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The molecular dynamics (MD) simulation method was used to study the influence of the Al2O3-RO (R = Ca, Mg) ratio  
on the structure and properties of CaO-MgO-Al2O3-SiO2-Na2O glass at high temperatures. The micro-structure 
characteristics, degree of network polymerisation (DNP), and high-temperature viscosity of the glass melts were analysed. 
The results showed that the coordination number of Si4+ and Al3+ remained about 4 in the process of replacing Al2O3 with RO.  
The silicon-oxygen and aluminium-oxygen tetrahedron content showed a decreasing trend with a decrease in the Al2O3 
content, the bridging oxygen content decreased, and the degree of the network polymerisation of the glass decreased 
from 3.33 to 2.79. The decrease in the Al2O3 content also caused a rapid decrease in the glass fibre-forming temperature 
from 1637.66 K to 1552.87 K. According to the molecular dynamics calculation, the linear relationship between the DNP  
and fibre-forming temperature was obtained.

INTRODUCTION

	 High-performance glass fibre has the advantages 
of high specific strength, high temperature resistance, 
corrosion resistance, etc., and is widely used in the 
aerospace, automotive lightweight, and wind energy 
industries [1, 2]. High-performance glass fibre is mainly 
based on alkaline earth aluminosilicate glass system, 
including CaO-MgO-Al2O3-SiO2-Na2O (CMASN) glass 
systems, which has good chemical stability, electrical 
insulation, mechanical properties, and a low thermal 
expansion coefficient. However, due to the special com-
position, the high-temperature viscosity of CMASN glass 
is high, and correspondingly, the melting temperature is 
high. The structure of the glass determines the change 
in the viscosity of the glass melt with the temperature, 
and the main factor determining the change in the glass 
structure is the various oxides content [3, 4].
	 Up to now, the structure of CMASN glass has 
been systematically studied through experiments. Many 
researchers have also established a connection between 
the properties of the glass and its composition, and 
there are many studies on optimising the properties 
of CMASN glass by adjusting the composition  
of the glass. Tobias K. Bechgaard et al. [5] used Raman 
spectroscopy to study the effect of the MgO/CaO ratio 

on the structure of sodium aluminosilicate glass. Al had 
a vital influence on the structure and performance of the 
glasses. In glasses with a lower Al2O3 content, Mg was 
more likely to violate the Al avoidance rule than Ca. Sun 
Young Park et  al. [6] used high-resolution solid-state 
nuclear magnetic resonance (NMR) to study the effects 
of different compositions on Ca2Al2SiO7-Ca2MgSi2O7 
glass. The results showed that the partially decomposed 
Ca-O-Si was observed in all the glasses, which confirmed 
the non-random distribution of Ca2+ and Mg2+ around  
the bridging oxygen (BO) and non-bridging oxygen 
(NBO). Millena Logrado et al. [7] studied the relationship 
between the structure and properties of a series of al-
kaline earth aluminoborosilicate glasses composed of 
60SiO2-10Al2O3-10B2O3-(20-x)M(2)O-xM’O (0 ≤ x ≤ 20; 
M, M’ = Mg, Ca, Sr, Ba, Na). The 27Al NMR spectrum 
showed that the aluminium atoms in these glasses were 
four-coordinated. Solvang et al. [8] found that the 
viscosity of the glass melt containing only MgO in the 
high temperature zone and low temperature zone was 
lower than that of the glass melt containing only CaO. 
It indicated that Mg2+ in the glass made the degree of 
polymerisation of the network smaller and there were 
more broken bonds in the network. Yuanzheng Yue 
et  al.  [9] found that the brittleness of the glass melt 
reached the minimum value when Ca/(Ca+Mg) was 
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equal to 0.5, and the glass transition temperature also 
reached the minimum value. These changes reflected  
the “mixed alkaline earth effect”.
	 However, most of these studies could only 
explain the change in the macroscopic properties with  
the composition, and it was difficult to explain the 
mechanism from a deeper perspective, that is, the 
change in the atomic structure with the composition. 
With the development of MD simulation technology, the 
further understanding of silicate glass will promote the 
exploration of the relationship between its composition, 
structure, and properties. Kejiang Li et al. [10, 11] 
found that the damage ability of MgO to the network 
structure was greater than that of CaO, and the vis-
cosity in magnesium aluminosilicate systems was 
smaller. Shufang Ma et al. [12] studied the effect of FeO  
on CaO-MgO-SiO2-Al2O3 glass by molecular dynamics 
simulation. The results suggested that FeO destroyed  
the network structure of the glass, increased the diffusion 
coefficient, decreased the viscosity, and decreased  
the degree of the network polymerisation.
	 To the best of our knowledge, there are few MD 
simulation studies on the relationship between the com-
ponent and the high-temperature viscosity of molten 
CaO-MgO-Al2O3-SiO2-Na2O glass. At the same time, 
experiments under high temperature are dangerous 
and unstable, so this paper uses MD simulation  
to further study the influence of Al2O3/RO on the structure  
and properties of CMASN glass.

