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Abstract

In this paper, we have performed molecular dynamics simulation to investigate the effect of Al.Os doping and
compression on the structural properties of aluminium silicate (AS2) glass. The structural properties are examined via
TOx units, OTy linkages, the average bond angle distributions, order parameters, and cluster function. The result shows
that the network structure of AS2 is mainly built by TOx units and OTy linkages (T = Si or Al, x = 3-7, y = 2-4). We
found that in AS2 glass, the subnet structure performed by the perfect SiOx units is not transfigured. Meanwhile, the
AlOx units are significantly distorted. The structural organization of the SiO4-network in AS2 glass is not dependent on
Al203 doping. Moreover, the degree of structural homogenous significantly depends on compression. In the range of 15—
25 GPa, the structural homogenous of AS2 is caused by the mobility of all atoms, tightly related to the glass-glass
transition. Our work is expected to support finding the AS2 compositions that can produce hard and damage-tolerant
glasses in the higher pressure region.
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1. Introduction

Aluminium Silicate (AS2) glass plays an important role in several geochemical applications, such as low-melting
glassy materials, radiation shielding materials, photonics and the electronic industry. As we know, AS2 is another
multi-component oxide system with a network-forming structure [1-9]. Many experimental techniques such as nuclear
magnetic resonance, X-ray scattering, infrared, and Raman spectroscopy [10-14] found evidence for structural units,
such as 3-fold coordinated by O atoms and 5- and 6-fold coordinated by Si (Al) atoms that are not found in pure SiO,
unless one considers SiO; glass at a high-pressure region. With low Al,O3 concentrations, the Al atoms in AS2 glass
are mainly 4-fold coordinated by O atoms. From large angle X-ray scattering, IR and Raman spectroscopies, Urata et
al. [15] showed that the average T-O distances do not depend on the concentration of Al,Os; doping. The common
neighbour (CN) of AS2 glass is about 4. A homogeneous AS2 network is formed, where the number of SiO4
tetrahedra gradually decreases with increasing Al,Oz doping. From NMR spectroscopic, Sen et al. [16], Weber et al.
[17] showed that the structure of homogeneous AS2 glass with 0.4 to up to 12.0 wt% Al,O3 contains a mixture of 4-,
5-, and 6-fold coordinated by Al sites (AI'Y, AlY, and AIV'). The average Al coordination increases from 4.57 to 4.73 as
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the fraction of octahedral Al increases with alumina content. The coordination polyhedra of a significant fraction of
the AIV! sites in these glasses are found to be unusually distorted, similar to that in the case of crystalline Al;SiOs
polymorphs. The YO NMR spectra showed the presence of three types of O sites, Si-O-AlY, Si-O-Al"Y, and Si-O-Si, in
these glasses. Analysis of the neutron and X-ray structure factors yields an average bond angle of 125° between an Al
ion and the adjoining cation via a bridging O. They proposed that the structure of the glass is a "transition state"
between the Al-rich liquid and the equilibrium Mullite phase that is dominated by 4- and 6-coordinated by Al ions,
respectively.

