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By adjusting the ratio of SiO,/RO (R=Ca, Mg), this article studied the atomic structure of CaO-MgO-Al,0-SiO, glassy
melts by a molecular dynamics simulation. The Pair distribution function (PDF), Coordination number (CN), bridging
oxygen (BO), non-bridging oxygen (NBO), and On were utilised to characterise the glass structure. The results indicated that
the content of the bridging oxygen was decreased with the RO replacing the SiO,. The total content of 04 in the tetrahedron
changed significantly from 34.11 % to 18.06 %. Meanwhile, the NBO/T parameter increased from 1.298 to 1.555. In the
corresponding viscosity test, the melting temperature, fitted by the MYEGA equation, also decreased with the decrease in the
SiO, content, and the fragility value increased from 39.12 to 53.20. Finally, the fragility and NBO/T were linked to describing
the relationship between the mid-range structure and the rheological property. Moreover, the analyses showed that they had

a linear relationship.

INTRODUCTION

Ca0-Mg0O-A1,0+-Si0, glasses are widely used in
glass ceramics and high strength and high modulus glass
fibre fields [1, 2]. Nevertheless, all of them have high
melting temperatures, which can bring about difficulties
for the manufacturing processes. In order to decrease
the melting temperatures, many people have studied
the high-temperature rheological properties, structural
evolution of glass melts, and so on. J. Y. Cavaille et al.
[3] proposed a theory for the rheology of the glassy state,
stating that internal defects in glasses could cause large
shear deformation at a high temperature, which could
lead to irrecoverable structural deformation. Yue et al.
[4] found that the fragility of CaO-MgOS$Al,0,-SiO,
glass melts reached the minimum value when Ca/
/(Ca+Mg) was equal to 0.5, reflecting the mixed alkaline-
carth effect. The reason for this phenomenon was that
the tetrahedral connections around the network modifier
ions became weakened where plastic flow also occurred,
which reduced the fragility [5, 6]. Charles Le Losq et
al. [7] reported the role of AI** on the rheology and
structural changes in glasses and melts. They suggested
that the content of a fivefold coordination of AI*" ions
increased with an increase in the temperature. All in

all, the studies just concentrated on the changes in the
rheology and structure around 7, (the glass-transition
temperature), and there have been few studies on the
relationship between the rheological properties and the
glass structures at the melting temperature.

It is difficult to obtain the structures of the glass
melts directly from experiments in the current condi-
tions, thus, the molecular dynamic (MD) simulations
have gradually been favoured by researchers [8, 9].
Back in the 1970s, Woodcock et al. [10] studied the MD
simulation of silica glass. Thomas F. Soules et al. [11]
used an MD simulation to study the rheological properties
of sodium silicate glass. In their research, the mobility of
silicon atoms and oxygen atoms under stress was poor
at low temperatures. M. Bauchy [12] reported that the
changes in the number of Na atoms led to a change in the
polymerisation degree of the glass network at an ambient
pressure. Nguyen VanHong et al. [13] discussed that Ca
ions were usually bound to the glass network structure
by providing a non-bridging oxygen and by balancing
negative charges. Lietal. [14-17] reported the influence of
CaO and MgO in the melt of the CaO-MgO-A1,0,-Si0,
system. They observed that MgO was more likely to
destroy the glass structure than CaO. Jiang et al. [15]
studied the depolymerisation of the glass network
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resulting from changes in the Mg/Al ratio. Similar re-
sults were also observed with the changes in the Ca/Si
ratio [18]. In general, there have been extensive stu-
dies on MD simulations in glasses, with detailed
studies covering the structures and properties [19-21].
Nevertheless, the rheological properties of experiments
at the melting temperature are inconclusive with the
simulated structure.

