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Abstract: Molecular dynamics simulation of sodium-silicate has been carried out to investigate the
microstructural transformation and diffusion mechanism. The microstructure of sodium silicate is
studied by the pair radial distribution function, distribution of SiOy (x=4,5,6), OSiy (y=2,3) basic
unit, bond angle distribution. The simulation results show that the structure of sodium silicate occurs
the transformation from a tetrahedral structure to an octahedral structure under pressure. The
additional network-modifying cation oxide breaking up this network by the generation of non-
bridging O atoms and it has a slight effect on the topology of SiOx and OSiy units. Moreover, the
diffusion of network- former atom in sodium-silicate melt is anomaly and diffusion coefficient for
sodium atom is much larger than for oxygen or silicon atom. The simulation proves two diffusion
mechanisms of the network-former atoms and modifier atoms.
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1. Introduction

The structural transformation in multi-component oxide glasses has received special attention over
the past decades [1-3]. The process of structural transformation effects mechanical-, physical- and
chemical-properties. The structural transformation was observed by X-ray Raman scattering, infrared
spectroscopy data, X-ray diffraction [4-6]. Namely, the influence of pressure on the structural
transformation of silica materials (that is the typical network-forming oxide with corner-sharing SiO.
tetrahedral at ambient condition) has been investigated in detail. Upon compression, silica transforms
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from tetrahedral structure to octahedral structure through intermediate phase structure which was SiOs
[7, 8]. Due to the flexibility of the SiOs (intermediate phase), the dynamic characteristics strongly
depended on the intermediate phase fraction. At a pressure of 10-12 GPa, SiOs concentration increased,
resulting into the increase in diffusion coefficient and decrease in viscosity [9, 10]. The process of
structural transformation under compression in multi-component oxide glass systems is similar to in
silica system. However, due to the flexible network structure, this material has interesting structural
change. For example, the addition of alkali oxides into pure silica (SiO2) disrupts the basic silica
network by breaking part of the Si-O bonds, generating non-bridging oxygen (NBO) [11-12]. But there
is not this phenomenon at high pressure. The Na.O concentration in sodium-silicate increases, it will
result in increasing [NBO] concentration, reducing melting temperature and viscosity... [13-14].
Research results in [15, 16] show that [NBO]™ bonds and [BO4]", [AlO4] units will be generated in the
glass network structure as Na2O is added into B20s-SiO», Al.03-B»03-SiO,. At low Na,O concentration,
Na* cations tend to be close to the [BO4],, [AlO4]" units and they have role of charge-balance.
Conversely, at higher Na,O concentrations, the Na* cation tend to be closer to the [NBO] and they act
as the network-modifier. It can be seen that the structure as well as the structural transformation in the
multi-component oxide glasses is an interesting issue. In addition, the dynamic change when adding
alkali oxide was also reported [11,12,16]. In particular, several studies have shown that the mobility of
alkali compare to network atoms (Si, O) and the existence of two different diffusion mechanisms of the
network atoms and alkali atoms [17]. By experimental neutron scattering, the Ranman spectrum shows
that the structural factor of Na-Na has a peak at the wave vector q = 0.95 A [18, 19]. This supports the
study of the channel diffusion mechanism of alkali ion in many simulated studies. Accordingly, the
preferential pathways are where the alkali atom moves easily [20, 21].

In this paper, we will investigate the influence of pressure on the process of structural
transformation in Sodium-silicate (Na2,O-SiO2). The structure properties are clarified through the
pair radial distribution function (PRDF); distribution of SiOx, OSiy coordination units; the average
coordination number for Silicon, Oxygen and Sodium; the partial bond angle distributions for
structural units SiOx, OSiy... The diffusion mechanism of sodium atom in the network will be
studied clearly.