The simulation technique provides more details about the structural properties of AS2 glass at atomic levels [18-
26]. Using MD simulation, Fleiderer et al. [27] reported that the structure of AS2 is that the Al and Si atoms are
mainly 4-fold coordinated by O. Unlike SiO4, AlOs4 units are linked to each other by triclusters (OAls linkages) and
edge-sharing AlQO, tetrahedra. They suggested that a micro-segregation happens due to an Al-rich region percolating
via the Si-O network. Hoang et al. [28] showed evidence of DH in high-density AS2. They found that the
fastest/slowest atoms tend to form clusters, depending on temperature and their mean cluster size. According to Liu et
al. [29] and Benitez et al. [30], the average Si-Si and Al-Si CN decrease while those in Si-Al and Al-Al CN increase
with the increase of Al,Os doping. The bridging O, classified into Si-O-Si, Al-O-Al and Si-O-Al, is preferentially
localized in Si-O-Al. The Al-O-Al/Al is much smaller than the Al-O-Si/Al, indicating that the Al-O-Si bond is more
stable than the Al-O-Al bond. Si atoms coordinated to four O atoms are independent of the chemical composition. The
number of O atoms coordinated to two decreased as the amount of Al,O3 doping was increased, while the opposite
occurred for O atoms coordinated to three. As the amount of Al,O3 doping increased, Al atoms coordinated to four O
atoms were reduced, whereas Al atoms coordinated to five O atoms were increased. Winkler et al. [31] reported that
the structure of AS2 is that of a disordered tetrahedral network. The packing of AlO, tetrahedra is significantly
different from that of SiO, tetrahedra in that Al is complicated with a relatively high probability in small-membered
rings and in triclusters in which an O atom is surrounded by 4 Si (Al) atoms. They found that the system shows a
micro-phase separation in which the Al-rich region percolates through the SiO, network on larger length scales. In
addition, in ab initio simulation, molecular orbital calculations confirmed the existence of "triclusters" in AS2 [32-35].

Although the structural features of AS2 glass and melts has been studied for a long time. Up to now, the local
environment of Si, O, Al atoms is still in debate. Especially, the characteristic of topologic of AlOyx units in Al,O3
doping is also not considered yet. In this paper, we use MD simulation, visualization of MD data to investigate the
effect of Al,Os; doping and compression on the structural properties of AS2 glass. The goal of this work is to clarify
the effect of Al,O3 doping, glass-glass phase transition, and the nature of structural heterogeneity in the AS2 glass.

2. Research Methodology

A series of AS2 models has been performed by molecular dynamics (MD) simulation. In this work, the constructed
model consists of 3003 atoms (546 Si, 546 Al, 1911 O atoms) in the range of 0-60 GPa and temperatures of 600 K.
The pair-wise additive potential with Coulombic interaction and Born-Mayer repulsion is used to construct AS2
models. The detailed information of these potential parameters can be found by Hong et al. [24] and Hoang [28]. The
Verlet algorithm is applied to integrate the equations of motion, here time step of 1.46 fs. Firstly, all atoms of
configuration (model) are randomly placed in a simulation cube box; its size is corresponding to the density of the
AS2 glass system. This model is equilibrated at a temperature of 6000 K about 2x10° time steps. After, a model is
cooled down to different temperatures 3000, 2000, 1500, 1000, and final 600 K, with the rate of 101! K/s. Then it is
compressed to a different pressures (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 GPa) and relaxed for 2x10° time steps.
In this way, we formed two pure Al>Os; and SiO; at ambient pressure and temperature of 300 K to compare to AS2
model. A consequent long relaxation (5x107 time steps) for each of the models has been completed in the NPT
ensemble to obtain a good equilibrium model. To improve the statistics, the partial RDF, CN distribution, and bond
angle distributions (BAD) are calculated by averaging over 2000 configurations separated by 20 time steps. Figure 1
shows the flowchart of the research methodology.

3. Analysis
3.1. The Effect of Al.O3 Doping on the Structure of AS2 Glass

Firstly, the reliability of constructed models is determined via some structural parameters such as the pair RDF of
all atomic pairs, average bond angle distributions (BAD), and average coordination number (CN). Our obtained
parameters are also compared with experimental and simulation data. As shown in Table 1, the simulation results are
close to simulated data by Pfleiderer et al. [27] and Winkler et al. [31] and consist with experimental data from Ohira
et al. [6], Okuno et al. [36]. Figure 2 displays visual of arrangement of AS2 model at ambient pressure, temperature of
600 K. Here, one can see the TO3, TO4, TOs, TOg, TO7 units, as well as the OT,, OT3 and OT4 linkages. As seen, TOx
units connect together via common O atoms to form TOy and OTy (x = 3-7, y = 2-4) clusters.
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Figure 1. Flowchart of molecular dynamics simulation method

Table 1. The structural characteristics of AS2 glass: rx.v - the position and height of the first peak of RDFs Gx.v(r),
CNx-v - the average coordination number; 0 - position of the highest peak of BAD