Based on the change of the SiO,/RO ratio in the
Ca0-MgO-AlL,05-Si0, system, the structures of high-
temperature melts were simulated through the MD simu-
lation, and viscosity models were applied to obtain the
melting temperature and fragility. Then the impact of
the structures on these properties was discussed. Finally,
the relationship between the fragility and NBO/T is also
discussed in this paper.

EXPERIMENTAL

Glass compositions

In this article, the structure and viscosity of CaO—
—MgO-Al1,0,-Si0, (CMAS) glasses at high temperatu-
res were studied by adjusting the SiO,/RO ratio. These
compositions are shown in Table 1 with the addition of
Na,O to reduce the melting temperature. Three-hund-
red-gram (300 g) glass batches were melted in a plati-
num crucible for 4 ~ 6 h in the air at 1600 ~ 1650 °C.
After ensuring that the materials were fully melted,
the glass melts were poured into the plaster mould and
then annealed at 750 ~ 850 °C, depending on the glass
compositions. The resulting glass samples were used
for the viscosity testing. The raw materials were as
follows: SiO, (analytical pure 99.99 %), AL, O, (analyti-
cal pure 99.99 %), CaO (analytical pure 99.99 %), MgO
(analytical pure 99.99 %), and Na,CO; (analytical pure
99.99 %).

Table 1. Glass compositions of the CMAS x-y glasses (xCaO—
yMgO-20A1,0,~(79—x—)Si0, (x=y=6,7, 8,9, 10, 11)).

Group Composition (mol. %)

number Na,O CaO MgO ALO,  SiO,
1 6 6 20 67
2 1 7 7 20 65
3 1 8 8 20 63
4 1 9 9 20 61
5 1 10 10 20 59
6 1 11 11 20 57

Potential function

The choice of the potential function is the most
important step in the molecular dynamics simulation.
Whether the results of the simulation are accurate or
not is often related to this. We opted for the potential
function of the Born-Mayer-Huggins potential [22]:

Uy=— rp+p @rar
y (r"f) dme, r Jo(®, f) P bi - b/. -
Ci Cj i DiDj (1)
ot rt
ij i

where a, b, C, and D are the fitting parameters that
change as the material changes. Uy(r,) is the total
energy of the forces around each atom; r;; is the distance
of atoms i and j; f, is the standard force parameter, in
which it is selected for 0.0424 eV/A; ¢, and g, represent
the effective charge of atoms i and j, respectively. The
function, on the right-hand side, has three parts: the first
is the Coulombic interactions; the second is the short-
range electronic repulsion; the third is the Van der Waals
force parameters.

In this paper, the atom partial charges were as
follows: | qc, | = [ ug| = [ 9o | = 0.5] qsi| = 0.67| qui [ =
= 2| qua| = 0.945 eV. The parameters chosen to be used
in this paper (Table 2) were proposed by Mutsui [23]
and improved by Jabraoui [24] in 2018 due to their good
performance in the structural simulation of alumina
silicate glass.

Simulation procedures

A LAMMPS [25] (Large-scale Atomic/Molecular
Massively Parallel Simulator) was used in this paper.
Glass models randomly placed the Si, Al, Ca, Mg, Na,
and O atoms that included 8065 atoms in these units.
The Verlet algorithm was used in this paper for the
differential motion equations. The timestep was 1 fs
and the cut-off was 12 A. These units were first energy
minimised at 0 K and then relaxed at 300 K for 30 ps.
Afterward, these units were melted at 5000 K for 100 ps.
The above processes all used the constant temperature,
constant volume (NVT) ensemble. Hereafter, these units
were cooled down to the melting temperature for 30 ps
and they were relaxed using the NVT ensemble and the
constant temperature, constant pressure (NPT) ensemble
at this temperature. These units also used the same steps
to 300 K. The cooling processes were all carried out at
a cooling rate of 5x107? K/fs based on previous research
[26-28]. This article mainly studied the structural
changes at the melting temperature.

Table 2. Parameters of the interatomic potential.