2. Calculation Method

Molecular dynamical simulations were performed for the Na20-9SiO; system. The simulated system
is composed of N = 3000 atoms (900 Si, 1900 O and 200 Na atoms) at a temperature of 2500K and in
the pressure range 0-60 GPa. We simulate sodium silicate with the short-range Buckingham potential
that has the form:
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The Buckingham potential can induce spurious effects at high temperature. When r is close to zero,
V(r) can go to negative infinity which leads to a collapse of the interacting atoms. The potential equation
consists of a long-range Coulomb potential, short distance in order for the potential energy and an
additional repulsive term. This potential is applicated with multicomponent silicate glasses. And it
descripts the glass at room density for various compositions very well. Detail about potential parameters
can be found in Ref [22]. The Vervet algorithm is used to integrate the equation of motion with the
simulation time step of 1.0 fs. The first model of the system is constructed by randomly generated atoms
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in the simulated space. Then this model is heated to 5000K and kept at this temperature in 50.000 time-
step simulations to break the initial memory of the model. Next the sample is cooled slowly to about
2500K and at the pressure of 0GPa. Next, a long relaxation (10° steps) has been done in NPT (the atomic
number (N), the pressure (P) and the temperature (T) of the model are constant). We get the sample M1.
The models at different pressures (5, 10, 15, 20, 30, 40, 60 GPa) were constructed by compressing the
M1 model. To observe the dynamics of the models, the NVE (N-atomic number, volume V of total
energy E constant) was used. In order to improve statistics, all quantities of considered structural data
were calculated by averaging over the 5.000 conFigureurations during the last simulation (106 MD
steps).
The diffusion coefficient of atoms is determined via Einstein equation:

2
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Where < r(t)>> is mean square displacement (MSD) over time t; t=N.Twp; N is number of MD steps;
Twmp is MD time step with value of 1.0 fs.

3. Result and Discussion
3.1. Structural Properties

The potential is used to reproduction the structure of silicate crystals and pressure dependence of
transport properties of liquid silicate. Therefore, to assure the reliability of constructed models, the
structure characteristic of sodium silicate under pressure is investigated via PRDF of all atomic pairs.
The Figure 1 and Figure 2 display the PRDFs of Si-Si, Si-O, O-0 and Si-Na, Na-O, Na-Na pairs at
3500K and 0 GPa. It can be seen that the position of first peak of gsii (), gsi-o (I) go-o (), gsi-na (I) Ona-
o (r) and gnana (1) is 3.10 A, 1.56 A, 2.62 A, 3.36 A, 2.36 A and 3.18 A, respectively. The characteristic
of PRDFs is in good agreement with previous data in refers [23, 24].
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Figure 1. The pair radial distribution function of Si-Si, Si-O and O-O at 3500K and 0 GPa.
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Moreover, the detail about PRDFs of all atoms at different pressure is presented in Table 1. The
results reveal that the first peak of gsi.o (r) decrease in amplitude but its position is almost unchanged.
Thus, the bond Si-O length is almost depended on compression. Under pressure, the position of the first
peak of gsisi (r), gsi-o (I) go-o (), Osi-na () Ona-o (r) and gna-na (r) decreases. Therefore, the short-range
order of sodium-silicate liquid is not sensitive to the compression meanwhile intermediate- range order
IS very sensitive at pressures ranging from 0 to 60 GPa. Thus, liquid sodium silicate is well described
by the short-range Buckingham potential.

Table 1. Structural characteristics of Na,0-9SiO; liquid under pressure,
rikis positions of first peak of PRDF, g is high of first peak of PRDF

