO are the
same [46], the estimated heat capacity for all studied samples is
also the same).

35
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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 (mM;y=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, Al.Os,
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 C8 M4A7 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-Al:03 system and immediate crystallization of stable
crystalline MgAl.O4, we cannot obtain a variation of the en-
thalpy of formation from oxides at 298.15 K for the whole
series. The that the
AtHox(298.15) of C12A7 glass (the value was taken from
[16]) increases with increasing replacement of CaO by MgO

conclusion is value of

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,
We the
AfHox(298.15) increasing with increasing replacement of

respectively). found same trend 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
AtHox(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)Ay 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:

e agood agreement on structural, dynamic and thermody-
namic properties of C12A7 glass with the literature data
[11-13,16,43] was observed;

« Alis in fourfold coordination in all studied glass samples.

The Q%/Q* ratio is increasing in the Ci12A7-C8M4A7
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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.

AH, = -7.08+2.31

CaoO (cr, 208.15) — CaO (aiss, 1073) kJ/mol [47]

AH, = 42.09+0.41

Mgo (cr, 298.15) — Mgo (diss, 1073) k]/mol [48]

AH; = 120.1240.17

C(-A1203 (cr, 298.15) > A1203 (diss, 1073) k]/mol [48]

(CaO)o.421(Mg0)0.211(A1203)o.363 (al,
298.15)

(Cao)0.421(Mg0)0.211(A1203)04368 (diss,

1073)

AH, = 29.5+1.4 kJ/mol
[this work] (12)

0.421Ca0 (o1, 208.15) + 0.211MgO (o,
208.15) T 0-368A1203 (cr, 298.15) —
(CaO)o.421(Mg0)0.211(A1203)o.363 (al,

298.15)

AfHoy 29815(C8M4A7, gl) = 0.421AH,; + 0.211AH, + 0.368AH; — AH,
= 20.6 £+ 2.6 k]/mol

A¢Hoy 20515 (C8M4A7, gl) *

* 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

AtH ox,293.15(C8M4A7, gl) by 0.1 kJ/mol.

704 /
601
50
l?lg —— FactSage estimation [49]
% 40+ —— MD simulation (this work)
o ® Drop-solution calorimetry (this work)
E- 30 ® Drop-solution calorimetry [16]
201 _ e mmmmmmmmmS x)
e
101 /
0 4
0.00 0.05 0.10 0.15 0.20
XmMgo

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.

e 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;
+ alinear 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;

e 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 (Cai-xMgx)O-Al:O3 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/Q? ratio, decreases the density and glass-tran-
sition temperature, increases the enthalpy of formation

ARTICLE

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 Al»O3,
which may be of interest in various fundamental and ap-
plied fields.
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ure S5: Molar volume of studied glass at room temperature, cal-
culated from the experimental density; Figure S6: Glass transi-
tion temperature of studied glasses, as measured by DSC; Figure
S7: The raw DSC curves of studied samples for glass transition
temperature determination; Figure S8: Temperature dependence
of density of C12A7, CloM2A7 and C8M4A7 glasses, obtained by
classical molecular dynamics simulations; Figure S9: Tempera-
ture dependence of heat content of C12A7, CloM2A7 and C8M4A7
glasses, obtained by classical molecular dynamics simulations;
Table S1: Experimental molar heat capacity of glassy C12A7 sam-
ple per 1 mole of formula unit of glass; Table S2: Experimental
molar heat capacity of glassy C1loM2A7 sample per 1 mole of for-
mula unit of glass; Table S3: Experimental molar heat capacity of
glassy C8M4A7 sample per 1 mole of formula unit of glass; Table
S4: Smoothed thermodynamic properties of Ci12A7 glass; Table
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solvent from room temperature to calorimetry temperature.

Data availability statement

The data presented in this study are available in this article and
in Supplementary materials.

Acknowledgments
The authors acknowledge SOLEIL for provision of synchrotron ra-
diation facilities (proposal ID #20221616) and would like to thank
Nicolas Trcera and other LUCIA staff for assistance in using the
beamline. Also, the authors acknowledge Alexander Pisch, Noel
Jakse and Daniel R. Neuville for their help in conducting experi-
ments and MD simulations.