A=fo(b;+ b/) (b, + bj) (a;+ aj)

C=cc; D=D;D,
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(eV/A) (A) (A (eV/A®) (eV/AY)
Si-0  0.0070 0.1560 2.5419  46.29 0
A0 0.0073 0.1640 2.6067 3457 0
Ca-O 0.0077 0.1780 2.1935  40.26 0
Mg-O 0.0077 0.1780 2.7155  27.28 0
Na-O  0.0077 0.1780 2.1419  38.42 0
0-0  0.0120 02630 3.6430  85.08 0
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Structural analysis methods

Pair distribution function
and Coordination numbers

The pair distribution function (PDF) is a necessary
method to describe the glass structure. PDF characterises
the probability for a kind of atom around the central
atom. The PDF can be described through the following
equation [29]:

n(r)
I 4mr* Ar

(r)=— 2
g, (1 NN, (2
where, r is the distance of the i and j ions; N; and N, are
the number of i and j ions, respectively; V is the volume
of these units; n(r) is the average number of j ions within
the radius of the spherical shell around ion 7 in the region
between r and r £ Ar/2.

The coordination numbers (CN) represent the
number of other atoms around an atom within a specific
radius. The CN is shown by the following equation

[30, 31]:
4nN. |
% L] g, (r) Pdr 3)

where N (r) represents numbers of j ions within radius r
around ion i; N;is the number of j atoms, V'is the volume
of these units; g;(r) is the PDF of ions i and ;.

N,(r) =

Bridging oxygen
and non-bridging oxygen

The bridging oxygen and non-bridging oxygen (BO
and NBO) indicate the oxygen ions connection status in
the glass former. Oxygen ions play three main roles in the
glass structure, which are called the bridging (connected
to two network structural units), non-bridging (only
connected to one network structural unit), and free oxy-
gen (FO, not connected to any network structural unit).
The content of BO, NBO, and FO was counted by an
original python code.

Q" distribution

Aluminosilicate glass network is constituted of
different tetrahedrons (network structure units), such
as [SiO,], [AlO,], and so on. In this paper, Q" is used
to describe the connection between these tetrahedrons,
where Q is the network forming body in the glass and
n is the number of bridging oxygen per unit. Q" can
describe the medium-range structure and the degree of
the order of the glass [32].

Rheological property
characterisation methods

Viscosity

The high-temperature viscosity of the CMAS glass
melts was measured with a viscometer (the model of
Orton RSV-1600). In this paper, 300 g of the melted

glass was placed into the viscosimeter and the furnace
atmosphere was set to the atmosphere of air (1 GPa).
Then the temperature range was set between 1623 K and
1853 K. After being heated to 1853 K, the temperature
was cooled to 1623 K at a cooling rate of 2 K-min™'. Fina-
1ly, the viscosity and temperature data were outputted.

Glass transition temperature

The glass transition temperature (7,) was measured
by a Model 1412 STD Dilatometer. In this paper, the
glass sample (4 x 4 x 25.4 mm) was put into the instru-
ment and the test temperature range was set from room
temperature to 1173 K ata rate of 5 K-min™. The recorded
thermal expansion curve was used to obtain the 7.

MYEGA equation

John C. Mauro and co-workers connected the rela-
tionship between T, and m (the fragility) and rewrote the
MYEGA equation as [33]:

