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Atomistic insights into the impact of charge balancing cations on the structure
and properties of aluminosilicate glasses
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Ternary aluminosilicate glasses are of great interest in glass and earth sciences. The structural role of the
non-network cations is not fully understood until now. Understanding the structural effect of the non-network
cations is necessary for explaining their impact on the macroscopic properties of aluminosilicate glasses. In this
work, we use molecular dynamics to investigate physical properties of a series of charge balanced aluminosilicate
glasses. Elastic properties and the glass transition temperature were calculated. Our results are in accordance with
the experimental data found in the literature. We found that elastic moduli increase with the charge balancing
cations field strength (FS), while the glass transition temperature is negatively correlated to FS. The effect of the
charge balancing cations field strength on the calculated properties is discussed and explained using the change
in the structural properties, energetic environment of atoms, and two-body excess entropy. This allows us to get
an overview of the effect of cations nature on the properties of the glass.
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I. INTRODUCTION

Elasticity is a material property used in understanding
various physical properties in glassy materials, such as ther-
mal shock resistance or fracture toughness. Basically, if a
material is loaded with a certain force value, this causes a
displacement of atoms which results in a response in the form
of deformation, which gives a general view of the mechanical
behavior of the material [1,2].

Oxide glasses have been used in several applications, start-
ing from windows to screens for electronic devices and optical
fibers [3]. In fact, it is always desirable to get high elastic
moduli, e.g., to produce thinner and stiffer substrates for thin
film electronics or screens for smart phones. The mechanical
behavior of oxide glasses depends strongly on the content and
type of non-network cations. The presence of an intermediate
oxide such as alumina also affects the mechanical response
of the glass. Indeed, the type of network former such as
silicates [4-6], borates [7,8], phosphates [9,10], or mixed
formers glasses [11,12] plays a critical role in the mechanical
behavior of the glass. Thus, there is always a way to improve
mechanical properties of oxide glasses through topological
engineering by designing specific glass compositions for
some target applications. For this purpose, we need a deep
understanding of the current knowledge of the relationship
between structure, mechanical properties, composition, and
other physical/chemical properties of the glasses.

An interesting type of oxide glasses is the aluminosilicates.
Their relevance is mainly due to their good mechanical and
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thermal properties, without neglecting the abundance of the
glass elements in the earth mental [2]. This family of glasses
is often used in the development of new glasses, with supe-
rior properties to meet the needs for various industrial and
technological applications [13,14]. Aluminosilicate glasses
are also used as glass ceramics, especially for low thermal
expansion materials. These later materials are usually based
on the lithium aluminosilicate glass system. High strength
glass ceramics can also be prepared based on the magnesium
aluminosilicate [14]. Numerous studies on aluminosilicate
glasses modified by different types of cations (e.g., alkali
and/or alkaline earth, rare-earth metals) were performed in
order to get a better understanding of the relationship between
composition and properties [13,15,16].

The distribution of aluminum species in aluminosilicate
glasses depends on the type and content of modifiers added to
the glass network and more precisely on the concentration ra-
tio [Xz”/tO] /[Al,O3] (where X stands for the modifier). Thus,

the distribution of Al tetrahedra A1, five-coordinated AIP!,
and octahedra Al'® will depend on that ratio. Indeed, when the
concentration of modifiers X2"/4;O is found in excess or equal to

the alumina content, AI>* ions are essentially present in four-
coordinated configuration Al and their negative charges
are compensated by X;'* cations [17]. In the metaluminous
join, where [XZ"/J;O] /[AL,O3] = 1, all XZ"/J;O ions are supposed
to compensate the charges generated by Al* tetrahedra.
These glasses are supposed to be completely polymerized
and can no longer have nonbridging oxygens (NBOs). In the
peraluminous region where [Xz”;O] /[AlLO3] < 1, the glasses

have an excess of modifiers compared to alumina. AI** ions
are compensated by the modifiers and are predominantly in
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four-coordinated configuration AI'Y. The excess of aluminum
atoms is inserted into the vitreous network in five-coordinated
A1) and six-coordinated A1'.

Indeed, the nature and composition of the glass affect the
formation of highly coordinated species. Mg?>" and Zn>*
are known to have high field strength which promotes the
formation of AlP®! as shown by Kelsey er al. [18]. Moreover,
using experiments Allwardt et al. studied aluminosilicate
glasses containing Na®™, K, and Ca>" and showed that
increasing cation field strength increases the average Al
coordination number [19]; this behavior has also been
observed in the experimental study of Kelesey et al. [20].

Until now, the atomic scale mechanisms of the effect
of charge balancing cations on the structural and physical
properties in aluminosilicate glasses has not been studied in
detail. Herein, we present atomistic simulations to highlight
in details the effect of the charge balancing cations field
strength on the thermodynamic and mechanical properties and
its structural origins in the aluminosilicate glasses.

We investigate the physical properties of a series of charge
balanced aluminosilicate glasses. We aim to clarify the role of
different cations in altering the structure and physical prop-
erties of the aluminosilicate glasses. The concentration of the
charge balancing oxides was set to be equal to that of the alu-
mina [X}%O]/[Aleﬂ =1 (X =Li, Na, K, Mg, Ca, Sr, Ba,
and Zn). This is assumed to produce a fully connected three-
dimensional glass network in which the major blocks are
the randomly distributed aluminum and silicon tetrahedra
and the negative charge of Al* tetrahedra is supposed to
be compensated by the charge balancing cations. Even if
our glasses contain either mono- or divalent alkali, alkaline
earth, or Zn cations, they are expected to play similar roles
in the aluminosilicate glass network, as charge balancers for
Al (n=4,5, 6) polyhedra. However, due to the difference
in the size of charge balancing cations, the ability to charge
balance will be different as the same charge is distributed
over a larger area for larger cations. In the present work, this
difference will be quantified as the field strength (FS).

