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Abstract. The change of structural properties of Al2O3-SiO2-CaO oxide during the 

cooling process was studied using the molecular dynamic simulation. The 

microstructures of the sample were investigated through the radial distribution 

function (RDF), coordination number (CN), and bond angle (BA) distribution. The 

results show a structural change from the liquid state to the amorphous state when 

the sample is cooled from 4000 K to 300 K. The glass transition occurs at Tg = 1585 K. 

The fraction of AlO4, CaO6, and SiO4 units increases with decreasing temperature 

and dominates at 300 K.  
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1.   Introduction 

The microstructural and thermodynamic properties of Al2O3-SiO2-CaO oxides are 

important topics of both theoretical and experimental studies [1], [2]. Al2O3-SiO2-CaO 

oxides are a significant component of magmas on Earth, where their thermodynamic 

properties strongly depend on their microstructural characteristics [3]. The structure of 

Al2O3-SiO2-CaO oxides is a network structure with intermixed oxides SiO2 and Al2O3 

forming a tetrahedral network. The addition of Ca2+ cation into the SiO4 and AlO4 

tetrahedral network leads to the formation of nonbridging oxygens (NBOs) alongside the 

bridging oxygens - BOs [4]. So Ca2+ cations play the role of network modifier. BO sites 

link AlO4 or SiO4 tetrahedral to form strong bonds, while NBO sites connect AlO4 or SiO4 

tetrahedrons to Ca2+ to form relatively weak bonds. In the liquid state, Al2O3-SiO2-CaO oxides 

have an Al-O network containing mostly AlO4 units and a small fraction of AlO3 and 

AlO5 units. The Si-O network contains mostly SiO4 units and a very small fraction of 

SiO3 units. The Ca-O network contains CaO4, CaO5, CaO6, CaO7, and CaO8 units, with 
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CaO6 units being the main component. In the glass state, Al2O3-SiO2-CaO oxides have a 

negligible fraction of AlO3 and AlO5 units, while the fraction of CaO6 units increases 

significantly and no SiO3 units are detected [4]-[7]. Atomic-level simulation studies have 

investigated the structural properties and phase transition of Al2O3-SiO2-CaO oxide [8]-[9]. 

The simulation results of structural properties, such as the bond lengths of Al-O, Si-O, 

and Ca-O, the CN of O atoms around Al, Si, and Ca atoms are in good agreement with 

the experimental data.  The simulation results of bond angle distribution showed that the 

O-Si-O bond angle distribution has a peak at 108.2, which is close to the angle of a 

regular tetrahedron, 109.4. Meanwhile, the O-Al-O BA distribution is wider than the 

O-Si-O angle distribution and has a peak at 107.2. Thus, both experiments and 

simulations show that Al2O3-SiO2-CaO oxide has an Al-O, Si-O, and Ca-O network 

structure with the main structural units being AlO4, SiO4, and CaO6. In this study, we 

investigated the structural characteristics of Al2O3-SiO2-CaO oxide during the cooling 

process using MD simulation. Structural analysis such as PRDF, CN, and bond angle 

distribution are used to clarify the phase transition from liquid to glass state. 

2.   Content 

2.1. Computational method 

MD simulation was used to construct Al2O3-SiO2-CaO samples at different 

temperatures after the cooling process. In this study, to describe the interaction between 

atoms, we use the following potential function [10]:  
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This function includes two components: the long-range Coulomb force (
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). The parameters of 

Buckingham potentials are shown in Table 1.   

Table 1. The Buckingham potential parameters [10] 

Pair Aij (eV) ρij (Å) Cij (eV•Å6) 

Al-O 12201.417 0.195620 31.997 

Si-O 13702.905 0.193810 54.681 

Ca-O 7747.1834 0.252623 93.109 

O-O 2029.2204 0.343640 192.58 

Periodic boundary conditions are used to construct the simulation cubic box. The 

sample contains 10000 atoms with 6000 O atoms, 1000 Al atoms, 1500 Si atoms, and 

1500 Ca atoms. First, the simulation box was heated at a temperature of 4000 K for 100 ps 
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and a pressure of 1 atm in NPT ensembles (constant pressure and temperature). Then, the 

sample was cooled from 4000 K to 300 K using the cooling rate of 4 K/ps. During the 

cooling process, the coordinates of atoms in the sample are saved at determined 

temperatures for structural analysis such as total RDF, PRDF, distribution of CN, and 

BA distribution.  

2.2. Results and discussions 

 
Figure 1. The potential energy of the sample during the cooling process 

During the cooling process, we determined the average PE of atoms at the given 

temperatures.  The evolution of the PE during the cooling process of the sample from 4000 K 

to 300 K is shown in Figure 1. When the temperature decreases, we observe a decrease 

in the value of PE. This result indicates that the system returns to a more stable state at a 

temperature of 300 K. To find the glass transition temperature, we determined the position 

where the slope of PE dependence on temperature changes between high and low-

temperature regions. Accordingly, the Tg of Al2O3-SiO2-CaO oxide is 1585 K. The glass 

transition temperature of this material sample, Tg=1585 K, is consistent with the 

experimental [6] and MD simulation data [8]. The structural change of the sample is 

shown by examining the change of both the total RDF and the pair RDF. Figure 2 depicts 

the total RDF of Al2O3-SiO2-CaO oxide at different temperatures during the cooling 

process from 4000 K to 300 K.  