T
log,,n, =log,,n, +(12-1log,n,) 7g exp W

m Tg
— [
Pl 12 -10g,, 1, T
RESULTS AND DISCUSSIONS

Structural analysis

Pair distribution function and
Coordination number analysis

Figure 1 shows the PDF and CN for group 3. As
shown in Figure la, the first peak of gg o(r) is 1.63A.
In contrast to the other peaks, the first peak of gg (1) is
the leftmost and its peak intensity is the highest, which
means that the most likely bonding trend is between the
silicon atoms and oxygen atoms [34-36]. The AI-O bond
length is 1.73A, which is in agreement with the previous
results of MD simulations for sodium aluminosilicate
glasses [30]. The first peak of g, o(r) and gy, o(r) is
2.42 A and 1.96 A, respectively. The Mg-O bond length
is shorter than the Ca—O bond length because Mg** has
a smaller radius and greater field strength than Ca?*, and
Mg?" has a stronger effect on the oxygen ions accumu-
lation [14, 37-39]. The bond length of Na—O is 2.37 A,
and the Na—O bond length obtained by Extended X-ray
absorption fine structure (EXAFS) is 2.32 A [40], de-
monstrating that the simulated result is close to the real
experimental values. The O-O bond length is 2.65 A,
and the result is very close to the neutron diffraction
result (2.63 A) [41].

The coordination numbers are obtained by integra-
ting g(r) to characterise the connection between the ions.
The CNs between various ions and oxygen ions are
exhibited in Figure 1b. The CN of Si—O indicates that
most silicate ions form [SiO,] units in the glass, with
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an average value of 4.049. This is consistent with the
results obtained from the Nuclear magnetic resonance
(NMR) spectroscopy experiment [42]. Compared with
Si-0, the CN platform of Al-O is leaner as Al has five/
six coordinations in the glass network [30]. The other
ions have no distinct platform, which is consistent with
the result of Jiang [14].

—si0
12+ ——AlO
—Ca-0O
— Mg-O
10+ ——Na-O
—o00
8 .
S ¢
4 4
2
0 T T T
0 2 4 6 8
r (&)
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- ——Mg-0
8 8 ——Na-0
= — 00
=}
Z 64
C
.0
g 4-
=
8
O 21
0 T T T T T
0 1 2 3 4 5 6
r(A)
b)

Figure 1. Pair distribution function (a) and Coordination num-
ber (b) analysis of Group 3.

The CNs of Si—O and Al-O in groups 1-6 are listed
in Table 3. It can be observed that the CNs of Si—O
and Al-O increase with the addition of CaO and MgO.
However, the CN of Al-O is more affected than the CN
of Si-O. This also indicates that the Si—O bond is stronger
than the Al1-O bond [15].

Table 3. The CNs of Si—O and Al-O.

Group 2 3 4 5 6
number

CNgo 4014 4026 4.049 4.068 4.078 4.090
CN,o, 4031 4.065 4.084 4.132 4135 4206

Bridging oxygen and non-bridging oxygen

The BO and NBO characterising the oxygen spe-
cies around Si and Al atoms are shown in Figure 2.
As shown in Figure 2a, the variation of the oxygen spe-
cies around Si atoms is obvious. The BO content de-
creases from 84.5 % to 64.0 % and the NBO content
increases from 15.2 % to 35.0 % when SiO, is replaced
by CaO and MgO. The FO content also increases from
0.3 % to 1.0 %. As shown in Figure 2b, the variation
in the oxygen species around the Al atoms is similar to
the Si atoms. The BO content declines from 86.3 % to
66.0 %, and the NBO content of rises from 13.5 % to
32.8 %, while the FO content increases from 0.2 % to
0.9 %. All this indicates that the introduction of alkaline
earth metal ions results in breaking bonds between the
glass units, and causes a trend in the transformation of
BO to NBO [16], leading to an increase in the degree
of the disorder for the glass. Hence, the glass network
becomes depolymerised, leading to a decrease in the
high-temperature viscosity [43], which will be discussed
below.