Molecular dynamics (MD) simulations, which is an ef-
fective method to help investigating and understanding the
atomic scale behavior of materials and has been applied in
studying metallic and oxide glasses [21-25] and mechani-
cal behavior of nanocrystalline materials [26—28]. Molecular
dynamics simulations allowed us to identify the origins of
different charge balancing cations on the measured properties
at the atomic scale.

We calculated the glass transition temperature, elastic mod-
uli and correlated them to structural modifications imposed
by each cation. The influence of charge balancing cations
is highlighted via a variation of measured properties as a
function of the charge balancing cations field strength.

This paper is organized as follows. In Sec. II, we give
a description of the simulation procedure, the interatomic
potential used in our simulations, and we provide a brief
description of the different tools used to analyze the struc-
ture and compute the different properties. In Sec. III, we
present the results by dividing them into three parts: The glass
transition temperature, mechanical properties, and structural
properties. Section IV contains a discussion of the results
which correlates between structural change, modifier cations

field strength, and mechanical properties. Concluding remarks
are given in Sec. V.

II. COMPUTATIONAL DETAILS AND METHODOLOGY

A. Interatomic potential model

The accuracy of molecular dynamics results is strongly
influenced by the choice of the interatomic potential function
that describes interactions between atoms. In this context, the
rigid ionic model with partial charges was used for calculating
the forces that act on atoms and to simulate the ionocovalent
nature of bonding in modified aluminosilicate glass systems.
In this model, the particles are treated as charge points in-
teracting via Coulomb forces with a short-range potential
describing interaction between pairs of atoms. We employed
the well-established potential developed by Pedone et al. [29].
The functional form of the potential is given by:

2
Z[Zfe - —a;j(r—r )2
r +D,][1—€ 0 _1]+m (1)

Ul(rij) =

where i and j are atoms (Si, O, Al, Li, Na, K, Ca, Mg, Sr, Ba,
or Zn), r is the distance between atoms i and j, z; and z; are
the effective charges of the atoms i and j. D;;, a;;, ro, and C;;
are potential parameters. The first term in Eq. (1) describes the
long-range electrostatic interaction between atoms, the second
one is a short-range Morse function which is usually used in
modeling bonded interactions in covalent systems, and the last
term represents a repulsive contribution, necessary to model
the interaction at high temperature and pressure [29]. This po-
tential gives a realistic agreement with available experimental
data as mentioned in the literature [6,29-32]. Potential param-
eters and partial charges are given in Ref. [29]. All simulations
were performed using the large-scale atomic/molecular mas-
sively parallel simulator LAMMPS [33] while all visualiza-
tions are made by the aid of OVITO [34].

B. Glass preparation and composition details

We simulated eight charge balanced aluminosilicate
glasses (Xr’fsz — AlLO3) — 0.5(Si0;) where X stands for
Li, Na, K, Mg, Ca, Sr, Ba, and Zn, using classical molecular
dynamics. Table I gives details about each system label, den-
sity, glass transition temperature and the field strength which
is defined as the ratio of the formal charge z divided by the

TABLE I. Details for each composition: Density (p) after stress
relaxation, field strength (FS), and the glass transition temperature
(Tysim) from our simulations. Experiment values from Ref. [2] are
given between parenthesis.

Glass o (g/cm?) FS (A2 Tysim 30 (K)
LiAS 2.554 (2.431) 1.49 1283 (922)
NaAS 2,617 (2.494) 0.69 1432 (1074)
KAS 2.562 (2.463) 0.39 1526 (1193)
MgAS 2.804 (2.678) 3.12 1376 (1082)
CaAS 2.810 (2.960) 151 1398 (1131)
SrAS 3.144 (3.021) 1.13 1440 (1152)
BaAS 3.448 (3.300) 0.89 1423 (1149)
ZnAS 3.235 (3.091) 3.12 1365 (1022)
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square of the effective cation radius r, Z/r?; experimental data
[2] are given between parenthesis for comparison. All systems
consist of approximately 4200 atoms placed randomly in a
cubic simulation box ensuring that there is no unrealistic
overlap between atoms. An integration time step of 1 fs was
used with periodic boundary conditions (PBC) applied in all
directions to avoid edge effects on the systems. Long-range
interactions were evaluated by Ewald summation method,
with a real space cutoff of 12.0 A and precision of 107,
The short-range interaction cutoff distance was chosen to be
5.5 A [29]. First, we equilibrated the systems in NVT at
high temperature (7 = 5000 K) for 500 ps, which is enough
to bring our systems to the liquid state in the context of the
used force field. This step is needed to obtain an equilibrated
liquid as well as to ensure that each system loses memory
of its initial configuration. The second step is the linear
quenching from the liquid temperature (7 = 5000 K) to room
temperature (7 = 300 K) with a cooling rate of 1 K/ps in
NVT. However, cooling in NVT gives glasses containing
an amount of stress which needs to be released; for that
the system was equilibrated at room temperature and zero
pressure in NPT for 1 ns to make the systems stress free
and another supplementary 100 ps in the NVT ensemble for
statistical averaging over 100 configurations each separated by
1 ps. Temperature and pressure controls were affected using
Nosé-Hoover thermostat and barostat. As a matter of fact,
cooling rates used in molecular dynamics are much higher
than those used in experiments due to the intrinsic incapability
of molecular dynamics to use very low cooling rates. The
values of the cooling rate used in the present simulations
are usually used in making glasses in MD simulations, and
changing these values over a magnitude of order does not
affect considerably the physical properties and the short-range
structure of the glassy state [35,36].

