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Abstract

In the present work, the structural and dynamic properties of aluminosilicates (AlyO3),-
(SiO2)1—» (AS) as a function of the AlyO3 concentration = are studied by means of molecular
dynamics simulations. Firstly, the parametrization of the Born-Mayer-Huggins type potential de-
veloped recently for the more general CaO-Als03-SiO4 ternary system is assessed. Comparison of
local structural properties, such as the X-ray structure factor, partial pair-correlation functions,
distributions of coordination numbers and bond angles, as well as the dynamics through the viscos-
ity and self-diffusion coefficients to experimental data and other molecular dynamics simulations
found in the literature, shows that this potential is transferable to AS melts for all compositions
and is more reliable than other empirical potentials used so far. The evolution of viscosity with
temperature in stable liquid and undercooled regions is studied in the whole composition range
and results show a progressive increase of the fragility with increasing AloO3 content correlated to

that of local structural entities like the triply bonded oxygen (TBO), AlO5 and AlOg.



I. INTRODUCTION

Understanding physical properties of silicate-based glasses is of utmost importance not
only regarding fundamental aspects in Materials and Earth Sciences’, but also to address
future technological, energetic, and environmental challenges in glass-making, nuclear waste
storage and cement industries?. They are most often produced from the melt so that control
of their casting requires a deep understanding of properties and their evolution from the
liquid state down to the glass transition temperature T, through the undercooled state.
In particular, an accurate knowledge of the microscopic structural properties is needed, as
they are known to impacts dynamics and mass transport properties such as the diffusion
and viscosity® 2.,

The aluminosilicate system (Al;O3),-(SiO9)1_, (AS), where x represents the alumina con-
tent, is of particular interest since it represents the binary mixture from which many silicate
glasses are formed™1° and for instance the archetypal CaO-Al,03-SiOy (CAS) glass™. Tt
is composed of two interpenetrating tetrahedral network namely, SiO, and AlyO3 networks
connected via common corner-sharing O atoms, so-called bridging oxygen (BO). While the
silica network is known to be a strong tetrahedral network, the alumina one appears to be

looser with a more complex oxygen atom arrangement around aluminium. In this respect,

experimental investigation of the microscopic structural properties, using Nuclear Magnetic
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Resonance as well as combined Infrared, X-Ray and Raman Spectroscopy were
oriented towards the understanding of the local environment around Al atoms. Charge neu-
trality expected in the AS system, indeed impose a local ordering of O~ anions around AI3*
cations different to the Si** ones. These studies have then inferred the possibility that the
coordination of O atoms around Al can be higher than 4, namely, 5 and even 6. Such a
complex structure induces the production of a significant amount of triply bonded oxygen
(TBO) atoms with cations, also called triclusters, which might become larger as the Al,O3
content increases*’. We may anticipate that the presence of these structural entities, namely
AlO,, and TBO, have significant effects on dynamics of AS melts, as was already shown in
the case of CAS for the diffusion and the viscosity*®#”. Moreover, non-bonded free oxygen
(NBO) atoms have been reported in AS glasses®!2.

These defects at the atomic scale are most of the time hardly accessible from experiments®.
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Then, molecular dynamics (MD) represents a reliable alternative to get a better under-



standing of the atomic scale behavior and their relation with macroscopic properties, pro-
vided that simulations are performed with realistic interatomic interactions. A very accurate
description of these interactions can be obtained obviously by ab initio MD, but simulations
that can be carried out are limited in size and length scales due to the large computational

cost, impeding systematic studies. After the first simulations reported for AS melts with
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the Born-Mayer type potentials**? most MD simulations were performed using

2 model derived from the famous BKS potentials*®. Interestingly, another

Kramer et a
strategy has been followed very recently®!, consisting in extracting potentials for AS binary
system which was primarily designed in the context of the ternary CAS system®*?. The
resulting potential has however to be assessed for each case study, due to possible lack of
transferability.