Model (GPa) 0 5 10 15 20 25 30 40 60 [23] [24]
Isi-si, [A] 310 |[3.08 |[3.08 [3.08 |3.06 304|302 |3.02 2.98 3.12 3.05
Isi.o, [A] 156 |156 |156 |156 |1.56 |[158 | 156 | 1.56 1.58 1.65 1.62
ro-o, [A] 262 | 258 | 258 |258 |254 | 254 | 252 | 248 |244 |235 |2.62
I'si-na, [A] 336 [326 [314 [3.06 |3.08 302|298 |288 2.86 - 3.5
ro-na, [A] 2.36 2.30 2.26 2.24 220 | 2.18 | 2.16 | 2.10 2.08 - 2.29
MNa-Na, [A] 3.18 2.92 2.54 2.52 222 | 2.04 | 2.08 |1.90 1.70 - 3.05
Jsi-si 2.66 2.44 2.36 2.33 233 | 2.34 | 235 | 2.38 2.45 - -
Osi-o 7.57 6.68 6.11 5.74 545 | 521 | 5.08 | 4.74 4.41 - -
do-o 2.74 2.57 2.53 2.53 254 | 255 | 256 | 2.60 2.70 - -
Jsi-Na 1.62 1.77 1.85 191 191 194 | 193 |1.95 1.95 - -
Jo-Na 1.30 1.50 1.63 1.75 1.83 | 190 | 1.92 | 2.04 2.18 - -
ONa-Na 1.34 1.31 1.35 1.31 145 | 154 | 1.67 | 1.93 2.66 - -
1.6 Si-Na

0.8

a(r)

Figure 2. The pair radial distribution function of Si-Na, O-Na and Na-Na at 3500K and 0 GPa.

Figure 3 shows the coordination number distribution of network modifier atoms (Na). We can see
that the average coordination of sodium is 5.8. As compressing the pressure, it increases sharply and
almost unchanged at high pressure regions (40 GPa +60 GPa).
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Figure 3. The average coordination number for Sodium as a function of pressure.

Moreover, it can be seen that, at ambient pressure, the average coordination of silicon is 4. Therefore,
all Si atoms have fourfold-coordination forming SiO, tetrahedral and fraction of the structural units SiO4
is equal to 89.35%. Under pressure, the average coordination of silicon increases. At high pressure (60
GPa), it is equal to 5.5. This means that the liquid transforms from a tetrahedral (SiO4) to octahedral
(SiOs). Considering the distribution of structural units OSiy, the fraction of OSi, is 85% at ambient
pressure. It decreases meanwhile fraction of OSisincreases under pressure. At high pressure, the liquid
has 43.97% OSi, and 49.36 % OSis (Figure 4). The structure liquid sodium silicate consists of the
structural units SiOx and OSiy. At ambient pressure, the structure consists of SiO., OSi» and meanwhile
the structure consists of SiOs, SiOg and OSis at high pressure. Investigation results show that the local
structural environment of silicon and sodium is strongly dependent on pressure. The densification
mechanism in sodium-silicate system is due to the short-range order structure change of Si and Na
atoms. There is the structural transformation in sodium-silicate under high pressure.
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Fig 4. The distribution of structure unit SiOx (right) OSiy (left)
as a function of pressure

The Figure 5 presents the O-Si—O bond angle distributions (BAD) in SiO4, SiOs and SiOg units,
respectively, at different pressures. It can be seen that the partial O-Si—O BAD in each kind of
coordination unit SiOy is almost the same for different pressure. This means that the topology of SiOs,
SiOs, and SiOg units is very stable and not dependent on compression. Here angle distribution in SiO4
units has a form of Gauss function and a pronounced peak at 105° and 90° with SiOs unit. This result is
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similar to experimental and other simulated data reported in [25] and indicates a slightly distorted
tetrahedron with a Si atom at the centre and four O atoms at the vertices. In the case of angle distribution
in SiOg, there are two peaks: a main peak locates at 90° and small one at 165°. The Si-O-Si BAD in OSiy
units is presented in Figure 6. The results show that the first peak of Si-O-Si BAD in OSis is shifted left
a little with compression pressure. It has the peak at around 145°at 0 GPa and 135°in the pressure of 25
GPato 60 GPa; the Si-O-Si BAD in OSis has a main peak at 115° and it is almost not dependent on

pressure. This means that the topology of SiOx units is very stable and only the topology of OSi> unit
dependent on compression.
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Fig 5. The distribution of O-Si—O bond angles in SiOx (x = 4+ 6) units at different pressures.
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Fig 6. The distribution of Si—O-Si bond angles in OSiy (y=2,3) units under pressures.
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3.2. Dynamical Properties
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Figure 7. The dependence of mean square displacement on number of MD steps at different pressure.
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Figure 8. The mean square displacement for Sodium as a function of MD steps at different.
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The Figure 7, 8 shows the dependence of MSD on number of MD steps. We can see that the
dependence of MSD as a function of steps is also well described by straight line. Their slope is used to
determine the diffusion coefficient of oxygen, silicon and sodium. The detail about the diffusion
coefficient of oxygen, silicon and sodium atom is presented in Table 2.