90
Si
80
70
Q 807—=—Bo(T,)
o
@ 50-{—*—NBO(T,)
g 402~ FO)
C
[0
O 30+
[3)
0 5
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0- A A A A A A
T T T T T T T T T T T
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s |
O 30
(0] 4
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b) Al atoms

Figure 2. Bridging oxygen and non-bridging oxygen of the Si
atoms (a) and Al atoms (b).
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Q" distribution

The Q" distribution of [SiO,] and [AIO,] is de-
monstrated in Figure 3a and b, respectively. From group
1 to group 6, the Q* content of the silicon ions declines
visibly from 37.65 % to 16.57 %, and the Q* and Q'
content increases monotonically. Meanwhile, Q* and Q°
do not change significantly. The phenomenon with the
highest Q* content is also observed in sodium silicate
glass [41] and has been verified by NMR and Raman
spectra [44, 45]. Compared with silicon, the Q* and Q?
content from aluminium ions clearly rises. The Q° content
changes from 25.00 % to 32.99 %. At the same time, Q*,
Q', and Q° distinctly decline. The Q" distribution change
of the Al accords with the disproportionation reaction:
2Q°Q*+Q*. The addition of alkaline earth metal ions
makes the disproportionation reaction proceed to the left,
which also confirms the destruction of the structure by
alkaline earth metal ions [41].
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Figure 3. Qn distribution of SiO, (a) and AlO, (b).

NBO/T and BO/T

Norimasa et al. studied the structure of alkali sili-
cate glass and melting by Raman spectra, introducing
an NBO/Si equation [46]:

NBO 2
=Y Xn, &)
Sl 1:21 Inl
where 7, is the number of NBO in [SiO,], X; is the mole
fraction of Q".

Based on this, the structural parameter is calculated

in this paper:

e The average number of NBO in each tetrahedron
(NBO/T):

NBO Y. 0" % (4-n)
T [Si+[4] (6)

e The average number of BO in each tetrahedron
(BO/T):
BO

T [Si]+

_ 290 xn
[A]] (7)

in these formulas, T represents the number of tetra-
hedra in the glass network, Q" is the content of each
tetrahedron, n is the number of Bridging oxygen that
can connect to other tetrahedrons in each Q", and
[Si]+[Al] is the number of silicon and aluminium
atoms.

The relationship between the NBO/T and BO/T is
shown in Figure 4 and the specific values are listed in
Table 4. The increase in the NBO/T and the decrease in
the BO/T can be explained by the addition of alkali earth
metal cations: The atomic density of glass decreases
gradually with an increase in the CaO and MgO content
in the glass components, which also results in a decrease
in the polymerisation degree of the glass network
[5]. Moreover, alkaline earth metal cations break the
tetrahedral connections by breaking bonds, and then they
are added to the glass network by providing NBO [47],
ultimately reducing the BO content and increasing the
NBO content. Thus, the rise in the NBO/T indicates the
depolymerisation of the glass structure [48].

1,60
1 o 2.7
155 \ L
°
1.50 \
° n
/ L26
145
5 . £
[a0] - Q
Z 140 \ &0
1.35 - \ 25
130 ./ ®
T T T T T T

T 2 3 4 =
Group Number
Figure 4. NBO/T and BO/T calculated by Equations 6 and 7.
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Table 4. NBO/T and BO/T values for the different glass
samples.

Group 1 2 3 4 5 6
number

NBO/T 1.30 1.34 1.39 1.44 1.48 1.56
BO/T 2.70 2.65 2.62 2.56 2.52 2.46

Rheological property analysis

High-temperature viscosity

Furthermore, the glass viscosity was measured
in this paper. Figure 5 shows the fitting results of the
glass viscosity by using the MYEGA equation combined
with high-temperature viscosity and 7,. Moreover, the
melting temperature obtained by the MYEGA equation
is listed in Table 5. It is visible that the viscosity and
the melting temperature of the glasses decrease with the
replacement of SiO, with CaO and MgO. For reference,
an increase in the MgO content leads to a decrease in
the high-temperature viscosity in the CaO-Si0,—Al,05—
—MgO slag [49]. MgO provides excess oxygen ions
and depolymerises the structure into small structural
units. Likewise, CaO has similar properties that CaO
can significantly promote the transition of BO to NBO
[18]. Alkaline earth metal cations in the glass melt move
freely at high temperatures and cause the polarisation of
oxygen ions, thereby reducing the melt viscosity and the
melting temperature [50]. With an increase in the Ca and
Mg ions in the glass system, the oxygen ion polarisation

12
1
10‘02
I Bl
. 84 v 4
Sf ] & 5
o0 64 6
o j
2 4]
<
%D |
a2
0-

T T T T T T T T T T

0.5 0.6 0.7 0.8 0.9 1.0
T, /T (K/K)

Figure 5. Temperature dependence of the viscosity with the

MYEGA equation.