EXPERIMENTAL

Preparation and characterisation of samples

	 In this study, five compositions of alkaline earth 
aluminosilicate glass, named A-1, A-2, A-3, A-4 and 
A-5, have been chosen to present different types of glass 
networks as shown in Table 1. The mole fractions of 
SiO2 and Na2O were kept constant at 61 % and 1 %, and 
the selected raw material was the purity of Analytical 
Reagent. An appropriate amount of chemicals  were ta-
ken and fully mixed in an agate mortar pestle, and then 
placed into a platinum crucible to melt them in a high-
temperature resistance furnace to prepare the CMASN 
glass samples. After that, the mixture was melted for 

4  h at about 1600 °C, and then quenched in water. 
The quenched glass was used for the high-temperature 
viscosity and density measurements.
	 Glass viscosity is an important parameter for glass 
clarification, homogenisation, forming and filamentation. 
In the experimental part, the viscosity of the quenched 
glass was measured by an Orton RSV-1600 rotary high-
temperature viscometer. The quenched glass (250 g) was 
placed in a platinum crucible, and the temperature was 
gradually raised to 1550 °C, then the cooling procedure 
was set and the data were recorded. The temperature 
range of the measurements was 1550 °C to 1150 °C,  
and the cooling rate was set to 2 °C∙min-1. The relation-
ship between the logarithm of the viscosity and the 
reciprocal of the temperature was fitted by Arrhenius 
[13] equation [14]:

	

Where lnA and B are the temperature-independent 
coefficients, T is the absolute temperature. According 
to the Arrhenius equation fitting, the corresponding 
viscosity (the viscosity is 100 Pa·s) of the glass at the 
fibre-forming temperature (Tlog3) can be obtained. 
	 Archimedes principle was used to measure  
the density of the glass. The glass sample was immersed 
in deionised water at room temperature (25 °C). Five 
samples for each glass were measured and the average 
density was calculated to reduce the error [15].

MD simulation approach

	 In order to explore the influence of Al2O3/RO  
on the micro-structure of the CMASN glass, five groups  
of glasses were designed. There were about 20,000 mo-
del atoms in each group. The size of the simulated box 
was determined by the number of atoms and the density 
of the glass. The density was the measured value of the 
glass sample produced in the experiment. 
	 Lammps (Large-scale Atomic/Molecular Massively 
Parallel Simulator) package (Aug 16, 2019) was used 
in the MD simulation software in this paper [16, 17].  
It was widely used in scientific research because it is  
an open source, free of charge SW with a rich force field 
and high computational efficiency. The choice of the 
potential function has a decisive effect on the success 
of the MD simulation. Each system has many potential 
parameters, and the simulation results could be different 
under the different potential parameters [18, 19].  
The potential function used in this study of CMASN 
glass was the Born-Mayer-Huggins (BMH) potential 
[20]. The functional form of the BMH potential can  
be written as:

Table 1.  The chemical composition of the glass samples  
(mol. %).