Table 2. The diffusion coefficient of oxygen, silicon and sodium atom in Sodium- silicate

Model ( GPa) 0 5 10 15 20 25 30 40 60

Dsi x10-°(cm?/s) 0.879 1.071 1.299 1.334 1.391 1.410 1.295 | 1.130 | 0.851
Do x10-%(cm?/s) 0.417 0.507 0.615 0.632 0.659 0.668 0.613 | 0.535 | 0.403
Dna X10-3(cm?/s) 39.58 | 48.19 58.45 60.04 62.60 63.47 58.25 | 50.87 | 38.30

From Table 2 following that there is the anomalous behaviour diffusion in sodium silicate. As
pressure increases, the diffusion coefficient of silicon and oxygen atom increases and reaches a
maximum at around 25GPa. The diffusion mechanism of atoms in liquid silica is occurred by the
transition of the structural units SiOx — SiOx:1 and OSiy — OSi y+1. Under pressure, there is a phase
transition from tetrahedral structure to octahedral structure through intermediate phase structure which
was SiOs. Fraction of distribution of structural units SiOsincreases and has a maximum at around 25GPa.
Due to the flexibility of the intermediate phase (SiOs), diffusion coefficient of silicon and oxygen
increases. Thus, the instability of coordination units SiOs is the origin of anomalous diffusivity. An
others hand, the diffusion coefficient for Na atom is about 44 times larger than for oxygen or silicon
atom at 0 GPa. According this result, we predict that the diffusion mechanism of Na atom is quite
different from the ones of network-former ions. The Na-O bonds is very weak in comparison with Si-O
ones. So, the Na-O bond is easily broken, and na can displace easily in Si-O network as the consequence
the diffusion coefficient of Na is much higher than O and Si.

5. Conclusion

Molecular dynamic simulation is employed to study the influence of pressure on the structural
transformation and diffusion mechanism in sodium silicate. The simulation results reveal that the
microstructure of sodium silicate has a phase transition under pressure. At ambient pressure, the
structure consists of SiO4, OSi; and NaO, (z <7) meanwhile the structure consists of SiOs, SiOg, OSis
and NaO; (z >8). The topology of SiOx and OSiy units is investigated via the O-Si-O, O-Si-O bond angle
distribution and Si-O bond distance distribution at different pressures. The results reveal that the Na*
ions in Na,O- SiO- system does not affect to the O-Si-O but and O-Si-O BAD is shifted left a little with
compression pressure. Therefore, the additional network-modifying cation oxide breaking up this
network by the generation of non-bridging O atoms and it has a slight effect on the topology of SiOx
and OSiy units. The diffusion of Si, O in sodium silicate is the anomalous behavior. They have a
maximum around 25 GPa. The diffusion coefficient for sodium atom is much larger than for oxygen or
silicon atom. Thus, there is existence of two mechanism diffusion of network-former and modifier atom
in sodium silicate.



N.T.T. Ha et al. / VNU Journal of Science: Mathematics — Physics, Vol. 36, No. 2 (2020) 37-46 45

Acknowledgments

This research is funded by Vietnam National Foundation for Science and Technology Development

(NAFOSTED) under grant number 103.05-2019.35

Reference

(1]

(2]
(3]

(4]
(5]

[6]
[7]
8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

(18]
[19]

[20]

S. Sundararaman, W.-Y. Ching, L. Huang, Mechanical properties of silica glass predicted by a pair-wise potential
inmolecular dynamics simulations, J. Non-Crystal. Solids 102 (2016) 102-1009.

https://doi.org/10.1016/j.jnoncrysol.2016.05.012.