 

Figure 2. The total radial distribution function of the sample during the cooling process   
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The result in Figure 2 shows that at a high temperature of 3800 K, the total RDF 

curve has a high first peak with a fairly large width, and the second peak is lower and 

narrower. This indicates that the Al2O3-SiO2-CaO oxide has a short-range order structure 

at 3800 K. As the temperature decreases, the height of the first peak of the total RDF 

increases and the width of the first peak narrows. It demonstrates that the sample becomes 

more ordered during the cooling process.  

 

 

 

Figure 3. The pair radial distribution function (PRDF) of X-O (X: Al, Si, Ca, O) pair 

of the sample during the cooling process 

Figure 3 depicts the PRDFs of Al-O, Si- O, Ca- O, and O-O pairs. The result shows 

that for all pairs, the first peak increases in height as temperature decreases. This indicates 

that the structure of the sample becomes more ordered as the temperature decreases. From 

the position of the first peak of the PRDF, we calculate the average bond length (BL) of 

atoms in the sample. For the Al-O pair, the position of the first peak increases from 1.71 

Å at 3800 K to 1.77 Å at 300 K. Therefore, the average Al-O BL is a 1.71 Å and 1.77 Å 

at temperatures of 3800 K and 300 K, respectively. For the Si- O pair, the average Si - O 

BL is 1.61 Å and this value does not change with temperature.  The average Ca -O BL is 

2.27 Å at 3800 K and increases to the value of 2.39 Å at 300 K. In contrast to Al-O, Si- 

O and Ca- O, the position of the first peak of the PRDF for O- O pair decreases from 2.67 Å 

at 3800 K to 2.59 Å at 300 K. The Al-O, Si-O, and Ca-O BLs of sample are in good 
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agreement with experiment data: 1.76  0.02 Å for Al-O, 1.62  0.02 Å for Si-O and 

2.35  0.05 Å for Ca-O [6], [7]. 

 

 

 

Figure 4. The pair radial distribution function (PRDF) of the X-Y (X, Y: Al, Si, Ca) 

pair of the sample during the cooling process   
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The PRDFs curves of the remaining pairs in the sample are shown in Figure 4. The 

PRDF curves have a strong disturbance at high temperatures indicating strong relative 

motion between two atoms. The atoms with the most displacement are Ca atoms and those 

with the least displacements are Si atoms. As the temperature decreases, the thermal 

motion of these atoms decreases. The distribution of several O coordination of Al, Si, and 

Ca atoms changes with the change in temperature as shown in Figure 5. For the CN 

distribution of Si atoms, most Si atoms have four neighboring O atoms forming SiO4 

tetrahedral at temperature low-temperature regions. At high temperatures, there is a small 

fraction of SiO3 units. For Al-O CN distribution, at high temperatures, most Al atoms 

have four-fold and three-fold CN forming AlO4 and AlO3 units, respectively. As the 

temperature drops below 2000 K, the fraction of AlO4 units gets the maximum value of 

99.4 % at 300 K. The distribution of neighboring O atoms of Ca atoms is quite different 

from that of neighboring O atoms of Al and Si atoms. The number of neighboring O atoms 

of Ca atoms varies from 2 to 8 atoms. Fractions of CaO4, CaO5, CaO6, and CaO7 are 3.93 %, 

26.93 %, 45.40 %, and 20.4 % respectively, at 300 K. The results for the number of 

coordination atoms of O around the Al, Si, and Ca atoms are consistent with previous 

research results [4]-[7].   

 

 
Figure 5. The distribution of coordination number of Al, Si, and Ca atoms  

at different temperatures 
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Figure 6. The distribution of O-Al-O, O-Si-O and O-Ca-O bond angles in AlO4, SiO4 

and CaO6 respectively, at different temperatures 

To clarify the structural properties of the Al2O3-SiO2-CaO oxide system, the O-Al-O, 

O-Si-O, and O-Ca-O BA distributions in AlO4, SiO4, and CaO6 units respectively are 

calculated and shown in Fig.6. We observe that the distribution of O-Al-O BA is broad 

and has a peak at 109.5 at 3800 K and it has a peak at 106.5 at 300 K. This indicates 

that atoms have four neighboring O atoms forming AlO4 regular tetrahedron at 300 K. 

The average O-Si-O BA is about 106.5 at 300 K, similar to the average O-Al-O BA. The 

distribution of O-Ca-O BA has a peak at 88.5 at 300 K. This means that the octahedron 

formed by 6 O atoms and Ca atoms tends to be a regular octahedron at 300 K.  

3.  Conclusions 

The microstructural properties of Al2O3-SiO2-CaO oxide were computed using 

molecular dynamics simulations. The structural analyses used include the RDF, PRDF, 

CN distribution, and BA distribution. The glass transition temperature was characterized 

by the change of potential energy during the cooling process and it occurs at Tg =1585 K. 

The fraction of AlO4, CaO6, and SiO4 units increases with the decreasing of temperature 

and dominates at a temperature of 300 K.  
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