Samples 	 SiO2	 Al2O3	 CaO	 MgO	 Na2O	 Density
Number	 	 	 	 	 	 (g∙cm-3)
A-1	 61	 20	 9	 9	 1	 2.501
A-2	 61	 18	 10	 10	 1	 2.542
A-3	 61	 16	 11	 11	 1	 2.580
A-4	 61	 14	 12	 12	 1	 2.600
A-5	 61	 12	 13	 13	 1	 2.626

 (1)

 (2)
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	 Where E(ij) is the sum of all the surrounding forces on 
each atom; the first term on the right side of the equation 
represents the long-range interaction Coulomb potential 
[21]; the second term is the short-range repulsive 
potential; the third and fourth terms are the van der 
Waals potential [22, 23]; qi and qj are the effective charge 
of atoms i and j, respectively; rij is the distance between 
atoms i and j; A, C, and D are all the energy parameters 
between the atoms; σ is an interaction-dependent length 
parameter; ρ is an ionic-pair dependent length parameter; 
rc is the cut-off value. This calculation of the charge  
of each ion used a partial charge model to improve the 
calculation efficiency (qSi = 1.89 eV, qAl = 1.4175 eV,  
qCa = 0.945 eV, qMg = 0.975 eV, qNa = 0.4725 eV,  
qO = -0.945 eV), and the parameters used in the cal-
culation were from Mutsui [24] and Jabraoui [25] as 
shown in Table 2.
	 In the MD simulation process, the Verlet algorithm 
was used to solve the classical mechanical equations 
[26], and the timestep is set to 1 fs. The long-range 
Coulomb interaction potential was calculated using 
the Ewald summation method, the accuracy was set  
to 1.0e-5, the cut-off distance was 10 Å, while the cut-
off distance of the short-range BMH potential was set  
to 8.0 Å. At the same time, the Nose-Hoove method was 
used to control the temperature change [27]. The MD 
simulation process completely simulated the melting-
cooling process of the glass under real conditions. First, 
a relaxation process of 30 ps was performed under 
5000 K and the microcanonical ensemble (NVE) to form  
the random model of the system, and, at the same time, 
the stability and conservation of the system’s energy were 
ensured. Then under the isobaric-isothermal ensemble 
(NPT), the glass was cooled from 5000 K to 300 K  
at the rate of 10 K∙ps-1. During the cooling process, 30 ps 
canonical ensemble (NVT) and NVE relaxation were 
performed around the fibre-forming temperature of the 
glass, and the atomic motion trajectory file of the glass 
was the output. The atomic motion trajectory file was 
analysed by OVITO [28], VESTA [29], ISAACS [30], 
and other software. The micro-structure characteristics 
of the glass (including the pair distribution function 
between the ions in the glass [31], the coordination 
number of the network formers and network modifiers 
[27], the bond length and bond angle distribution 
between the ions [32], the bridge oxygen content in the 

glass [33, 34], the distribution of Qn and the degree of the 
network polymerisation (DNP) of the glass [35, 36], etc. 
were provided by the MD simulation results.

RESULTS AND DISCUSSIONS

The change of viscosity

	 The relationship between the high-temperature vis-
cosity and temperature of the glass with the different 
al-kalinity is shown in Figure 1. It can be seen from 
Figure  1a that the viscosity of all the glass samples 
decreased with an increase in the temperature and the 
viscosity of the glass melt decreased rapidly with a 
decrease in the Al2O3 content. The results were similar to 
those of Liang et al [37]. Figure 1b shows the relationship 
between the logarithm of the viscosity and the reciprocal 
of the temperature of the glass. It can be seen that 
there was a linear relationship between the logarithm 
of the viscosity of the glass melt and the reciprocal  

Table 2.  BMH potential function parameters.

	 Pairs	 A (eV)	 ρ (Å)	 σ (Å)	 C (eV·Å6)	 D (eV·Å8)
	 Si-O	 0.07719	 0.167	 2.9935	 42.25	 0
	 Al-O	 0.08010	 0.178	 2.7155	 27.28	 0
	 Ca-O	 0.07456	 0.172	 2.6067	 34.57	 0
	 Mg-O	 0.06982	 0.161	 2.5419	 46.29	 0
	 Na-O	 0.07612	 0.180	 2.9815	 38.42	 0
	 O-O	 0.11967	 0.276	 3.6430	 85.09	 0

Figure 1.  The relationship between the high-temperature 
viscosity and temperature of the glass (a) viscosity and 
temperature and (b) logarithm of the viscosity and reciprocal 
of the temperature.
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of the temperature. Therefore, the relationship between 
the viscosity and the temperature within the studied 
temperature range can be fitted by Arrhenius equation. 
Thus, the fibre-forming temperature (Tlog3) of the glass 
can be obtained. Table 3 shows the fitting parameters and 
factors. It can be seen that the fibre-forming temperature 
of the glass samples decreased rapidly with a decrease  
in the Al2O3 content.