Table 5. The melting temperature of fitting by the MYEGA
equation.

Group

1 2 3 4 5 6
number

Temp. (K) 2030.6 1972.1 1917.6 1897.0 1761.8 1723.2

rate increases. This leads to the weakening or even
breaking of the Si—O bond, and finally depolymerisation
of the glass structure.

Fragility

C.A. Angell proposed that glass melts with a devia-
tion from linear viscosity versus temperature are called
fragile liquids [51]. In this paper, the glass fragility,
based on the high-temperature viscosity data, is fitted by
the MYEGA equation. As shown in Figure 6, the glass
fragility value increases monotonically from 39.12 to
53.20 while the components of SiO, decrease. Hajinme
proposed the magnitude of the fragility is related to the
medium-range structure of the glass [52]. So, the increase
in fragility is attributed to the decrease in the BO content
and the increase in the NBO content. Meanwhile, the
decrease in the total Q* content is also the reason for
the fragility growth. This indicates that the increase in
the fragility means the depolymerisation of the glass
structure at high temperatures [53]. It is also consistent
with the simulation results.
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Figure 6. The fragility index of the glasses calculated by the
MYEGA equation.

Relationship between
the Fragility and NBO/T

The fragility reflects the glass’ mid-range structure
and is related to other properties [52-54]. Meanwhile,
the influence of the NBO on the structure is more
important than the BO in mid-range structures [24]. So,
the relationship between the fragility and NBO/T is es-
tablished to link the MD and the experiment. As shown
in Figure 7, the linear relationship between them can be
expressed as: (v is fragility). R* indicates the proportion
of variability accounted for by the model is 0.936, which
suggests a close relationship between these two variables
[55]. This equation can be used to preliminarily predict
the relationship between the structure and the rheological
property of the glass melts.
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Figure 7. The linear relationship between the NBO/T and the
Fragility.

CONCLUSION

In the present paper, the structures and rheological
properties of Na,0—CaO-MgO-Al,0,-SiO, glasses at
high temperatures were analysed by adjusting the ratio
of Si0,/(CaO+MgO). For Si atoms, it was found that
the change of CNg, , was not blindingly obvious which
was around 4.0. The BO content decreased from 84.5%
to 64.0 % and the NBO content increased from 15.2 %
to 35.0 %. The Q* content also declined from 37.65 % to
16.57 %. For Al atoms, the change of CN,,., was glaringly
significant from 4.0 to 4.2. The BO content decreased
from 86.3 % to 66.0 % and the NBO content increased
from 13.5 %to 32.8 %. Unlike the Si atoms, the Q* content
of the Al atoms changed little, but its Q* content varied
greatly from 25.00 % to 32.99 %. Meanwhile, NBO/T
and BO/T were proposed to describe the polymerisation
degree of the structure, where NBO/T increased from
1.298 to 1.555. Then, the melting temperature and the
fragility were analysed by the MYEGA equation. The
melting temperature decreased from 2030.6 K to 1723.2K
and the fragility increased from 39.12 to 53.20. Regard-
less of the structures or rheological properties, it indica-
ted the depolymerisation of the glass network. Lastly,
the paper discussed the relationship between the fragility
and the NBO/T for describing the relationship between
the mid-range structure and the rheological property.
A linear relationship between them was found: y =
=77.503x — 29.29, where R* was 0.9336, which showed
that they were closely related.
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