Moreover, only very few studies have been devoted to the evolution of structural and
thermodynamic properties as a function of composition and temperatures down to the un-

S00508394L - These simulation studies have pointed out remark-

dercooled and glassy states
able structural features such as micro-segregation associated to Al-rich channels percolating
through the Si-O, as well as triclusters as important features of atomic transport and chem-
ical disorder of the covalent-bonded network. Other studies have indicated the presence of
a fragile-to-strong transition from the non-Arrhenius-to-Arrhenius crossover in the under-
cooled region and an increase of dynamic heterogeneities (DH). However, a complete study of
these features as function of composition and temperature for AS melts, and their link with
fragility, is still missing, as only few compositions have been considered so far. Moreover, as
these features can hardly be observed experimentally, their study by atomistic simulations
with accurate potentials is therefore of great importance.

In the present work, we have studied the evolution of structural and dynamic properties
of (Al,03),~(Si05);_, as a function of AlyOs concentration z varying 0 to 1 by means
of classical molecular dynamics. Interactions are modelled from the Born-Mayer-Huggins
(BMH) type potential whose parameters were recently optimized by Bouhadja et al. for
the CAS melts?®2829 and shown to be efficient in describing their structural feature and
atomic transport properties. In a first part, we test ability of this potential to describe the
structure as function of alumina content by comparing then with X-ray diffraction data®".
Given the quality and transferability of the potential in the whole concentration range, in

a second part, we examine structural entities such as AlO,,, TBO and triclusters, and their



impact on the dynamics properties such as diffusion, viscosity and fragility as a function of
concentration. Our findings show a strong correlation between them.

The layout of the paper is the following. In the next Section, the technical background
of our work is described in some details. In Section III, the results of our simulations are

presented and discussed. Finally, conclusions are given in Section IV .

II. SIMULATION BACKGROUND

Atomic interactions in the (AlyO3),-(SiO2);_, glass-formers have been chosen in the form

144

of the Born-Mayer-Huggins potential*®| called hereafter BMH, for which interactions between

Al Si and O atoms are given by
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with ¢ and j = Si, Al, O and r being the interatomic distance between two ions of species
7 and j. The first term represents the long-range Coulomb potential involving charges g;
and g;. The second term is the Born repulsive term which results from electronic overlap
of neighboring atoms, while the two last contributions are the two first terms of the dipolar
expansion, though here we take only the van der Waals term into account. Parameters

in Eq. are given in Table |[[| and readily taken from the potentials used successfully to
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describe the CAS ternary system proposed by Bouhadja et al.

For the purpose of studying the structural and dynamic properties of AS melts in the
whole range of Al;O3 concentration, we have performed classical molecular dynamics sim-
ulations with the BMH potential using the LAMMPS code®®. The number of atoms in the
simulation box for each system ASy, with y = 100z the percentage of Al,O3, are given in
Table [lIl The equations of motion were solved numerically within Verlet algorithm in the

3334 sing a time step of 1 fs. From a thermodynamic point of view, all the

velocity form
simulations were performed in the isobaric-isothermal ensemble (NPT) with zero pressure.
In a first stage, we equilibrated the system for 100 ps at a temperature 7' = 6500 K from
an initial configuration with random atomic positions. Then, we cooled down system with
cooling rate of 10 K/s up to T' = 300 K, and configurations were stored regularly during

this process. At intervals of 500 K, we took the corresponding configuration and brought

the system to equilibrium for a period of 10 ns at constant temperature and pressure. The



Al 1.8

0) —-1.2

Si 24
Al-Al 0.0029 0.0680 1.5704 14.0498
Al-O 0.0075 0.1640 2.6067 34.5747
0-0 0.0120 0.2630 3.6430 85.0840
Si-O 0.0070 0.1560 2.5419 46.2930
Al-Si 0.0025 0.0570 1.5056 18.8116
Si-Si 0.0012 0.0460 1.4408 25.1873

TABLE I: Parameters for the AS potentials taken from28:29 (see Eq. .

structure and dynamic properties were then produced for time spans guaranteeing sufficient
statistics (up to 200 ns at the lowest temperatures in the undercooled states, as in our
preceding work on CAS#).