Local structure of the glass

	 The network structure of the CMASN glass under 
the different alkalinity obtained by the MD simulation 
is shown in Figure 2. It can be seen that the structure  
of the glass was connected by a three-dimensional 
network of [SiO4] tetrahedrons (red) and [AlO4] 
tetrahedrons (yellow). Ca (dark blue), Mg (light 
blue), and Na (green) filled in the gaps of the network 
structure [38, 39]. As Al2O3 was replaced by RO,  
the [AlO4] tetrahedrons content in the glass decreased,  
and the structure of network was gradually filled with 
Mg and Ca.

Bond length and coordination number

	 The pair distribution function (PDF) showed  
the mutual distribution of the ions. The abscissa at the 
highest point of the first peak represented the bond length 
between the two ions, and the integral area corresponding 
to the first peak represented the first coordination number 
(CN) of the ion near the centre ion. The PDF and CN 
between the ions of the A-3 sample are shown in Figure 
3. It can be observed in Figure 3a that, in the CMASN 
glass system, the bond length of Si-O, Al-O, Mg-O,  
Ca-O, Na-O and O-O were 1.66 Å, 1.77 Å, 2.06 
Å, 2.48  Å, 2.55 Å, and 2.73 Å, respectively, which  
is consistent with the experimental results [40, 41]. 
The relationship between bond energy was completely 
opposite, the magnitude of the bond energy indicated  
the stability of the bond. It can be seen from Figure 3b 
that the CN of the silicon-oxygen was basically main-
tained at about 4, while the curve of the coordination 
number of the aluminium-oxygen was not as flat as that 
of the silicon-oxygen. This also meant the stability of the 
Al-O bond is obviously weaker than the Si-O bond [42].
	 The PDF between the different cations and oxygen 

Table 3.  The Arrhenius parameters lnA and B, the fibre-forming 
temperature (Tlog3) of the glasses with the different alkalinity.

	 Samples	 lnA	 B	 Tlog3 (K)

	 A-1	 -6.58	 14.06	 1637.66
	 A-2	 -7.48	 15.28	 1611.93
	 A-3	 -6.77	 13.96	 1590.84
	 A-4	 -7.21	 14.55	 1580.11
	 A-5	 -6.77	 13.62	 1552.87

Figure 2.  The network structure of the glass obtained by the 
MD simulation. [SiO4] Tetrahedra (red), [AlO4] Tetrahedra 
(yellow), Ca (dark blue), Mg (light blue), and Na (green).
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Figure 3.  The (a) PDF and (b) CN of the A-3 sample.

Figure 4.  PDFs of (a) Si-O, (b) Al-O, (c) Ca-O, (d) Mg-O, (e) Na-O, and (f) O-O in the glasses with the different alkalinity.
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ions are shown in Figure 4. It can be seen from Figure 4a 
that the bond length of the Si-O bond was around 1.66 Å 
and basically remained unchanged, which indicated that 
the Si-O bond and the structure of the silicon-oxygen 
polyhedral in the glass were always stable [18, 33].  
As the skeleton of the most basic unit of the silicate 
glass, it did not change with the doping of the other 
network formers and modifiers. The bond length of the 
Al-O bond in Figure 4b was about 1.77 Å, which also 
did not change much with the composition. The span 
of the first peak of the Al-O bond was larger than that 
of the Si-O bond, which indicated that the strength of 
Al-O bond was weaker than the Si-O bond. The bond 
lengths of the Ca-O and Mg-O bonds in Figure 4c and 
d were around 2.48 Å and 2.06 Å, respectively, and 
the bond content increased with an increase in the RO. 
Due to the small Na2O content in the glass, the curve 
shape of the Na-O bond in Figure 4e was disorganised.  