Author contributions
Conceptualization: A.V.K., I.LA.U.
Formal Analysis: A.S.A., G.M.Z.
Funding acquisition: A.V.K., .LA.U.
Investigation: A.S.A., G.M.Z., S.V.K.
Methodology: A.S.A., S.V.K., AV.K.
Resources: A.V.K.
Supervision: I.LA.U.
Validation: A.S.A., S.V.K.
Visualization: A.S.A., G.M.Z., S.V.K.
Writing - original draft: A.S.A.
Writing - review & editing: A.V.K., I.A.U.

Conflict of interest

The authors declare no conflict of interest.

Additional information
Author IDs:
Anatoly S. Arkhipin, Scopus ID 57191052382;
Georgii M. Zhomin, Scopus ID 57968211300;
Semen V. Kuzovchikov, Scopus ID 57499954100;

from oxides at 298.15 K, with constant, within the
Alexandra V. Khvan, Scopus ID 57201179959;
10 of 12 DOI: 10.15826/chimtech.2025.12.2.18


https://doi.org/10.15826/chimtech.2025.12.2.18
https://www.scopus.com/authid/detail.uri?authorId=57191052382
https://www.scopus.com/authid/detail.uri?authorId=57968211300
https://www.scopus.com/authid/detail.uri?authorId=57499954100
https://www.scopus.com/authid/detail.uri?authorId=57201179959

Chimica Techno Acta 2025, vol. 12(2), No. 12218

Irina A. Uspenskaya, Scopus ID 6603808473.

Website:
Lomonosov Moscow State University, https://msu.ru/en/.

References

10.

11.

12.

13.

14.

15.

16.

17.

Pashtoon MI. Miakhil S, Behsoodi MM. Waste Glass Powder
“An Alternative of Cement in Concrete”: A Review. Int J Curr
Res Rev. 2022;05:2541-9. d0i:10.47191/ijcsrr/V5-i7-39
El-Sayed Seleman MM, El-kheshen AA, Kharbish S, Ebrahim
WR. Utilization of Cement Kiln Dust for the Preparation of
Borosilicate Glass. Interceram Int Ceram Rev. 2020;69:26-
33.d0i:10.1007/542411-020-0426-8

Shearer A, Hauke B, Montazerian M, Mauro JC. A critical re-
view of infrared transparent oxide glasses. Opt Mater X.
2023;20:100258. doi:10.1016/j.0mx.2023.100258

de Aratijo CB, Kassab LRP, da Silva DM. Optical properties of
glasses and glass-ceramics for optical amplifiers, photovol-
taic devices, color displays, optical limiters, and Random La-
sers. Opt Mater. 2022;131:112648.
doi:10.1016/j.0ptmat.2022.112648

Alzahrani AS. A Review of Glass and Crystallizations of Glass-
Ceramics. Adv Mater Phys Chem. 2022;12:261-88.
doi:10.4236/ampc.2022.1211018

Almendro-Candel MB, Jordan Vidal MM. Glasses, Frits and
Glass-Ceramics: Processes and Uses in the Context of Circular
Economy and Waste Vitrification. Coatings. 2024;14:346.
doi:10.3390/coatings14030346

Du P, Yuan P, Liu J, Ye B. Clay minerals on Mars: An up-to-
date review with future perspectives. Earth Sci Rev.
2023;243:104491. doi:10.1016/j.earscirev.2023.104491
Musgraves JD, Hu J, Calvez L, eds. Springer Handbook of
Glass. Springer Nature; 2019. 1841p.

Neuville DR, Henderson GS, Dingwell DB, eds. Geological
melts. Vol. 87. Walter de Gruyter GmbH & Co KG; 2022.
1088p.

McMillan P, Piriou B. Raman spectroscopy of calcium alumi-
nate glasses and crystals. J Non Cryst Solids. 1983;55:221-42.
do0i:10.1016/0022-3093(83)90672-5

Neuville DR, Henderson GS, Cormier L, Massiot D. The struc-
ture of crystals, glasses, and melts along the CaO-Al,O; join:
Results from Raman, Al L- and K-edge X-ray absorption, and
27Al NMR spectroscopy. Am Mineral. 2010;95:1580-9.
doi:10.2138/am.2010.3465

Neuville DR, Cormier L, de Ligny D, Roux J, Flank A-M,
Lagarde P. Environments around Al, Si, and Ca in aluminate
and aluminosilicate melts by X-ray absorption spectroscopy
at high temperature. Am Mineral. 2008;93:228-34.
doi:10.2138/am.2008.2646