C. Structural analysis and properties calculation
1. Radial distribution functions and coordination numbers

The radial distribution function (RDF) is used to describe
the local atomic structure of the systems [37]. The RDF, which
is defined as the probability of finding an atom j away from

atom i, is given by:
1 [dNy(r) .
drrip; | dr

gij(r)=

where i, j are atoms and N;;(r) stands for the average number
of j atoms in the sphere centered on i atoms with a radius r.
Otherwise, we can also get some insight into the ordering of
the glasses by the determination of the coordination number
N;; in the first coordination shell. The coordination number N;;
is the number of j atoms around an atom i and it is calculated
by integrating the RDF from zero up to first minimum 7y,
delimiting the first neighboring shell,

Nij(rmin) = 471,0/ i (ridr. 3)
0

It is also worth mentioning that the values of N;; are very
sensitive to the choice of rpi,. This ryi, must be carefully
determined for each pair function (Fig. 1).

.u.‘
xX=W0no

X = Li, Na, K, Mg, Ca, Sr, Ba or Zn

FIG. 1. Representative snapshot of the atomic structure of the
studied charge balanced aluminosilicate glasses.

2. Angular distribution functions (ADF)

For further analysis of the glasses local structures we refer
to the angular distribution functions (ADF). The ADF can be
explained by the fact that each combination of three atoms can
form a triangle [37]; it consists of finding those triangles and
getting a measure of bond angles as

r.zA =+ r2 — r2.
6;ix = arccos Ak gk 4
/ 2
Tijrik
n
PO) = — Q)]

N

where r;; corresponds to the distance between two atoms, 7 is
the number of angles i- j-k at angles 6 within a sphere of radius
rmin @s determined from the RDF, and N is the total number of
i- j-k angles in the same sphere. In our study, the ADF is used
to estimate the angle between inter- and intratetrahedral units
of the systems and also to describe the local structure around
the charge balancing cations.

3. Atomic entropy fingerprint

In general, an accurate computation of the entropy is ex-
tremely costly. Thus, an expression that gives approximately
the entropy is sufficient to show how different cations can
affect the entropy of the glasses. This expression was derived
from an expansion of the configurational entropy in terms of
multibody correlation functions [38,39]. Equation (6) presents
the two-body excess entropy which involves only the pair
correlation function and accounts for about 90% of the con-
figurational entropy [38—40].

Sy = —27 pky / le(Ping(r) — g(r) + 117dr  (6)
0

This equation can also be extended to compute the entropy
fingerprint for each particle 7 in the systems [41,42]

Si = — 27 pky / g (ing. () — g () + 1]r2dr - (7)
0

where p is the system’s density, and g (r) is the radial
distribution function for the particle i. To obtain a continuous
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and differentiable order parameter, the mollified version of
the radial distribution function was computed as described in
Ref. [39] and implemented in the LAMMPS code [33], it is
given by

e*(rfm)z/(%z) 8)

= Y
r) =
Em 47 pr? 7 V2mo?

where j describes the neighbors of atom i, r;; is the distance
between atoms i and j, and o is a broadening parameter. We
shall choose o small enough to get g,,(r) >~ g(r) and large
enough to manage derivatives of atomic positions [39].

4. Elastic properties calculation

To compute the elastic properties, the second derivative
method was applied. This technique can be used to get the
stiffness matrix as well as the compliance matrix. Using a
single-point energy calculation the stiffness matrix elements
are obtained by:

12U
YV de,0ep

C))

In isotropic cubic materials, there exist only two independent
parameters of the stiffness matrix (C;; and Cyq) [29]. In the
Voigt convention, the bulk, shear, and Young moduli can be
calculated from Egs. (10)—(12) while the Poisson ratio is given
by Eq. (13).

Byoigt = §(Ci1 + Co + C33 + 2(Ci2 + Ci3 + Co3)) (10)

Gvoigt = 75 (C11 + Caz + C33 4 3(Cas + Css + Cop)

—Cpp—Ci3—Cp3) (11)
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The obtained mechanical properties reported in this paper
were calculated using molecular statics through energy mini-
mization at 0 K. The obtained glass structures at 300 K were
subjected to a quench to 0 K by energy minimization using the
conjugate gradient algorithm. The minimized structures were
deformed in each of the six directions in both positive and
negative deformations and the change in the stress tensor was
measured.

II1. RESULTS
A. Elastic properties

Figure 2 depicts the variation of the elastic moduli from
our simulations and experiments as a function of the cations
field strength. As shown in this figure, the elastic moduli
obtained by MD simulations are in realistic agreements with
the experimental data measured by Brillouin light scattering
(BLS) [2]. The elastic moduli are correlated positively with
the charge balancing cations field strength, while the Poisson’s
ratio remains almost constant with a value around 0.25 for al-
kali aluminosilicate glasses and 0.27 for alkaline earth and Zn
aluminosilicate glasses. The Young modulus (E) increases as
a function of the FS, which is also an indication of increasing
bond strength in those glasses. This behavior has also been
observed for the bulk (B) and shear (G) moduli. Moreover,
for the present charge balanced aluminosilicate glasses, the
Poisson’s ratio v doesn’t show a clear correlation as a function
of the FS as seen in Fig. 2(d) and it is dependent on the type of
charge balancing cation. Furthermore, the elements with very
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FIG. 2. (a) Young’s modulus (E), (b) bulk modulus (B), (c) shear modulus (G), and (d) Poisson’s ratio as a function of the charge balancing

cations field strength, compared with experimental values from Ref. [2].
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TABLE II. Values of Young modulus (E), bulk modulus (B),
shear modulus (G), and Poisson’s ratio (v) found in our simulations
compared with experiments found in Ref. [2]; absolute errors are also
given.