The study of the short-range order was first based on the partial pair-correlation functions
gi;(r), giving the probability of finding a particle j at distances r relative to a particle 4
located at the origin, namely:

9i (1) = Enmf(r) (2)

V dmry; Ar

n;;(r) represents the mean number of particles j in a spherical shell of radius r and thickness
Ar centered on particle i. The first minimum of each g;;(r) defines a cutoff radius that will
serve to determine the coordination numbers and all the structural quantities such as the
NBO, TBO and AlO,,. In this context, we have used the ISAACS software®® to determine
these quantities as well as the total X-ray pair-correlation functions and resulting structure
factors.

Concerning the dynamics, we determined the self-diffusion coefficient D; of each species

from the linear behavior at long times of the mean-square displacement



Al O Si

SiO, - 670 335
AS10 62 651 279
AS20 116 638 232
AS30 168 644 196
AS40 208 618 156
AS50 250 625 125
AS60 288 624 96
AS70 322 621 69
AS80 352 616 44
AS90 360 520 80
Al O3 414 621 -

TABLE II: Number of atoms of each atom type for all compositions ASy, with y = 100x the

percentage of AlyOs.

N;

RAE) = 5 o {Inlt + t0) — mlto)l), 3

=1

where r;(t) denotes the position of atom [ at time ¢ and N; is the number of particles of
species 1.

We have also calculated the viscosity by means of the Reverse Non-Equilibrium Molecular
Dynamics (RNEMD) method®®?. At each desired temperature, after equilibration, we
performed an additional simulation in the canonical ensemble (NVT) in which the simulation
box is divided in 20 slabs with the same thickness. The momentum of atoms is reversed every
20 time steps over a period 107 time steps. The momentum and the simulation time in the
interval of exchange were optimized beforehand by realizing trial simulation run to achieve
a steady state and a linear velocity profile. We refer the reader to our preceding work for
more details??. It’s worth mentioning that for all compositions at very low temperature, the
shear viscosity shows large values with velocity profile almost flat. We avoided calculating
the viscosity as soon as an accurate estimate could not be obtained anymore in a reasonable

calculation time.
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FIG. 1: (a) Total structure factor from X-ray diffraction at 7' = 2300 K for all the compositions
ASy, with y = 100z the percentage of Al,O3, at T = 2400 K for pure AlsO3 at T = 2300 K and

2J " The open circles are the experimental data of Wilding et al®) and

for all other Asy systems
Skinner et al.*”, while the full red lines are the simulation data of the present work. (b) First sharp
diffraction peak (FSDP) position as a function of y from experiment (red full squares) and MD

simulations of the present work (black full squares).

III. RESULTS AND DISCUSSION
A. Structural properties

In a first step, the ability of the BMH potential to reproduce the experimental X-ray
structure factors is assessed. Figure[lfa) shows a comparison of our MD simulations with the
experimental data of Wilding et al® in the liquid state. For wave-vectors ¢ > 3 A1, namely
for the short-range order, MD simulations are in excellent agreement with the experimental
data for all composition including the pure SiO, and Al,O3. The good agreement extends
to the medium-range order, in particular in the vicinity of the First Sharp Diffraction Peak
(FSDP) for ¢ < 2.5 Afl). Its position reproduces closely the experimental evolution with
Al,O3 composition in the whole range of x as can be seen in Figure (b) Moreover, the
amplitude of the simulated FSDP, albeit being sightly overestimated especially in the Al,O3
poor region, reproduce the experimental trend showing a decrease with composition and
therefore a progressive loss of intermediate range ordering.