Present Study Sim. [27, 31] Exp.
p, g/em 2.43 3.78 414 2.60 0 GPa [6] 131 GPa [36]
rsior A 1.60+0.02 1.66+0.02 1.68+0.02 1.65 159 1.64
Taro A 1.66+0.02 1.76+0.02 1.76+0.02 1.67 1.70 1.81
fo.o, A 2.60+0.02 2.50+0.02 2.44+0.02 2.68 -
Fsisi, A 3.18+0.02 3.16+0.02 3.12+0.02 3.15 -
Tarsi, A 3.18+0.02 3.12+0.02 3.04+0.02 3.23 -
Taran A 3.16+0.02 3.06+0.02 2.98+0.02 3.15 -
CNsio 4.09+0.05 5.24+0.05 5.57+0.05 4.48 4.01 ~6.00
CNaro 4.34+0.05 5.00+0.05 5.17+0.05 4.29 4.01 ~6.00
<00.si-0> 108°+4° 90°; 168°+2° 90°; 168°+2° 108.2 -
<00.a1-0> 78.5% 107°+4° 79° 164°+2° 79° 164°+2° 85.8° 109.8° -

Figure 3 shows the pair RDFs of AS2 model at ambient pressure, temperature of 600 K. These pairs RDFs exhibit
a disordered structure. The first peak of the Gsi.o(r) locates at 1.62 + 0.02 A. This peak is contributed from the Si-O
bond distance of SiO4 and SiOs units. For AlOy units, the first peak of the Gai-o(r), contributed from the Al-O bond
distance of AlOy4, AlOsand AlOg units, it locates at 1.68 =+ 0.02 A. However, the average Al-O bond distance of AlO4,
AlOsand AlOg units are 1.66 + 0.02 A, 1.72 £ 0.02 A and 1.74 + 0.02 A, respectively. The first peak of the Go_o(r)
locates at 2.62 + 0.02 A, while that of the Gsi_si(r) locates at 3.18 + 0.02 A. Meanwhile, the first peak of the Gai_ai(r)
splits slightly into two sub-peaks which big one locates at 3.12 + 0.02 A and small one locates at 2.72 + 0.02 A. For
the Si-Al pair, the first peak of the Gsi_ai(r) locates at 3.20 + 0.02 A. These data are consistent with the experimental
data [6, 10-14] and calculated results [20-27, 31], this can also be see Table 1.
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Figure 2. Snapshots of the atomic arrangement of AS2 model at ambient pressure, the temperature of 600 K. Here Si, Al,

and O atoms are in red, yellow, and blue color, respectively
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Figure 3. The pair RDFs of Si—0, AlI—0, 0—O0, Si—Si, Al—Al, and Si—Al pairs of AS2 model at ambient
pressure and 600
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Figure 4 shows the Gr.o(r) RDFs at ambient pressures, temperature of 600 K. As seem, the location of the first
peak, as well as the shape of the pair RDFs Si-O in pure SiO, and AS2 glasses, are almost not dependent on the Al,Os
doping. They are located at 2.62 = 0.02 A, and the height of the pair RDFs Si-O are 20.0 and 22.5 A, respectively.
These values are rather good agreement with the ones reported by [1-8, 12-14, 18-23]. In contrast, the location of the
first peak, as well as the shape of the pair RDFs Al-O in pure Al,O3 and AS2 glasses differs significantly, i.e., the
location of the first peak of the pair RDFs Al-O in pure Al,O3 glass is 1.72 + 0.02 A, and it is 1.68 + 0.02 A in the case
of AS2 glass. In other words, the pair RDFs Al-O is significantly dependent on the Al,Osdoping in AS2 glass.
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SiO
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Figure 4. The comparison to the pair RDFs Si—0, Al—O between the pure SiO2, Al203, and AS2 glasses