System E (GPa) B (GPa) G (GPa) v
LiAS MD 92.36 63.57 36.71 0.257
exp 88.90 56.40 35.90 0.237
error (%) 3.892 12.713 2.256 8.439
NaAS MD 73.51 46.59 29.33 0.252
exp 73.90 45.20 30.10 0.228
error (%) 0.527 3.075 2.558 8.051
KAS MD 61.23 41.72 24.38 0.255
exp 71.20 45 28.80 0.236
error (%) 14.00 7.289 15.347 8.051
MgAS MD 101.94 78.41 39.82 0.282
exp 105.2 75.20 41.50 0.267
error (%) 2.88 4.268 4.0482 5.617
CaAS MD 89.67 66.89 35.12 0.276
exp 92.60 66.30 36.50 0.267
error (%) 3.164 0.890 3.781 3.371
SrAS MD 84.24 63.21 32.96 0.277
exp 85.30 59.90 33.80 0.263
error (%) 1.243 5.526 2.485 5.323
BaAS MD 79.41 58.22 31.2 0.272
exp 77.20 54.40 30.60 0.263
error (%) 1.023 7.022 1.961 3.422
ZnAS MD 102.17 79.33 39.63 0.285
exp 106.10 80.30 41.63 0.28
error (%) 3.921 1.208 4.804 1.785

close values of the field strength have similar values of the
elastic moduli. A summary of the calculated elastic properties
and relative errors with respect to experimental data is given
in Table II.

B. Glass transition temperature

The glass transition temperature can be found by plotting
the variation of some physical, chemical, or thermodynamic
properties of the material such as volume [V (T')], total energy
E,(T), or enthalpy H(T) with respect to temperature [43,44]
or using some mechanical properties such as fracture tough-
ness [45]. The glass transition temperature is then obtained
from the slope break between high- and low-temperature
variations of that property versus temperature. Values reported
here are those obtained using the total energy as a function of
the temperature E,(T) (E; stands for total energy). Figure 3
plots 7, values as a function of FS obtained in the present sim-
ulations together with the experimental values. We observe
from this figure a striking qualitative similarity between the
MD and experimental results. However, we remark that the
MD overestimates 7, values by 200 to 300 K compared to ex-
periments. This is a well known behavior in MD simulations
which is generally attributed to the very high cooling rates
used in MD simulations [36]. Another effect may be linked to
the fact that the interatomic potentials are not fitted to repro-
duce the behavior of the glass transition due to the complexity

1800 T T T T T T
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(Na)gg) (Sr)
) (Mg)
< 1400 |

—1200] ‘s ) “

1000 - -
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0 05 1 15 2 25 3 35
Field Strength (A2

FIG. 3. Glass transition temperature as a function of cations field
strength compared with experimental values found in Ref. [2].

of the phenomenon. The FS increases along the series KT <
Na* < Li* and Ba’* < Sr** < Ca’* < Mg?* while FS of
Zn* is equivalent to that of Mg>*. We also observe from
Fig. 3 that as the FS increases the glass transition temperature
generally decreases for both alkali and alkaline earth systems.
with a more pronounced decrease for alkali aluminosilicate
glasses. The variation of 7, as a function of FS is found to
follow, Li < Na < K, and Zn < Mg < Ca < Ba < Sr.

For the present glass systems, we notice that Tg depends
on the FS of the non-network former cations, thus it depends
directly on the radius of the charge balancing cations. Romano
et al. [46] reported almost the same trends in the viscosity
of XAlSi3Og melts in the region of T,, where X stands for
(Li, Na, K, Cag s, Mgy 5). It is also known that in aluminosil-
icate glasses 7-O (T = Si or Al) bonds are the strongest.
The introduction of a modifier cation induces a perturbation
to these bonds in a form of competition between Si, Al, and
X atoms to form bonds with oxygens (X is the nonframework
cation). Indeed, increasing the field strength of the modifying
cations leads to an increase of the perturbation in the glass
network and increases the probability of the nonframework
cations to form bonds with oxygen atoms [47]. In addition,
as illustrated in Fig. 3, T, in CaAS glass is higher that of
MgAS glass; this correlates well with the fact that the radius
of Mg cations is smaller than that of Ca cations. It is also
observed from Figs. 2 and 3, that when the FS increases the
elastic moduli (EM) increase while T, decreases. This reveals
a negative correlation of the EM with T, for both alkali and
alkaline earth aluminosilicate glasses.

C. Structural properties
1. Local environment of network formers

In the ternary aluminosilicate glasses, both Si and Al
can attain different coordination numbers with oxygen, de-
pending on the chemical composition, as well as on thermal
and pressure histories of the glass [19,48]. Network-forming
Si and Al cations coordinated with more than four and
three oxygen anions, respectively, require a network modifier
(e.g., alkali cations) to maintain charge neutrality.

In Fig. 4, we plotted the first peaks of Si-O and Al-O RDFs.
We observe that the first peaks of the Si-O and AI-O RDFs
show maxima at distances around 1.61 A and 1.73 A, respec-
tively, in accordance with the data reported in the literature
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FIG. 4. RDFs and the cumulative coordination function in the
obtained glasses at 300 K. (a) Si-O and (b) Al-O.