Fig. [2(a) shows the total X-ray radial distribution functions for compositions AS30,
AS50, and AS70 from our simulations with the BMH potential together with experimental



First peak position (A) Second peak position (A)

System This work BKS/BM exp.  This work BKS/BM exp.
AS30 1.64 (1.65) (1.53) 1.68  3.17 (3.19) (3.11) 3.11
AS50 1.68 (1.78) (1.52) 170 3.16 (3.18) (3.16) 3.16
AS70  1.72 (1.76) 1.62 (1.52) 172 3.16 (3.27) 2.71 (3.14) 3.16

TABLE III: Position of the first and second peak of the total pair-correlation function for AS30,
AS50 and AS70 at T = 2300 K. MD results of this work are compared with the BKS potential?®, the
BM potential®” and experimental data (exp.)°Y. Number in parenthesis correspond to simulations

at T' = 3500 K.

data of Wilding et al””. Our results are also compared with simulations of Winkler et al.*®
based on the BKS potential** as well as those of Van Hoang® using a Born-Mayer (BM)
potential, namely Eq. without the contributions of the dipolar expansion®®. An overall
good agreement is found between the BMH potential and the experiments, and even if the
height of the first peak is generally overestimated, its position is well reproduced. Moreover,
the second and subsequent oscillations reproduce very well the experimental data, which is
consistent with the good agreement found at the level of the first sharp diffraction peak in
S(q) in Fig[Ij(a). For AS70, the BMH potential clearly improve the results obtained with the
BKS one. Comparing the BMH potential with the BM one® at T' = 3500 K for the three
compositions, it is seen that the height of the first peak is comparable, while the position
given by the BM potential is significantly shorter. Increasing the temperature from 2300 K
to 3500 K results in a slight increase of the first and second peak positions, as can be seen
quantitatively in Table [[TI] due to the thermal expansion. Then, we can conclude that the
BMH potential is more suitable for the description of the structural properties.

The Fig. Bf(a) and (b) show the partial pair-correlation functions of oxide pairs for all
compositions at 7" = 2300 K. For the Si-O pairs in Fig [3[(a), the position of the first peak
for pure Silica, corresponding to the average Si-O bond length, takes the value of 1.62

COL but slightly overestimates the

A in very good agreement with ab initio simulations
experimental value of 1.58 — 1.60 A% With increasing z, the Si-O bond length remains
essentially unchanged while its height undergo only a slight decrease, showing the strong

nature of the Si-O covalent bonding. As a result gs;_o(r) remains essentially zero between 2
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FIG. 2: Total pair-correlation function from X-ray diffraction at 7' = 2300 K for composition AS30,
AS50, and AS70. The open circles are the experimental data of Wilding et al®Y between 2200 K
and 2300 K, while the full blue lines are the simulation data of the present work. The results of
the present work are also compared with the MD simulation data of Winkler et al'*® (full green
line) at 7' = 2300 K for AS70 in the upper curves, and Van Hoang®” at T = 3500 K for AS30,
AS50, and AS70.

to 2.5 A, revealing that Si-O bond breaking is rare. ga_o(r) in Fig. (b) shows a first peak
position for pure liquid alumina at 1.74 A, in good concordance with experiment® (1.78 A)
and ab initio MD for the amorphous phasé™ (1.80 A), which is expected to be not very
different from the value in the liquid. The evolution with Al,O3 composition of ga;_o(7)
shows features similar to gs;_o(r), however the first peak height is lower and broader with
non-zero values between the first and second peak, indicating that the Al-O covalent bond
is weaker than Si-O one and is more subject to bond-breaking. Fig. [(c) displays the
evolution of the O-O pairs with composition, which is significant. The first peak position
shift to greater values with increase Al,O3 content. It takes the value of 2.64 A for SiOs, close
to the ab initio value® of 2.62 A and increase gradually to 2.75 A for Al,O3 in agreement

64

with the value of 2.8 A expected from ab initio calculations®®. Such an evolution should

have an impact on the network topology that will be investigated below. Fig. [3(d) the Al-Si
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FIG. 3: Partial pair-correlation functions at 7' = 2300 K for all compositions: (a) Si-O, (b) Al-O,
(c) O-O, and (d) Al-Si.

pair-correlation function that gives information about triclusters (TBO) geometry with a
typical cation-cation distance of 3.22 A. As can be seen, no specific evolution occurs with z.