In Figure 4f, the O-O bond content gradually decreased 
as the RO content increased. The main reason was that 
more alkaline earth metal ions formed a coordination 
with the oxygen ions, which reduced the chance  
of oxygen-oxygen bonding.
	 The coordination number between the ions obtained 
by integrating the PDF is shown in Figure 5. It can be 
seen from Figure 5a that the coordination of Si4+ was 
around 4.0. It decreased as the RO content increased 
slightly, the platform of the image became wider [35]. In 
Figure 5b, the coordination number of Al3+ was slightly 
larger than that of Si4+, and the width of the platform 
in the image was not as flat as that of Si4+, which 
indicated that the stability of Al-O bonds was weaker 
than that of Si-O bonds [9]. The coordination number 
of Al3+ decreased with an increase in the RO content.  
It can be considered that excess alkaline earth metal ions 
destroyed the coordination of Al3+. In Figures 5c and d, 

Figure 5.  CNs of (a) Si-O, (b) Al-O, (c) Ca-O, (d) Mg-O, (e) Na-O, and (f) O-O in the glasses with the different alkalinity.
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the fluctuation of the coordination number of Ca2+ and 
Mg2+ was relatively large, and decreased with an increase 
in the RO. Among them, the coordination number of Ca2+ 
was larger, which also indicated that the stability of the 
Ca-O bond was lower than that of the Mg-O bond10.  
In Figure 5e, the Na+ coordination number did not have 
a stable platform, so the coordination between Na+ and 
O2- was relatively divergent. In Figure 5f, there was no 
platform between O2-, which showed a rather chaotic 
coordination state.

Distribution of bond angle

	 The angle between the ions in the glass network was 
an important parameter in the short-range structure. The 
distribution of the bond angles between the polyhedrons 
and within the polyhedrons in the CMASN structure of 
the glass are shown in Figure 6. The O-M-O (M = Si, Al) 
bond angle represented the angle within the tetrahedron 

in the glass, and its order degree represented the stability 
of the structure of tetrahedral. The centre of O-Si-O bond 
angle (Figure 6a) was 108°, which was very close to 
109.5° of a standard tetrahedron. The O-Al-O bond angle 
(Figure 6b) was mainly concentrated at 105°, which 
was lower than that of O-Si-O. Moreover, the central 
bond angle decreased slightly, which indicated that the 
stability of [AlO4] was low. The M-O-M bond angle 
represented the degree of order between tetrahedrons in 
the glass. Figure 6c showed that the centre of Si-O-Si 
bond angle was about 142°, and the addition of RO had 
little effect on the angle of [SiO4] [43, 44]. As can be 
seen from Figure 6d, the decrease in the Si-O-Al bond 
angle indicated that the connection between [SiO4] and 
[AlO4] became weak. However, the disorder degree of 
the Al-O-Al bond angle in Figure 6e was mainly due to 
the aluminium avoidance effect between [AlO4].

Figure 6.  Bond angle distributions of (a) O-Si-O, (b) O-Al-O, (c) Si-O-Si, (d) Si-O-Al, and (e) Al-O-Al in the glasses with the 
different alkalinity.
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Degree of network polymerisation of the glass

Distribution of BO and NBO

	 The bridging oxygen content in the glass is  
an important parameter to characterise the DNP of the 
structure of the glass. The BO refers to the oxygen 
with network forming ions connected at both ends. 
The change in the BO, NBO and free oxygen (FO)  
in the network structure of the CMASN glass with the 
different compositions are shown in Figure 7. As can be 
seen from Figure 7a, the BO was the main component 
in the silicon-oxygen network. With an increase  
in the RO content, the BO content decreased from about 
68 % to about 54 %, the NBO content increased from 
about 31 % to about 43 %, and the FO content remained 
unchanged at about 2 %. Similarly, it can be seen from 
Figure 7b that the BO accounted for the main part  
in aluminium-oxide network, and the change trend  
in the BO, NBO and FO was the same as that in silicon-
oxide network. This indicated that with the substitution  
of RO for Al2O3, the glass network became depolymerised  
and the connectivity decreased. It also suggested the de-
structive effect of RO on the medium range structure of the 
glass [21], which was similar to the experimental results  
of Sun et al [45].