[13,15,21,49]. Additionally, we see that the first peak position,
which represents the mean distance between each pair, is not
affected by the type of the charge balancing cations. However,
it is systematically observed that if the cations field strength
increases the intensity of the first peak decreases.

By integrating the partial radial distribution functions to
a specific cutoff value defined as the first minimum of each
RDF, we can obtain the averaged coordination numbers of
both network formers. This minimum is found to be 2.1 A
and 2.3 A for Si-O and Al-O, respectively. The results show
that both network formers have a coordination around 4.0 for
Si atoms and 4.1 for Al atoms. This is not affected by the type
of the charge balancing cations in the case of Si-O, while for
the AI-O a slight variation has been observed (see Table III
below). Moreover, other ab initio MD simulations as well
as previously reported experiments [50,51] have shown that
Si*t s present in a tetrahedral coordination (Si4), which is
in a good agreement with our simulations. Otherwise, Al**
ions are present mostly in a fourfold coordinated AlO; with
a small fraction in the form of fivefold (A]Oé‘) and sixfold
AlOé’ polyhedra as presented in Fig. 5. This is in good
agreement with available experimental data [49,51].

The Si-Si, Al-Al, and Si-Al RDFs generally present the dis-
tance of separation between center of Si04-SiOy4, AlO,-AlO,,,
and Si04-AlO, (n = 4, 5, 6) polyhedra. These RDFs showed
peaks around 3.2, 3.1, and 3.15 A, respectively (see Supple-
mental Material Fig. S1 [52]). The cumulative coordination
number N;_;(r) of Si-Si, Al-Al, and Si-Al, have values around
1.75, 3.5, and 2.2 A, respectively (see Supplemental Material
Fig. S2 [52]). Hence, as it is well known in silica glass, each
silicon tetrahedron is coordinated by four other tetrahedra. We

TABLE III. Short-range structural parameters of glasses ob-
tained from molecular dynamics at 300 K. The cutoffs were set to
2.1 and 2.3 A for the Si-O and Al-O pairs, and 2.66, 3.24, 3.8, 2.7,
3.1, 3.5, 4.0, and 2.6 A for the Li-O, Na-O, K-O, Mg, Ca-O, Sr-O,
Ba-0, and Zn-O pairs, respectively.

Glass Si-O Al-O X-0
systems r,'j Nij rij Nij r,-j Nij
LiAS 1.61 4.02 1.73 4.05 1.99 4.02
NaAS 1.61 4.02 1.73 4.02 241 6.22
KAS 1.61 4.00 1.73 4.06 2.73 7.73
MgAS 1.61 3.99 1.73 4.12 2.03 4.79
CaAS 1.61 4.00 1.73 4.13 2.38 6.31
SrAS 1.61 4.00 1.73 4.10 2.59 8.19
BaAS 1.61 3.99 1.73 4.07 2.83 11.71
ZnAS 1.61 4.00 1.73 4.14 1.97 3.54

can notice that there are fewer silicon tetrahedra in the first
coordination shell of a central one (1.75), while this number
is higher for aluminum; this can be a result of the presence of
A" (n = 4, 5) polyhedra in the glasses.

The bond angle distributions (BADs) can provide infor-
mation about inter and intra polyhedral angles (linkage). The
0O-Si-0O and O-Al-O BAD present the distribution of the angles
inside SiO4 and AlO; tetrahedra.

The bond angle distributions are presented in Fig. 6. For
the O-Si-O distribution, no shift was reported as we changed
the modifier, and this angle has been found to be centered
around a mean value of 109.1° for all systems [Fig. 6(a)].
Moreover, we see that the O-Al-O BAD shifts to lower
angles and becomes broader with increasing field strength
[Fig. 6(b)]. In addition the intensity of the BAD decreases
with increasing charge balancing cations field strength. The
Si-O-Si and Al-O-Al bond angle distributions presented in
Figs. 6(c) and 6(d) provide supplementary information on the
linkage between the SiO, tetrahedrons and AlO, tetrahedra.
We observe that Si-O-Si bond angle distribution has a value
around 147° for all systems independently from the field
strength of the charge balancing cations. On the other side,
the Al-O-Al distribution has been shown to slightly depend on
the type of the charge balancing cations. It presents a bimodal
distribution with a first peak centered around 120° and another

100 — ‘
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— 801 KAS memmm ~
L aA 4
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0
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FIG. 5. Distribution of aluminum species in our systems at 300 K.
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FIG. 6. Bond angles distributions obtained from MD simulations at 300 K. (a) O-Si-O, (b) O-Al-O, (c) Si-O-Si, 9d) Al-O-Al, and (e)

Si-O-Al

around 90°. From the Al-O-Al ADF [Fig. 6(d)] and the Al
coordination statistics in Fig. 5 we can suggest that the intense
peak is attributed to the four-coordinated AlO, tetrahedra
while the secondary peak (the shoulder) is attributed mainly
to Al polyhedra. We also notice that this second peak
increases with the increasing amount of AI®! polyhedra with
the highest intensity observed for MgAS and ZnAS while the
lower intensity is observed for NaAS. This is in agreement
with the high population of A1’ in MgAS and ZnAS and the
low amount in NaAS. The Si-O-Al bond angle distributions
shown in Fig. 6(e) represent the angle of the hybrid linkage
between a SiO, tetrahedra and an AlQO,, polyhedra.