We come now to the Oxygen environment revealed through the average coordination
number, which is shown in Fig. {4 for temperature 7" = 2300 K. It has been determined by
counting the number of Al and Si atoms within a sphere of radius 2.5 A corresponding to
the minimum of the Al-O and Si-O pair-correlation functions. An increase with composition
from a value of 2 for pure Silica to a value of 3 for pure Alumina is seen, in excellent
agreement with experiment. Again, this shows the transferability of the BMH potential to
AS systems for all compositions, and comparing our results to those obtained with the BM
potential®” reveal improvements obtained especially for high Al,O3 contents. The value of 2
for pure Silica is a characteristic feature of corner sharing SiOf tetrahedral network®?, With

increasing x, Si atoms are progressively replaced by Al atoms as can be seen on the evolution

10
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FIG. 4: Coordination numbers around Oxygen atoms at T = 2300 K a function of compositions.

of the partial coordination numbers No—(O-Si) and Ne—(O-Al), and accompanied by an
increase of the Oxygen coordination above 2. This indicates that the network structure
becomes more complex with a significant amount of O atoms surrounded by more than two
cations.

A deeper insight into the evolution with composition of the network topology is obtained
by considering first the distribution of coordination numbers around Si and Al atoms as
shown respectively in Fig. [f(a) and (b). Whatever the composition, nearly 99% of Si atoms
are surrounded by 4 O atoms due to the strong Si-O covalent bonding. This feature was
also observed in other systems like CAS™822 and Calcium Silicate®. The remaining ~ 1%
of the Si atoms are threefold and fivefold coordinated and form transiently as a mechanism
of atomic diffusion®®. Then, we do not observe the emergence of a steady amount of SiOj
with increasing x, contrarily to was hypothesized from early combined experimental and
simulation results'.

On the contrary, the number of O atoms around Al is distributed between 3 and 6.
Firstly, whatever the concentration, AlQ, remain the most numerous structural units (more
than 70%) which is consistent with previous findings for pure Alumina® and several AS
compositions®*®. While the proportion of AlO3 and AlOg units remain always quite small
(below 10%), that of AlO5 ones is more significant (between 10 and 25%). Secondly, looking
at their evolution with x, the main feature is an increase of the AlO5 units at the expense of

the AlO3 and AlO,4 ones. The progressive increase of the AlO5 with a significant proportion
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FIG. 5: Distribution of the number n of Oxygen around Si (a), and Al atoms (b) for all compositions
at T'= 2300 K. In panel (b), insets show atomic structures representative of AlO5 and AlOg (O is

in red color and Al in violet).

corresponds to the observations by Al Nuclear Magnetic Resonance Spectroscopy® in the
melt and also to those in the glass*” for compositions higher than 5%. In the limiting case
of Alumina, the proportions of AlO3, AlO,4, and AlO5 found here are quite similar to those
found by Gutierrez et al.*?. However, the proportion of AlQ, overestimate those found in a
very recent experimental and numerical contribution®® (56 — 63 %) while in underestimates
their proportions of AlO5 (24—37 %). From our results, the average Al coordination number
increases from 4.001 for AS10 to 4.285 for pure Alumina.

As shown in Fig. [4] the present simulations indicate a coordination around O atoms over 2
whatever the AlyO3 concentration which implies the formation, in non negligible proportion,
of oxygen triclusters (TBO). By definition, TBO consist of three-fold coordinated oxygen
atoms with 3 Al (O-3Al), 2 Al and 1 Si (O-2AlSi), 1 Al and 2 Si (O-Al2Si), or 3 Si (O-3Si)
atoms without restrictions on the geometrical nature of the local environment around the
three cations linked to them. Fig. [6fa) shows the evolution of TBO as function of z at
temperature T = 2300 K. The abundance of TBO with respect to the total number of O
atoms increases monotonically with concentration. They are essentially formed by O-3Al
and O-2AlSi entities, while O-3Si and O-AlI2Si ones are negligible (this is logically due to
the strength of the SiO4 network) and are therefore not drawn. The introduction of Al,Os
compound induces a progressive replacement of Si by Al atoms in the Silica network and

the formation of O-2A1Si TBO up to 30% Al,Os. This is concomitant to the formation of