Neuville DR, Cormier L, Flank A-M, Briois V, Massiot D. Al
speciation and Ca environment in calcium aluminosilicate
glasses and crystals by Al and Ca K-edge X-ray absorption
spectroscopy. Chem Geol. 2004;213:153-63.
doi:10.1016/j.chemge0.2004.08.039

Hallstedl B. Assessment of the Ca0-Al,O; System. ] Am Ceram
Soc. 1990;73:15-23. d0i:10.1111/j.1151-2916.1990.tb05083.x
Richet P, Nidaira A, Neuville DR, Atake T. Aluminum specia-
tion, vibrational entropy and short-range order in calcium
aluminosilicate glasses. Geochim Cosmochim Acta.
2009;73:3894-904. d0i:10.1016/j.gca.2009.03.041

Arkhipin AS, Pisch A, Zhomin GM, Kuzovchikov S V, Khvan A
V., Smirnova NN, Markin AV, Kovalenko NA, Uspenskaya IA.
Thermodynamic properties of selected glasses in the CaO-
Al,05-TiO, system. J Non Cryst Solids. 2023;603:122098.
doi:10.1016/j.jnoncrysol.2022.122098

Navrotsky A, Peraudeau G, McMillan P, Coutures J-P. A ther-
mochemical study of glasses and crystals along the joins sil-
ica-calcium aluminate and silica-sodium aluminate. Geochim
Cosmochim Acta. 1982;46:2039-47. do0i:10.1016/0016-
7037(82)90183-1

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

11 of 12

ARTICLE

Abel BM, Mauro JC, Smedskjaer MM, Morgan JM, Lapierre CL,
Swan GR, Mack ME, Ellison AJ. Liquidus surface of MgO-CaO-
Al,0;-Si0, glass-forming systems. J Non Cryst Solids.
2013;363:39-45. doi:10.1016/j.jnoncrysol.2012.12.020
Hamdan A, Hajimohammadi A, Rawal A, Kim T. The intrinsic
role of network modifiers (Ca versus Mg) in the reaction ki-
netics and microstructure of sodium silicate-activated CaO-
MgO0-Al,0;-Si0, glasses. Cem Concr Res. 2023;164:1-16.
doi:10.1016/j.cemconres.2022.107058

Veit U, Riissel C. Density of quaternary glasses in the MgO-
Ca0-Al,0;-Si0,-system—modeling vs measurement. Int J Appl
Glass Sci. 2017;8:301-12. doi:10.1111/ijag.12263

Oprea C, Togan D, Popescu C. Structure and properties of
glasses with a low amount of SiO, in a quaternary system of
Al,0;-Si0,-Ca0-MgO. Thermochim Acta. 1992;194:165-73.
do0i:10.1016/0040-6031(92)80015-0

Mongalo L, Lopis AS, Venter GA. Molecular dynamics simula-
tions of the structural properties and electrical conductivities
of Ca0-MgO-Al,0;-SiO, melts. J Non Cryst Solids.
2016;452:194-202. doi:10.1016/j.jnoncrysol.2016.08.042
Nie S, Thomsen RM, Skibsted J. Impact of Mg substitution on
the structure and pozzolanic reactivity of calcium aluminosil-
icate (Ca0-Al,05-Si0,) glasses. Cem Concr Res. 2020;138:1-
16. doi:10.1016/j.cemconres.2020.106231

Veit U, Riissel C. Viscosity and liquidus temperature of qua-
ternary glasses close to an eutectic composition in the CaO-
MgO-Al,0;-Si0, system. J Mater Sci. 2017;52:8280-92.
d0i:10.1007/510853-017-1044-3

Neuville DR, Cormier L, Montouillout V, Florian P, Millot F,
Rifflet J-C, Massiot D. Structure of Mg- and Mg/Ca alumino-
silicate glasses: *?A1 NMR and Raman spectroscopy investiga-
tions. Am Mineral. 2008;93:1721-31.
doi:10.2138/am.2008.2867

Sugimura T, Deura T, Sakamoto K, Sukenaga S, Saito N,
Nakashima K. Effect of Li,O Addition on Crystallization Be-
havior of CaO-Al,0;-MgO Based Inclusions. ISIJ Interna-
tional. 2011;51:1982-6. doi:10.2355/isijinternational.51.1982
Kucharczyk S, Zajac M, Stabler C, Thomsen RM, Ben Haha M,
Skibsted J, Deja J. Structure and reactivity of synthetic CaO-
Al,05-Si0, glasses. Cem Concr Res. 2019;120:77-91.
doi:10.1016/j.cemconres.2019.03.004