2. Oxygen local environment

The radial distribution function of the O-O pair is presented
in Fig. 7(a), which shows that the mean length of the O-O
bond (which is given by the first peak position) is not affected
by the cations field strength (no shift of the RDF is observed)
while the width of the first peak changes with FS. This
suggests the presence of longer O-O bonds in the systems
with higher field strength. This can be seen as an indication
of the presence of larger polyhedral units in our systems with
increasing FS.

The identification of the oxygen species is made according
to the total number of bonds to Si and/or Al atoms. Thus,
o1 ot Om, 0Bl and O™ stand for a free oxygen (FO),
nonbridging oxygen (NBO), bridging oxygen (BO), oxygen
tricluster (TBO) which is an oxygen linked to three network
former atoms, and finally fourfold oxygen (FFO). As illus-
trated in Fig. 7(b), the population of FO and FFO is less
than 0.3%. These small fractions of FO and FFO might be
an artifact due to the high cooling rate used here and/or the
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FIG. 7. O-O RDF (a) and the distribution of oxygen species (b) in
our glasses at 300 K.
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FIG. 8. Bond angle distributions obtained from MD simulations at 300 K: (a) O-X-O and (b) X-O-X where (X = Li, Na, K, Mg, Ca,

Sr, Ba, and Zn).

system size. Hence, the free oxygen and fourfold coordinated
oxygen atoms are neglected in the further discussions.

Bridging oxygens have the highest population in the
present charge balanced aluminosilicate glasses; this is rather
normal since the present glasses are expected to mainly ex-
hibit BOs and TBOs. However, we notice the existence of a
non-negligible fraction of NBOs in all glasses (reaching 10%),
which suggests that NBOs exist in aluminosilicate glasses
with XH"/JEO/AIZO3 =1[53].

The effect of the charge balancing cations field strength
is also present in the evolution of the oxygen species. If we
focus only on the alkali aluminosilicate series, we can notice
that LiAS, with the highest field strength, presents the highest
NBO population; NaAS shows a high amount of BO while
KAS has the highest number of TBO. In the alkaline earth
aluminosilicate and ZnAS glasses, the highest field strength
cations are Mg and Zn; they have the highest population of
NBOs and TBOs. This suggests that as the field strength
increases the population of BOs in the system decreases, while
that of NBOs and TBOs increase [54].

3. Cations local environment

For the alkali charge balanced aluminosilicate glasses the
Li-O, Na-O, and K-O RDFs have a maximum at 1.99, 2.41,
and 2.73 A (see Supplemental Material Figs. S1 and S2
[52]) showing that with increasing field strength the cation
oxygen bond length decreases. Furthermore, the coordination
number seems also to decrease with decreasing field strength.
The alkaline earth and ZnO aluminosilicate glasses illustrate
a similar behavior as seen in alkali aluminosilicate glasses
for both X-O bond lengths and coordination numbers; the
bond length and the coordination number is increasing as
Zn < Mg < Ca < Sr < Ba.

To get more insight into the local environment of the charge
balancing cations, we did compute and plot the RDF and
cumulative coordination functions of these cations with Si
and Al (see Supplemental Material Figs. S1 and S2 [52]).
We observe a negative correlation between FS and Si-X,
Al-X lengths; this effect is also observed in the coordination
numbers of Si-X and Al-X. The X-X RDF shows that the
X-X distance decreases with increasing FS, which can be
attributed to the change in the X-O-X BAD linkage. Now,
if we look at the BAD of O-X-O and X-O-X as plotted in

Figs. 8(a) and 8(b), we can notice that the environment of the
charge balancing cation is more complex. This is due to the
high coordination states that can be attained by these cations
presenting a maximum of 12 for Ba cations and a minimum
of 3.5 for the Zn cations. For lower FS cations, O-X-O
BAD shows a bimodal distribution and as the FS increases
it becomes a unimodal distribution with angle values centered
around 109°, which is also in accordance with the evolution of
the coordination number of those cations. For X-O-X BAD,
the same behavior is noticed and the BAD is wider for lower
cations field strength and becomes more localized around 90°
for high FS cations.

IV. DISCUSSION

In the present study, we investigate the structural change
in aluminosilicate glasses due to different charge balancing
cations. Our results showed that the elastic moduli (Fig. 2) are
in good agreement with the experimental data measured by
Brillouin light scattering [2]. Otherwise, the glass transition
temperature Tg is higher than the experimental values, which
we attribute to the high cooling rate used in MD simulations
and probably to the interatomic potential that was not fitted
on this property. It is also worth stressing that the calculation
of the glass transition temperature values is sensitive to the
system size and cooling rate. Nevertheless, we noticed a
striking similar behavior between MD Tg values and those
obtained experimentally. This suggests that the behavior of
Tg versus the FS is a real effect observed in the present work
and is not an artifact generated by MD simulations. Indeed,
the values of Tg and other glass properties can be affected by
the cooling rate used in the quenching process. However, in
the current study we used several cooling rates for knowing
1.10'3, 5.10'2, 1.10'2, and 5.10"" K/ps and we didn’t see
any noticeable difference that will affect our conclusions. The
mechanical properties were slightly affected by the cooling
rate while Tg decreased with decreasing cooling rate which
is a normal effect as the system was allowed to relax more in
lower cooling rates, thus, more local minima were explored
and the final glass is found in a relatively more stable state
compared with the glasses produced using higher cooling
rates. The bond lengths in our glasses were not affected by the
cooling rates neither the coordination numbers of the glass
formers (Si and Al) which is in accordance with previous
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studies on the cooling rate effect in oxide glasses [35,36,55—
57]. A discussion of the cooling rate effect on the glass
properties in oxide and metallic glasses can be found in the
Supplemental Material [52]; see also Refs. [25,35,36,55-68]
for further details.