12
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FIG. 6: (a) Evolution of the abundances of triclusters, AlO5 and AlOg structural units as a function
Al5O3 composition at T = 2300 K. The Insert shows a typical representation of O-3Al tricluster
(central O atom in yellow color, O in tetrahedral AlO4 units in red color, and Al in violet color).(b)
Evolution with composition of the percentage of triclusters and AlO5 + AlO6 with respect to the

total amount of them.

increasing proportion of AlO5 and AlOg units (the latter remain always below 3%) which
are also shown in Fig. [6(a). At 30% and above, the number Al atoms becomes sufficient to
start forming significantly O-3A1 TBO. At 40%, Al atoms become in the majority, as can be
seen in Table [[I} yielding a decrease of the O-2A1Si TBO and therefore a more pronounced
rise of the O-3Al1 TBO.

As mentioned above, the large majority of the structural units around Al atoms are AlOy,
which implies a charge balancing by either TBO or by AlO5 and AlOg. From Fig. @(b), this
charge balancing is insured more than 80% by TBO. Moreover, as the Al,O3; composition
decreases to zero, the percentage of TBO rise to 100%. Sen and Youngman®’ hypothesized
from their experimental results in the glassy state that charge balancing in fulfilled by the
TBO at very low concentration (< 1wt%) and by AlOs and AlOg at higher concentrations.
Our results are in line with this hypothesis at very low concentration, however for higher
ones, Fig. [f[b) shows that the formation of TBO remains the main mechanism for charge
compensation for all compositions.

Finally, we highlight in Fig. [7]the geometrical nature of the structural units studied above
from the bond angle distribution. The latter is calculated using the same cutoff radii as for

the coordination numbers. Fig. [fj(a) shows the O-Si-O angular distribution with a single

13



peak centered on 109° which does not change with z. As the large majority of Si atoms
are four-coordinated atoms, the SiO, entities adopt a tetrahedral shape. At low values of
x, Oxygen atoms are twofold coordinated indicating that Si atoms form a strong corner-
sharing tetrahedral network. In Fig. [f(b), the O-Al-O distribution is more complex and
show a significant evolution with composition. The main peak of the angular distribution
evolves from 107° at low Al;O3 concentration toward 97° for pure alumina, indicating that
the tetrahedral structure becomes more and more distorted. Moreover, an additional hump
around 165° shows up, which might be associated with the increase of AlOj units. The
Al-O-Al and Al-O-Si distributions shown in Fig. [7j(c) and (d) are characteristic of the link
between AlO, units and between AlO, and SiOy, respectively. The Al-O-Al distribution
shows two maxima, the first one located around 91° and the second one around 116°. As
shown in the insets, the first corresponds to the formation of edge sharing tetrahedra while
the second is characteristics of the formation of triclusters. The Al-O-Si distribution shows
also two maxima, one similarly around 91°, while the second one is broader and centered
at larger distances, namely 130° corresponding to various geometrical situations including
corner-sharing tetrahedra and triclusters. For both distributions, with addition of Al;O3
content, the amplitude of the peak located around 91° decrease while the one located at
larger angles increases.

Then the structural image emerging from this analysis is the progressive formation of
AlO5 and AlOg¢ as well as triclusters as x increases. The strong edge-sharing tetrahedral
structure in SiO, is weakened i.e it undergo a so-called depolymerization first by forming
edge-sharing tetrahedra, and then at higher concentration triclusters and AlOj structural
units that maintains the charge balancing. This structural entities might then play a role

in the dynamic properties and the fragility as was observed in the CAS compounds!#1828,

B. Dynamic properties

Before analyzing the dynamical behavior as well as the fragility as a function of composi-
tion, the determination of the glass transition temperature for each composition is needed.
This is carried out within the Potential Energy Landscape (PEL) concept®*™. As was done
in our previous work!®, for each composition, the Inherent Structure Energies (ISE) are first

determined as a function of temperature by mean of a conjugate gradient minimization to
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FIG. 7: Bond-angle distribution of (a) O-Si-O, (b) O-Al-O, (c) Al-O-Al, (d) Al-O-Si at temperature
T = 2300 K for all compositions. Inset in panel (c) shows typical structural units with angle Al-
0O-Al and Al-O-Si, respectively.