Detail information about basic TOx units is inferred from the bond distances distribution and DABs. Figure 5
displays the 6o.si.o bond angle and Si-O bond distances distribution in SiO4, SiOs units pure SiO, and AS2 glasses. As
we known, ideal tetrahedron the angle of O-Si-O and Si-O bond distance, are equal to 109.7° and 1.62 A, respectively.
In our models the <fo-si.0> angle distribution and Si-O bond distance of SiO, have peak at 105° and 1.60 + 0.02 A that
indicated distorted tetrahedral network structure. In the case of SiOs units both curves for 6o.si.o DAB has a main peak
centered at 90° and second peak which occurred near 155°. The both curves for Si-O bond distance distribution has a
main peak centered at 1.65 + 0.02 A. These values are rather good agreement with the ones reported by Yang et al.
[37], Mozzi and Warren [38], Pettifer et al. [39]. It is interesting that these distributions are almost unchanged with
Al,O3 doping.

Figure 6 displays the 8o-a1-o bond angle and Al-O bond distance distribution in AlO4, AlOs, and AlOs units in pure
Al;,0; and AS2 glasses. Comparing to pure AlO3; and AS2 glass, it can be seen that most graph has a main peak
differed significantly. Namely, the partial 6o-a-o BAD in AlO4, AlOs, and AlOs units in pure Al>O; glass have a main
peak at around 105, 86, and 85° and a shoulder at around 165° corresponding to AlOs, and AlQOs, they are 103, 92 and
87°and a shoulder at around 155° and 168° in AS2. Further, the Al-O bond distances have a main peak at around 1.72,
178, 1.82 A corresponding to the AlO4, AlOs, and AlOs units in pure Al,Os glass, they are at around 1.74, 183, 1.84 A
in AS2 glass. This means that the basic units AlOx in AS2 are strongly distorted.
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Figure 5. The 8o—si—o bond angle and Si—O bond distance distribution in SiOs, SiOs units of the pure SiO2 and AS2 glasses
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Figure 6. The 8o—4—0 bond angle and Al—O bond distance distribution in AlOs, AlOs, and AlOs units for pure Al2O3 and
AS2 glasses. An arrow presents the position of the main peak on curves that shows the difference between an idea and
distorted AlOs, AlOs, and AlOs units.
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From the above analysis, we can conclude that the network structure of AS2 glass at ambient pressure, and
temperature of 600 K is built by TOx (mainly SiO4) units, in which the SiOy units are ideal tetrahedron; in contrast, the
AIlO, units are significantly distorted. The transfiguration of AlOy units in Al,O3; doping can be explained as follows.
The Si-O bond lengths in SiOx units are shorter than the Al-O in AlOy units. The Coulomb repulsion between Si** and
O?% is larger than AI** and O%. Therefore, Al-O links are weaker than Si-O links, this leads to the network structure
formed by SiOy units is more steady-state in AS2 glass. In other words, the network structure of SiO, in AS is not
dependent the Al,O3 doping.

3.2. The Effect of Compression on the Structure of AS2 Glass

Figure 7 shows the evolution of average T-O, O-T (T is Si or Al) coordination number (CN) and the order
parameter  as a function of pressure in AS2 model. As seen in Figure 6A, under compression, the average T-O CN
tends to increase from 4-fold (at ambient pressure) to 6-fold (at high pressure). Meanwhile, the O-T CN increases from
2.31 to 3.28. In the range of 0—6 GPa, the T-O coordination increases strongly, most of the structural units are TO4, In
the range of 6-24 GPa, the T-O CN gradual increases with pressure, the structure of AS2 mainly comprises the TOs,
TOs units and some the AlOs. In the range of 24-60 GPa, the T-O coordination increases slightly, the structure of AS2
mainly comprises the TOs units and some the TOs, AlOs, AlO7 units. The change of average T-O CN is similar to one
of average O-T CN. We can conclude that the structure of AS2 comprises two phases/states: LD and HD phases. The
LD phase is formed from TO. units that are linked to each other via OT, linkages. This means that the LD phase is
characteristic of TO4 units and OT linkages. The HD phase is formed from TOs, TOg and AlO7 units that are linked to
each other mainly via OTs linkages. Under compression, there is a gradual transition from LD phase to HD phase
corresponding to the gradual structural transition from TO4 to TOg and some AlO7 units. So, in the range of 0-60 GPa,
the structure of AS2 glass comprises both two LD and HD phases. At a certain density, most of the linkages between
TOx units are OT, OT3z and some OAls. The phase transition points are determined as seen in Figure 7. One can be
shown that the curve for fraction Cros intersects the one for Croz and Crog at 6 = 0.5 and 24 + 0.5 GPa, respectively.
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Figure 7. Panel A displays the evolution of average coordination number (CN) as a function of pressure. Panel B shows the
pressure dependence of the order parameter 5 of the AS2 model at different pressures