In order to get a better understanding of the effect of dif-
ferent charge balancing cations on the physical properties of
aluminosilicate glasses, we can correlate the structural change
with the elastic moduli and the glass transition temperature.
Indeed, the elastic moduli give us information about the stiff-
ness of the glass with respect to deformation, which obviously
reflects the bond strength. However, the elastic moduli do not
depend only on the bond strength but also on the coordination,
the degree of glass network polymerization, atomic packing
density, and in some cases on the medium-range order of the
glass as highlighted by Rouxel [69]. Rouxel did put some light
on the relationships between the elastic moduli and the atomic
network organization.

When we doped the aluminosilicate glasses with different
charge balancing cations we did not observe any noticeable
change in the mean bond lengths of Si-O, Al-O, and O-O
pairs; this is seen through the unchanged position of the RDF
first peak. However, the intensity of this first peak which
describes the density variation in the first coordination shell
does change as a function of the field strength. Higher charge
balancing field strength leads to lower intensity of the Si-O
and Al-O RDFs first peak as seen in Figs. 4(a) and 4(b). This
effect is due to the ability of cations with high field strength
to form stronger and thus shorter bonds with oxygen atoms
compared to cations with low field strength. This could also
be the reason for the increase observed in the evolution of the
elastic moduli with the FS, as the Young’s and shear moduli
represent the stiffness of a material subjected to a uniaxial
load and shear loading, respectively. High elastic moduli mean
a high resistance to elastic deformation for a given load.
This behavior is strongly dependent on the bond strength
as has been suggested by Makishima and Mackenzie [70].
This suggests that the elastic moduli increase with decreasing
molar volume or inversely with the atomic density. In the
present work, this effect is clearly seen in bulk modulus,
while it is also noticed for shear and Young’s moduli (see
Supplemental Material Fig. S3 [52]). The Poisson’s ratio (v) is
an important parameter to understand the mechanical behavior
of glasses [71]. It is a measure of the resistance of a material
to volume change with respect to shape change [69]. As
presented previously (Fig. 2), Poisson’s ratio doesn’t depend
on the field strength of the charge balancing cations. If we take
a look at the evolution of v as a function of the molar volume
it is clearly seen that there are three distributions of Poisson’s
ratio (see Supplemental Material Fig. S4 [52]). This suggests
that in aluminosilicate glasses v depends on the family of
the nonframework oxide rather than on the value of the field
strength. In addition to that, the present MD simulations show
that the Poisson’s ratio generally decreases as a function of
the molar volume, which has been also observed in BLS
experiments [2]. This can be explained by the fact that glasses
with lower molar volume have a closely packed structure
which is supposed to exhibit small volume changes when
changing shape, due to the limited space for densification.
Though this explanation is generally applicable to our glasses,
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FIG. 9. Q" distribution of network formers (Si and Al atoms)
in the glasses (X:/;O — Al,03) — SiO, where (X = Li, Na, K,
Mg, Ca, Sr, Ba, and Zn) obtained from MD simulations at 300 K.

there is some fluctuation in the values as seen in both alkali,
alkaline earth, and ZnO aluminosilicate glasses; this can be
attributed to the connectivity of the network as glasses with
higher connectivity are more rigid and show more resistance
to elastic deformation [71]. To argue with this, we performed
a statistical analysis of the Q" (i.e., the distribution of BOs in
each silicon and aluminum polyhedron, and # is the number
of BOs per polyhedron.) distribution in our glasses, presented
in Fig. 9. As expected, the highest population is that of Q*
since the glasses are supposed to be fully connected. For high
field strength charge balancing cations, there is a tendency to
form more Q* and Q? species than the low charge balancing
cations FS.

The glass transition temperature 7, also presents a depen-
dence on the charge balancing cations field strength, as seen
previously in Fig. 3. T, decreases with increasing FS, which
can be attributed to the modification of the aluminosilicate
glasses structure mainly in the Si and/or Al environment and
to the change in oxygen species due to the presence of alkali,
alkaline earth, and Zn elements. As indicated before, in the
present charge balanced aluminosilicate glasses, all silicon
atoms are four-coordinated with oxygen atoms. As illustrated
in Fig. 5, aluminum atoms are primarily found in fourfold
coordinated species, while there exist some five-coordinated
Al, which leads to the formation of Q1. We note also the
existence of a negligible amount of Al'® which we preferred
to ignore in our analysis due to its minor contribution. The
abundance of each state depends on the type and the field
strength of the charge balancing cations. For the alkali alu-
minosilicate glasses, in the NaAS system there are more Al'¥
than in the LiAS and KAS systems, and in the KAS system
there are more Al'®!. Moreover, for oxygen species, which can
be seen as an indication of the network connectivity, more
BOs suggest a more connected glass network. Figure 7(b)
shows that more BOs are present in NaAS glass than in the
other aluminosilicate glasses, while ZnAS glass presents the
largest number of TBOs.