Distribution of Qn

	 The Qn content in the structure of glass is another 
important parameter that characterises the DNP  
of the glass. Q represents the network forming body  
in the glass, and n (n = 0, 1, 2, 3, 4, 5) represents the num-
ber of BOs connected to the network forming body. The 
Qn in the CMASN glass can be divided into Si-Qn and  
Al-Qn. The changes in the Qn content in the glass network 
with the different alkalinity are shown in Figure  8. It 
can be seen from Figure 8a that an increase in the RO 
led to a significant decrease in the Si-Q4 content, from 
40 % to 21 %, the change of Si-Q3 was relatively stable, 
between 41 % and 39 %, and the change of Si-Q2  
was opposite to that of Si-Q4, from 15 % to 29 %. From 
the change in Q4, Q3, and Q2 of Si, it suggested that with 
an increase in the RO, the excess free oxygen not only 
promoted the formation of [AlO4], but also destroyed the 
network formed by [SiO4]. This led to the transformation 

from Si-Q4 to Q3 and then to Q2, and the silicon-oxygen 
network underwent the process of depolymerisation.  
Si-Q1 increased from 1 % to about 8 % with an increase 
in the RO, Si-Q0 fluctuated around 1 %. In Figure 8b, 
the main structures of the aluminium-oxygen network 
are still Q4 and Q3, which decreased from 60 % to 36 % 
and increased from 29 % to 41 % with an increase  
in the RO content, respectively. At the same time, Al-Q2 
increased from around 8 % to around 16 %, and Al-Q1 
also increased slightly. Al-Q0 change very little, about 
0.5%. This also suggested that the aluminium-oxygen 
network underwent depolymerisation during the process 
when the Al2O3 was replaced by the RO.
	 In order to better reflect the change in the structure 
of the glass, the DNP of the glass was characterised.  
The DNP of the glass is defined as [46]:

Figure 7.  Evolution of the bridging oxygen, non-bridging oxygen, 
and free oxygen in the glasses with the different alkalinity,  
(a)Si, (b)Al.

 (3)

Figure 8.  Evolution of Qn in the glass network with the different alkalinity, (a)Si, (b)Al.
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Where xn is the content of Qn, n = 0, 1, 2, 3, 4. The 
evolution of the DNP of the glass is shown in Figure 9. 
It can be seen from the figure that the change law of the 
glass network structure calculated by Qn was the same 
as that discussed earlier. The increase in the RO content 
reduced the DNP of the glass from 3.33 to 2.79.

	 Figure 10 shows the relationship between  
the DNP and the fibre-forming temperature (Tlog3) of the 
glass when the viscosity was 100 Pa∙s. The DNP and 
temperature showed a good linear relationship. It can 
be seen from the figure that the temperature increased 
with the increased DNP of the glass. This indicated that 
the DNP was the fundamental reason for the change  
in the glass temperature. Therefore, the temperature 
could be predicted by the DNP. The decrease in the Al2O3 
content led to the gradual decrease in the BO content 
of the silicon-oxygen and aluminium-oxygen network, 
while it led to the increase in the NBO and FO content. 
In the glass network, Q4 decreased when the RO content 
increased, while the Q3 and Q2 content significantly 
increased.

CONCLUSIONS

	 In this paper, the MD method was used  
to simulate the structural changes of the CMASN glass.  
The formula of five groups of glass samples was designed, 
and the effects of the Al2O3/RO ratio on the structure 
and properties of the glass were studied. The following 
conclusions were obtained: The coordination number  
of Si4+ and Al3+ remained about 4 in the process of replacing 
Al2O3 with RO. This was considered to be because  
the excess RO not only satisfied the coordination of Al3+, 
but also the excess RO destroyed the ion coordination. 
The silicon-oxygen and aluminium-oxygen tetrahedron 
content showed a decreasing trend with a decrease  
in the Al2O3 content. The disorder of the Al-O-Al bond 
angle was mainly due to the aluminium avoidance effect 
between [AlO4]. The BO content decreased, while the 
NBO and FO contents increased. The DNP of the glass 
decreased from 3.33 to 2.79. The decrease in the Al2O3 
content also caused a rapid decrease in the glass fibre-
forming temperature from 1637.66 K to 1552.87 K. 
According to the MD calculation, a linear relationship 
between the DNP and fibre-forming temperature was 
obtained. This indicated that a change in the Al2O3/
RO ratio can affect the network structure of the glass.  
An increase in the RO content led to a decrease in the 
DNP of glass and the fibre forming temperature units.
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