According to Figure 8, largest fraction Cy for 0-6, 6-24, 24-60 GPa intervals is fraction Cros, Cros and Crog,
respectively. This implies that large phases for those intervals are LD-phase, LD- and HD-phases, and HD-phases,
respectively. Thus, the structure of AS2 glass undergoes through three pressure regions, corresponding with existence
of LD-phase, LD-, and HD-phases implied the polymorphism of AS2 glasses.

Next, in order to get some insights into the glass-glass transition in AS2 glass, we have used the order parameter:
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n,—n,
N +n,

@)

n(P)=

Here, nsand neare the numbers of 4-fold and 6-fold coordinated T atoms to oxygen. Note that if ;;(P)=—1 there is
no 6-fold coordination in the system and analogously if ;;(P) =1 there is no 4-fold coordination. The order parameter
is plotted in Figure 6B as a function of pressure and no abrupt change from a tetrahedral to an octahedral order has
been found due to the existence of the 5-fold coordinated unit TOs in the system. This means that the first-order nature
of the glass-glass transition in AS2 glass is not found clearly.
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Figure 8. Pressure dependence of Ctos, Ctos and Cros fractions. Here, the black arrows present the phase transition points

Figure 9 shows the total fo-si-o, Go-a-o BAD in AS2 model at different pressures. From Figure 8 (left), as seen, total
fo-si-o BAD strongly changes with pressure: the main peak slightly shifts to a lower angle and its height decreases with
increasing pressure, at a pressure of 5 GPa the main peak tends to split into two peaks, a small peak located at 168°+
4°. Figure 9 (right) shows the total do-a.0 BAD also significantly varies. At 0 GPa, its main peak is located at 103°+
4°. The main peak slightly shifts to a lower angle and its height decreases with increasing pressure, at a pressure of 15
GPa appears the second sub-peaks located around of 162° + 4°. With increasing pressure, the height of two sub-peaks
strongly increases. In the high-pressure regions, the total fo-a.o and 6o-si.o BADS appears the second sub-peak which
also results in forming HD-phase in AS2 glass. This result is rather good agreement with the ones reported in
experimental and simulation works [3-12, 18, 27, 30-36].
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Figure 9. The total o—si—o and fo—4—o bond angles distribution in AS2 model at different pressures
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Next, we have determined the cluster-function (CL-function) for sets of the fastest and slowest atoms (SMA and
SIMA). The number of atoms in these sets is 1000 which is about 33% of total atoms. The atoms of SMA and SIMA
are determined from their positions in the starting configuration and configuration at t = 80 ps. An atom belongs to
SMA or SIMA, if its MSD is respectively larger or smaller than that of other atoms not belonging to the given set.
Thus the atoms of SMA and SIMA represent respectively the fastest and slowest atoms. Here, we call for simplicity
the atom of SMA and SIMA, fastest and slowest atom. The CL-function fc.(r) for SMA and SIMA have been
determined for configurations at time t = 80ps is plotted in Figure 10. As seen, below 10 GPa, the fc (r) for SIMA
drops fast from 1.5 to 2.0 A, while for SMA it largely decreases in the interval between 2.5 and 3.5 A. Moreover, the
fcL(r) for SIMA varies gradually as r > 2.0 A. The fast drop of fc.(r) of SIMA is caused by that the slowest atoms
form larger LC-clusters by small r. In the range of 15-20 GPa, the CL-function fc(r) for SMA and SIMA are rather
close to other, they drop fast from 2.0 to 3.0A. Beyond 25 GPa, the fc(r) for SIMA drops fast from 1.5 to 2.0 A, while
for SMA it largely decreases in the interval between 2.5 and 4.0 A. Moreover the fci(r) for SIMA varies very
gradually as r > 2.0 A.
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400 —— SMA