Zajac M, Skocek J, Lothenbach B, Mohsen BH. Late hydration
kinetics: Indications from thermodynamic analysis of pore
solution data. Cem Concr Res. 2020;129:105975.
doi:10.1016/j.cemconres.2020.105975

Farges F, Neuville DR, Brown GE. Structural investigation of
platinum solubility in silicate glasses. Am Mineral.
1999;84:1562-8. doi:10.2138/am-1999-1009

Newville M. Larch: An Analysis Package for XAFS and Related
Spectroscopies. J Phys Conf Ser. 2013;430:012007.
doi:10.1088/1742-6596/430/1/012007

Richet P, Whittington A, Holtz F, Behrens H, Ohlhorst S,
Wilke M. Water and the density of silicate glasses. Contrib
Mineral Petrol. 2000;138:337-47.
doi:10.1007/5004100050567

Standard Material 720, Synthetic Sapphire (a-Al,O;), Na-
tional Bureau of Standards. 1982.

Jakse N, Alvares CMS, Pisch A. Ab initio based interionic in-
teractions in calcium aluminotitanate oxide melts: structure
and diffusion. J Phys Condens Matter. 2021;33:285401.
doi:10.1088/1361-648X/abfcof

Arkhipin AS, Pisch A, Uspenskaya IA, Jakse N. A Molecular
Dynamics Simulation Study of Crystalline and Liquid MgO.
Ceramics. 2024;7:1187-203. doi:10.3390/ceramics7030078
Gissinger JR, Nikiforov I, Afshar Y, Waters B, Choi M, Karls
DS, Stukowski A, Im W, Heinz H, Kohlmeyer A, Tadmor EB.
Type Label Framework for Bonded Force Fields in LAMMPS. J
Phys Chem B. 2024;128:3282-97.
doi:10.1021/acs.jpcb.3c08419

Li D, Bancroft GM, Fleet ME, Feng XH, Pan Y. Al K-edge
XANES spectra of aluminosilicate minerals. Am Mineral.
1995;80:432-40. doi:10.2138/am-1995-5-602

DOI: 10.15826/chimtech.2025.12.2.18


https://doi.org/10.15826/chimtech.2025.12.2.18
https://www.scopus.com/authid/detail.uri?authorId=6603808473
https://msu.ru/en/
https://doi.org/10.47191/ijcsrr/V5-i7-39
https://doi.org/10.1007/s42411-020-0426-8
https://doi.org/10.1016/j.omx.2023.100258
https://doi.org/10.1016/j.optmat.2022.112648
https://doi.org/10.4236/ampc.2022.1211018
https://doi.org/10.3390/coatings14030346
https://doi.org/10.1016/j.earscirev.2023.104491
https://doi.org/10.1016/0022-3093(83)90672-5
https://doi.org/10.2138/am.2010.3465
https://doi.org/10.2138/am.2008.2646
https://doi.org/10.1016/j.chemgeo.2004.08.039
https://doi.org/10.1111/j.1151-2916.1990.tb05083.x
https://doi.org/10.1016/j.gca.2009.03.041
https://doi.org/10.1016/j.jnoncrysol.2022.122098
https://doi.org/10.1016/0016-7037(82)90183-1
https://doi.org/10.1016/0016-7037(82)90183-1
https://doi.org/10.1016/j.jnoncrysol.2012.12.020
https://doi.org/10.1016/j.cemconres.2022.107058
https://doi.org/10.1111/ijag.12263
https://doi.org/10.1016/0040-6031(92)80015-O
https://doi.org/10.1016/j.jnoncrysol.2016.08.042
https://doi.org/10.1016/j.cemconres.2020.106231
https://doi.org/10.1007/s10853-017-1044-3
https://doi.org/10.2138/am.2008.2867
https://doi.org/10.2355/isijinternational.51.1982
https://doi.org/10.1016/j.cemconres.2019.03.004
https://doi.org/10.2138/am-1999-1009
https://doi.org/10.1088/1742-6596/430/1/012007
https://doi.org/10.1007/s004100050567
https://doi.org/10.1088/1361-648X/abfc0f
https://doi.org/10.3390/ceramics7030078
https://doi.org/10.1021/acs.jpcb.3c08419
https://doi.org/10.2138/am-1995-5-602

Chimica Techno Acta 2025, vol. 12(2), No. 12218

37.