bring the system on the PEL. 50 configurations are minimized to get an averaged ISE for
each temperature and composition. The ISE are shown in Fig. [§(a) only for three compo-
sitions for the sake of clarity. The curves have been shifted with respect to their value at
T = 300 K. In the high temperature regime above 4000 K, the ISE shows a rather weak
slope, which corresponds to a diffusive regime, and in this case, the kinetic energy is large
enough to explore a sufficient proportion of local minima of the PEL. As the temperature
decreases, lower energy minima are progressively explored. At temperatures below 7" = 4000
K the ISE starts to decrease more rapidly, and the systems enter the so-called landscape
influenced regime where the system is unable to jump over the highest energy barriers. As a
result, it gradually gets trapped in deeper energy minima. Finally, the ISE becomes nearly

constant at low temperatures, and the system can be considered as having found a single
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FIG. 8: (a) Inherent structure energy (ISE) as function temperature for composition AS20, AS50
and AS80 scaled with respect to that at 300 K. The crossover between landscape influenced branch
and glassy branch defines the glass transition temperature 7. (b) Glass temperature transition

as function Al,Og composition.

minimum and therefore experience a glassy behavior. The value of Ty is then obtained from
the crossover between the landscape influenced branch curve and the glass branch of the
ISE. From the uncertainty of the slope of the linear fits, the error bars on the value of Ty
are estimated to be of the order of 30 K. The evolution of Tz as a function of composi-
tion is shown in Fig. (b) As can be seen, the value of T; decreases with increasing =z,
which is consistent with the progressive depolymerization of the SiO, tetrahedral network
as discussed in the preceding section.

The resulting effect of the weakening of the tetrahedral network on the dynamics can be
first seen on the self-diffusion coefficient of the different species, which are drawn in Fig. [J]
for two temperatures as a function of composition. As a matter of fact, an increase of the
diffusivity occurs as x increases. Interesting enough, the values of D for Oxygen atoms is
intermediate between those of Al and Si, which is consistent with the fact that O is more
tightly bound to the slower Si atoms. As the Al;O3 composition increases, the Si atoms
becomes progressively in the minority and consequently the diffusion of Oxygen becomes
closer to that of Al

We come now to the temperature evolution of the self-diffusion coefficient of Oxygen, Do,
which is then characteristic of the diffusivity in the system. Fig. shows the Arrhenius

plot of Dy in the liquid and undercooled region. As can be seen, for all compositions, Do
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FIG. 10: Arrhenius plot of Oxygen Self-diffusion coefficient in the whole range of compositions.

shows an non-Arrhenius behavior except for pure SiOy for which Do crossovers towards an
Arrhenius law in the low temperature regime D = D.exp(—FE,/kgT). This feature has
been observed also using the BKS potential®*#%, The activation energy E, for pure Silica
for Oxygen diffusion is 477 kJ/mol and compares well with the one for the viscosity (see
below) with a value of 487 kJ/mol and agrees quite well with the experimental value (514
kJ/mol }*2.

Fig. [11}(a) represents the Arrhenius plot of the viscosity calculated from the RNEMD
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FIG. 11: (a) Evolution of the viscosity as function of inverse temperature, full circles represent
our MD simulation results and open circles are the experimental data’. (b) Angell plot of the
viscosity. The full symbols are the simulation data, and the full lines of the same color are the

VFT fits.

method and compared with the experimental data of Urbain et al™ for AS20, AS50, AS70
and SiO,. The viscosity has been calculated down to the lowest possible temperatures.
Below, the slope of the velocities profiles is too small to obtain accurate viscosity values, as
already mentioned in Section II. A good agreement is found for AS70 while it is reasonable
for AS50 and SiOs. For the latter, the lowest temperature for which is was possible to
determine the viscosity is higher than the highest experimental one, however both curves
follow an Arrhenius law with a similar activation energy. Finally, for AS20 the simulation
values overestimate significantly the measurements. We can conclude that this potential
is reliable for the calculation of the viscosity for most concentrations except for some low
Al;O3 content systems around y = 20%.