P. Koziatek, J.L. Barrat, D. Rodney, Short- and medium-range orders in as-quenched and deformed SiO, glasses:
An atomistic study, J. Non-Crystal. Solids 414 (2015) 7-15 https://doi.org/10.1016/j.jnoncrysol.2015.01.009.

A. Zeidler, K. Wezka, R.F. Rowlands, D.A.J. Whittaker, P.S. Salmon, A. Polidori, J.W.E. Drewitt, S. Klotz, H.E.
Fischer, M.C. Wilding, C.L. Bull, M.G. Tucker, M. Wilson, High-pressure transformation of SiO, glass from a
tetrahedral to an octahedral network: A joint approach using neutron diffraction and molecular dynamics, Phys.
Rev. Lett. 113 (2014) 135501. https://doi.org/ 10.1103/PhysRevLett.113.135501.

Q. Williams, R. Jeanloz, Spectroscopic Evidencefor Pressure Induced Coordination Changes in Silicate Glassesand
Melts, Science 239 (1988). https:// doi: 10.1126/science.239.4842.902.

J.F. Lin, H. Fukui, D. Prendergast, T. Okuchi, Y.Q. Cai, N. Hiraoka, C.S. Yoo, A. Trave, P. Eng, M.Y. Hu, P.
Chow, Electronic bonding transition in compressed SiO2glass, Phys. Rev. B 75 (2007) 012201.

https://doi.org/10.1103/PhysRevB.75.012201.

C.J. Benmore, E. Soignard, S.A. Amin, M. Guthrie, S.D. Shastri, P.L. Lee, J.L. Yarger, Structural and topological
changes in silica glass at pressure, Phys. Rev. B 81 (2010), 054105. https://doi.org/10.1103/PhysRevB.81.054105

T. Sato, N. Funamori, Sixfold-Coordinated Amorphous Polymorph ofSiO2under High Pressure, Phys. Rev. Lett.
101 (2008): https://doi.org/10.1103/PhysRevLett.101.255502.

P.W. Bridgman, 1. Simon, Effects of Very High Pressures on Glass, J. Appl. Phys. 24 (1953).
https://doi.org/10.1063/1.1721294.

J.S. Tse, D.D. Klug, Y. Le Page, High-pressure densification of amorphous silica, Phys. Rev. B, 46 (1992) 5933-
5938: https://doi.org/10.1103/PhysRevB.46.5933.

M. Wu, Y. Liang, J.Z. Jiang, S.T. John, Sci. Rep., 2 398 (2012).

Q. Zhao, M. Guerette, G. Scannell, L. Huang, In-situhigh temperature Raman and Brillouin light scattering studies
of sodiumsilicate glasses, J. Non-Crystal. Solids 358, (2012), 3418-3426.

https://doi.org/10.1016/j.jnoncrysol.2012.04.034.

A.N.Cormack, Y. Cao, Molecular Dynamics Simulation of Silicate Glasses, Molecular Engineering 6 (1996) 183—
227. https://doi.org/10.1007/BF00161727.

H. Jabraoui, Y.Vaills, A. Hasnaoui, M. Badawi and S. Ouaskit, Effect of Sodium Oxide Modifier on Structural and
Elastic Propertiesof Silicate Glass, J. Phys. Chem. B 281 120 (2016) 13193-13205.

https://doi.org/10.1021/acs.jpch.6b09664.

T.K. Bechgaard eltal., Structure and mechanical properties of compressed sodiumaluminosilicate glasses: Role of
non-bridging oxygens, J. Non-Cryst. Solids 441 (2016) 49-57. https://doi.org/10.1016/j.jnoncrysol.2016.03.011.