38.

39.

40.

41.

42.

Ildefonse P, Cabaret D, Sainctavit P, Calas G, Flank A-M,
Lagarde P. Aluminium X-ray absorption Near Edge Structure
in model compounds and Earth’s surface minerals. Phys
Chem Miner. 1998;25:112-21. d0i:10.1007/5002690050093
Cabaret D, Sainctavit P, Ildefonse P, Flank A-M. Full multiple-
scattering calculations on silicates and oxides at the Al K
edge. J Phys Condens Matter. 1996;8:3691-704.
doi:10.1088/0953-8984/8/20/015

Combes JM, Brown Jr GE, Waychunas GA. X-ray absorption
study of the local Ca environment in silicate glasses. XAFS VI,
Sixth Int’l Conf on X-ray Absorption Fine Structure Edited by
SS Hasnain, Ellis Horwood, Chichester, UK. 1991;312-4.
Guignard M, Cormier L. Environments of Mg and Al in MgO-
Al,05-Si0, glasses: A study coupling neutron and X-ray dif-
fraction and Reverse Monte Carlo modeling. Chem Geol.
2008;256:111-8. d0i:10.1016/j.chemge0.2008.06.008
Shimoda K, Tobu Y, Hatakeyama M, Nemoto T, Saito K. Struc-
tural investigation of Mg local environments in silicate
glasses by ultra-high field *>Mg 3QMAS NMR spectroscopy.
Am Mineral. 2007;92:695-8. doi:10.2138/am.2007.2535
Shimoda K, Tobu Y, Shimoikeda Y, Nemoto T, Saito K. Multi-
ple Ca** environments in silicate glasses by high-resolution
43Ca MQMAS NMR technique at high and ultra-high (21.8T)
magnetic fields. ] Magn Reason. 2007;186:156-9.
do0i:10.1016/j.jmr.2007.01.019

12 of 12

43.

44.

45.

46.

47.

48.

49.

ARTICLE

El Hayek R, Ferey F, Florian P, Pisch A, Neuville DR. Struc-
ture and properties of lime alumino-borate glasses. Chem
Geol. 2017;461:75-81. doi:10.1016/j.chemge0.2016.11.025
Alvares CMS, Deffrennes G, Pisch A, Jakse N. Thermodynam-
ics and structural properties of CaO: A molecular dynamics
simulation study. J Chem Phys. 2020;152:084503.
doi:10.1063/1.5141841

Voronin GF, Kutsenok IB. Universal Method for Approximat-
ing the Standard Thermodynamic Functions of Solids. J Chem
Eng Data. 2013;58:2083-94. d0i:10.1021/je400316m
Glushko VP, Gurvich LV, Bergman GA, Veyts IV, Medvedev
VA, Khachkuruzov GA, Yungman VS. Thermodynamic proper-
ties of individual substances. Vol. III. Moscow: Nauka; 1981.
471p.

Cheng J, Navrotsky A. Energetics of La,_xACrO;_s perovskites
(A=Ca or Sr). J Solid State Chem. 2005;178:234-44.
d0i:10.1016/j.js5€.2004.11.028

Navrotsky A. Progress and New Directions in Calorimetry: A
2014 Perspective. ] Am Ceram Soc. 2014;97:3349-59.
doi:10.1111/jace.13278

Bale CW, Bélisle E, Chartrand P, Decterov SA, Eriksson G,
Gheribi AE, et al. Reprint of: FactSage thermochemical soft-
ware and databases, 2010-2016. CALPHAD. 2016;55:1-19.
doi:10.1016/j.calphad.2016.07.004

DOI: 10.15826/chimtech.2025.12.2.18


https://doi.org/10.15826/chimtech.2025.12.2.18
https://doi.org/10.1007/s002690050093
https://doi.org/10.1088/0953-8984/8/20/015
https://doi.org/10.1016/j.chemgeo.2008.06.008
https://doi.org/10.2138/am.2007.2535
https://doi.org/10.1016/j.jmr.2007.01.019
https://doi.org/10.1016/j.chemgeo.2016.11.025
https://doi.org/10.1063/1.5141841
https://doi.org/10.1021/je400316m
https://doi.org/10.1016/j.jssc.2004.11.028
https://doi.org/10.1111/jace.13278
https://doi.org/10.1016/j.calphad.2016.07.004