The temperature evolution of the viscosity for all the investigated compositions are shown
in Fig. [11b) in the form of an Angell plot™, namely as function of the relative temperature
T /T, where Ty is the glass transition temperature. It is found that the simulations data
can be described adequately in the whole range of temperature, including the values of Ty

determined above from the ISE curves, by law Vogel-Fulcher-Tammann (VFT)

BTy
) @

n(T') = no exp(

Parameters 1y, B and Tj are fitted on the simulation data. Tj, the so-called Vogel temper-

ature for which the viscosity diverges, is always lower than T;. We mention that the value
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Ty (K) B m

SiOq — 52 18

AS20 933 18.61 48.28
AS30 1012 13.72 98.72
AS40 1052 10.77 68.63
AS50 1145 6.32 100.16
AS60 1160 5.67 110.5
AS70 1174 4.79 125.92
AS80 1178 4.75 173.93
AlyO3 1183 4.32 200.12

TABLE IV: Parameters of VET fit B and T and fragility m.

of the viscosity at the calculated Ty is taken as the conventional value n = 10'? Pa.s. From
the VF'T curves, we have inferred the fragility index which is the slope of the VFT curve at
T¢, which can be written in terms of the VFT parameters as follows

BTyT¢
T 93(Te — To)? (5)
The values of m span from 15 for strong liquids, where the VFT law reduced to the Ar-
rhenius law, to 200 for fragile ones with a non-Arrhenius behavior. As can be seen on Fig.
11j(b), only Silica displays a strong character associated to an Arrhenius law. Table
gathers the values of B and T obtained for the fit of the simulation data together with
the fragility index m. The latter shows a monotonic increase, indicating that AS liquids
become gradually more fragile with increasing Al,O3 composition. This result might be cor-

related with the progressive increase of AlO5, AlOg and TBO strutural units, which induce

a depolymerization of the strong corner-sharing tetrahedral structure in SiOs.

IV. CONCLUSION

In summary, we have studied the structural and dynamics properties of Aluminosilicate
(Al503),-(Si04)1_, melts as a function of Al;O3 concentration x varying from 0 to 1. For this
purpose we have performed classical molecular dynamics simulation using a Born-Mayer-

Huggins potential proposed recently by Bouhadja et al*%¥29 and initially developed for
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Calcium Aluminosilicate (CAS) glass-formers.

Firstly, in describing properties such as the total X-ray structure factor, pair-correlations
functions, coordination numbers, and viscosity we have found that the BMH potential gives
a reasonable description with respect to the available experimental data in the whole con-
centration range and mainly even more reliable results than the Born-Mayer and van Beest
et al. potentials currently used. We can conclude that the BMH shows a reasonable trans-
ferability from the CAS ternary system to the binary AS one, and also as a function Al,O3
concentration. For pure substances, Silica and Alumina the transferability is less obvious
for the properties considered here and will require further attention.

Given the reliability of this potential, we have shown that the structural image emerging
from our study is the progressive formation of AlO5; and AlOg as well as triclusters with
increasing Al;O3 concentration leading to the progressive weakening or depolymerization
the strong corner-sharing tetrahedral structure in SiOy. Our findings also indicate that the
charge balancing during this process is mostly insured by Oxygen triclusters.

Consequences of this feature are the decrease of the glass transition temperature, increase
of the diffusion coefficients, decrease of the viscosity and an increase of Angell’s fragility with
concentration. Our finding then indicate that AlOs, AlOg as well as triclusters structural
units might play an important role in the behavior of the dynamics as a function of com-
position and temperature for AS glass-formers. Systematic study of micro-segregation of
Al rich regions and its relationship with the MRO and dynamic heterogeneities using larger
scale Molecular dynamics simulations remains to be done and will be considered in future

work.
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