o] | .
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fe ()
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800 -} ]
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200 -

0 .

2 4 I’(A) 6 8 2 4 I’(A) 6

o0 -

Figure 10. The CL-function for atoms of SMA and SIMA in the AS2 configurations at time t = 80 ps, at different pressures.
Here, the black arrows denote the position that the curves drop the fastest

Finally, to check heterogeneous of the micro-structure for AS2 glass we visual randomly the 300 fastest and 300
slowest atoms in the model. Figure 11 shows the snapshots of the fastest and slowest atoms in AS2 glass at different
pressures. At 0, 40 GPa, it can be seen that both the fastest and slowest atoms tend to form clusters, and the
distributions are not uniform. It demonstrates that the dynamics/microstructure of atoms in the glass state is
heterogeneous. In addition, the fastest and slowest atoms tend to segregate. In contrast, at 15 GPa, both the fastest and
slowest atom distributions are rather uniform. As seen, O atoms are the fastest in all atoms and the mobility of all
atoms increases in the following order: Si, Al, and O atoms. This result good consists of the picture the Figure 11.
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0 GPa

15 GPa

40 GPa

Figure 11. Snapshot of the positions of the slowest (A1, A2, A3) and fastest (B1, B2, B3) atoms for the AS2 models at 0, 15
and 40 GPa. Here, the red, blue and dark-yellow spheres represent the Si, O and Al atoms, respectively. The black-solid
circles denote the clustering of the fastest and slowest atoms.

From the above analysis, we can conclude that the network structure of AS2 is uniform in the range of 15-25 GPa.
In contrast, the network structure of AS2 is heterogeneous in the range of 0-15 and 25-60 GPa. In other words, the
degree of heterogeneous significantly depends on compression. This has not been considered yet in [3, 26, 40, 41].
The structural uniformity of AS2 is caused by the mobility of all atoms in the range of 15-25 GPa, relating to the
glass—glass transition. With the pressure increasing, the local density fluctuations lead to the formation of the spatial
dynamical regions in a system that form the structural heterogeneous.

4. Conclusions

A MD simulation of the effect of Al,O3 doping and compression on the structural properties of AS2 glass has been
successfully performed. Following results are obtained:

o The network structure of AS2 glass comprises basic structural units such as SiOx and AlO,. In the range of 0-6
GPa, AS2 mainly comprises SiO4, AlO3, and AlO.. In the range of 6-24 GPa, AS2 mainly comprises SiO4, SiOs,
AlO4, and AlOs. Beyond 24 GPa, most of the SiOx and AlOy units are SiOs, SiOg, AlOs, and some AlO7 units.
Under compression, the average T-O and O-T CNs increase. This leads to a transition from LD-phase to HD-
phase, corresponding to the gradual structural transition from TO4 to TOs and some AlOy7 units.
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o We found that the network structure of SiO; in AS2 is not dependent on Al,O3; doping; meanwhile, the AlOy
units belonging to Al,Oz doping are significantly distorted. Moreover, the network structure of AS2 is
homogenous in the range of 15-25 GPa. In contrast, it is heterogeneous in the range of 0-15 GPa and beyond 25
GPa. The degree of structural heterogeneous in AS2 glass significantly depends on compression. The structural
homogenous of AS2 resulted from the mobility of all atoms in the range of 15-25 GPa which tight correlates to
glass-glass transition. This result is a calculation of our simulation that can be tested by scattering experimental
approaches.
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