H. Mathieu, J. F. Anne, Phys. Chem. Glasses: Eur. J. Glass Sci. Technol. B, 53 (2014).

S. Cheng, Quantification of the boron speciation in alkali borosilicate glasses by electron energy loss spectroscopy,
Scientific Reports, 5:17526 (2015) https://doi.org 10.1038/srep17526.

G.N. Greaves and S. Sen, Inorganic glasses, glass-forming liquids andamorphizing solids. Adv. Phys. 56 (2007)
1-166. http://dx.doi.org/10.1080/00018730601147426.

A. Meyer, F. Kargk, J. Horbach, Journal of Netron New 23, 3, (2012).

S.1. Sviridov, Diffusion of Cations in Sodium Potassium and Sodium Barium Silicate Melts, Glass Physics and
Chemistry 39 (2013) 130-135 https://doi.org/10.1134/S1087659613020156.

H.A. Schaeffer, Ceramic materials 64, (2012) 156.


https://dx.doi.org/10.1016/j.jnoncrysol.2015.01.009
https://doi.org/10.1103/PhysRevLett.113.135501
https://link.springer.com/journal/11037
https://doi.org/10.1007/BF00161727
https://doi.org/10.1021/acs.jpcb.6b09664
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1038%2Fsrep17526?_sg%5B0%5D=TqSm_n1OjEIq2AmOtTZKtd6YJBfL-8NCM7zXJPW-pFL0fQD_V2RIKE5fJufO18iEZICrmn9BzPh3aEBworPSS_OT0g.GiIl6KvhfxNSjshzfmuQLFgr5GLyAJVxAn5_x-PdvSgh_BGmqx8W_6rprLyfCo04XtO8lUhEz6n-ta9UHoRyVQ
https://doi.org/10.1134/S1087659613020156

46 N.T.T. Ha et al. / VNU Journal of Science: Mathematics — Physics, Vol. 36, No. 2 (2020) 37-46

[21] T. Voigtmann, J. Horbach slow dynamics in ion-conducting sodium silicate melts: Simulation and mode-coupling
theory, Europhys. Lett. 74 3 (2006) 459 https://doi.org/10.1209/epl/i2006-10012-2.

[22] A. N. Cormack, J. Du, T. R. Zeitler, Alkali ion migration mechanisms in silicate glasses probed bymolecular
dynamics simulations, Phys. Chem. Chem. Phys. 4 (2002) 3193-3197 https://doi.org/10.1039/B201721K.

[23] A.O. Davidenko, V.E. Sokolskii, A.S. Roik, I.A. Goncharov, Structural Study of Sodium Silicate Glasses and
Melts, Inorganic Material. 50 (2014) 1375-1382https://doi.org/10.1134/S0020168514120048.

[24] M. Fabian, P. Jovari, E. Svab, Gy Meszaros, T. Proffen, E Veress, Network structure of 0.7SiO-—0.3Na,O glass
from neutron and x-ray diffraction and RMC modelling, J. Phys.: Cond. Matt., 19 (2007) 335209. https://doi.org
10.1088/0953-8984/19/33/335209.

[25] M.Bauchy, Structural, vibrational, and elastic properties of a calcium aluminosilicate glass frommolecular
dynamics simulations: The role of the potential, J Chem Phys. 141 (2014) 024507
https://doi.org/10.1063/1.4886421.


https://doi.org/10.1209/epl/i2006-10012-2.
https://doi.org/10.1039/B201721K
https://doi.org/10.1134/S0020168514120048
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1088%2F0953-8984%2F19%2F33%2F335209?_sg%5B0%5D=AfEui1JsU5qC_770U9j7ziwPa5sXo7D8KjOMUJdZbHLLcJqvbHzjUKKPcxFkg0__6_QiZqSvY6BzJhMGJHKj-RJgTQ.wGt_QgUMVaAlhfiDL1qc9nZgzkxht_r2yDylitLK_2FsCkYSWXi6XL1EN7WcRjH-HZ6WYMLxLFboEKgQvAIzNA
https://doi.org/10.1063/1.4886421