The energetic environment of silicon atoms is supposed
to be unaffected by the type and/or the size of the charge
balancing cations; this assumption is based on the fourfold
coordinated silicon atoms, the unchanged mean Si-O bond
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length, and intratetrahedral angles O-Si-O found in our simu-
lations (see Supplemental Material Fig. S5 [(a) and (b)] [52]).
Additionally, for alkali aluminosilicate glasses the environ-
ment of Al atoms is also not affected by the charge balancing
cations FS, while for alkaline earth and ZnO aluminosilicate
glasses a shift toward higher values of the potential energy
is observed with increasing FS (see Supplemental Material
Fig. S5 [(c¢) and (d)] [52]). This is in full agreement with
the change in the Al population and also the Al coordi-
nation number as summarized in Table III. Furthermore, we
can characterize the oxygen environment energetically, by
providing the per-atom potential energy for each specie. For
alkali aluminosilicate, we found a bimodal distribution and
no dependence on the FS has been noticed. Lower energy
values correspond to TBOs and BOs, while NBOs have higher
potential energy. On the other hand, in alkaline earth and
ZnO aluminosilicate, a dependence on the cations FS was
observed as there is a shift toward lower energy values. This
is in agreement with the oxygen statistics given in Fig. 7(b)
in which there is a tendency to have more TBOs in higher
FS aluminosilicate (see Supplemental Material Fig. S5 [(e)
and (f)] [52]). The difference in FS (ionic radius) affects the
number of oxygen atoms that can be present around the charge
balancing cations (see Table III). Hence, fewer oxygen atoms
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FIG. 10. Potential energy per atom distribution of (a) (Li, Na,
and K) and (b) Mg, Ca, Sr, Ba, and Zn) obtained from MD simu-
lations at 300 K.

can be present around high field strength cations (small ionic
radius), which causes each oxygen to have more concentrated
negative charge in order to balance the cations charge. This
could also explain why this effect is more pronounced for
divalent cations and not for monovalent cations. However,
smaller divalent cations need to have a more negative average
residual charge, suggesting that the larger cations can charge
balance the negative charges on the Si-O-Al bridging oxygens.
This is supported by the aluminum statistics as presented in
Fig. 5 and the results reported previously by Smedskejaer ez al.
in their experimental study of the effect of ZnO on the struc-
ture of sodium aluminosilicate glasses [72]. Consequently,
higher field strength charge balancing cations promote the
concentration of negative charges on their local NBOs, which
causes conversion of Al to A1P,

From the distribution of potential energy per atom of the
charge balancing cations given in Figs. 10(a) and 10(b)], we
can notice that cations with similar FS have similar envi-
ronment and that high FS cations can have stronger X-O
bonds. This in fact is in good accordance with the coordination
number distribution and the cations size, as large cations have
a bigger surface to distribute the charge which can result in
high coordination number, which has an effect on the charge
balancing capability of each cation. This suggests that high
field strength charge balancing cations such as Mg and Zn
can be considered as intermediate oxides or pseudonetwork
formers rather than network modifier. This was also suggested
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CaAS ()
3 SrAS
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4 2 0
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FIG. 11. Distribution of S, in our glasses at 300 K, (a) alkali
aluminosiicate and (b) alkaline earth and Zn aluminosilicate.
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by Desirena et al. and Smedskjaer et al. for different glasses
[72,73]. Besides, this also can be the reason of the high elastic
moduli reported herein for MgAS and ZnAS glasses.

Additionally, it is also possible to quantify the local con-
figurational entropy or entropy fingerprint using two-body
correlation functions as described in Sec. 2. As a matter of
fact, there are many different definitions of configurational
entropy which is mainly due to the difficulty in the compu-
tation of the vibrational contributions, a useful approxima-
tion which accounts for about 90% of the configurational
entropy can be used for simple liquids, which requires only
the pair correlation function [39,74,75]. The entropy finger-
print distribution is presented in Figs. 11(a) and 11(b). In
the glasses containing high field strength charge balancing
cations, there is a trend showing that these systems are more
disordered than those containing low charge balancing cation
FS. This effect can be explained by X-O bond strength
(X =Li, Na, K, Mg, Ca, Sr, Ba, and Zn). The X-O bond
strength is correlated positively with FS, giving evidence that
for low FS cations there is less competition between X, Si,
and Al to form bonds with oxygen atoms, resulting in a
low configurational entropy of the system. For alkaline earth
cations and Zn this effect is not clear but we noticed a shift to
higher values of S, with increasing field strength.

V. CONCLUSION

We used MD simulations to study the effect of charge
balancing cations on the structural and physical properties
of aluminosilicate glasses with the composition (X,:’/JEO—
Al,03)50—(Si03)59 where X is Li, Na, K, Mg, Ca, Sr, Ba,

n+

X"0
: n/2
and Zn. The ratio R = ALO;

was set to 1.

Elastic properties were investigated using the energy min-
imization and compared to experiments. The glass transition
temperature and elastic properties are found to strongly de-
pend on the charge balancing cations type and field strength.
Our results are in a realistic agreement with available ex-
perimental data measured by BLS experiments. In addition,
the charge balancing cations FS have been found to induce a
structural change manifested by the change in NBOs, BOs,
TBOs, and Al populations, without neglecting its effect on
the Al-O-Al BAD and the Q" distribution. The results suggest
that the smaller cations (high FS) (e.g., Mg and Zn) behave
more like network formers than network modifiers as indi-
cated by the coordination numbers and bond angle distribu-
tions, while the larger ones (low FS) behave more as network
modifiers. This explains the increase of the elastic moduli as a
function of charge balancing cations field strength. Moreover,
cations with similar FS behave similarly as has been seen
for MgO and ZnO aluminosilicate glasses, although they
have different electronic configurations. The insights obtained
from the present molecular dynamics simulations to explain
experimental results will help in understanding the effect of
charge balancing cations on the observed glass properties and
in designing glass compositions for more advanced techno-
logical applications.
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