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Exploring the reasons for the initiation of Al-O-Al bond formation in alkali-earth alumino silicate glasses
is a key topic in the glass-science community. Evidence for the formation of Al-O-Al and Al-NBO
bonds in the glass composition 38.7Ca0-9.7MgO-12.9Al,03-38.7SiO, (CMAS, mol%) has been provided
based on Molecular Dynamics (MD) simulations. Analyses in the short-range order confirm that silicon
and the majority of aluminium cations form regular tetrahedra. Well-separated homonuclear (Si—-O-Si)
and heteronuclear (Si-O-Al) cluster regions have been identified. In addition, a channel region (C-
Region), separated from the network region, enriched with both NBO and non-framework modifier
cations, has also been identified. These findings are in support of the previously proposed extended
modified random network (EMRN) model for aluminosilicate glasses. A detailed analysis of the structural
distributions revealed that a majority of Al, 51.6%, is found in Si—O-Al links. Although the formation of
Al-O-Al and AlI-NBO bonds is energetically less favourable, a significant amount of Al is found in Al-
O-Al links (33.5%), violating Lowenstein’s rule, and the remainder is bonded with non-bridging oxygen
(NBO) in the form of Al-NBO (Al-O-(Ca, Mg)). The conditions necessary for the formation of less
favourable bonds are attributed to the presence of a high amount of modifier cations in current CMAS

glass and their preferable coordination.
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1. Introduction

Alkaline-earth aluminosilicate glasses are promising materials for
high-power laser applications," for solid oxide fuel cells as sealing
materials® and for long-term immobilization of complex mixed
radioactive wastes.> Understanding the composition-structure-
property relationship in aluminosilicate oxide glasses has been
the main driving force behind the rapid development of glass-
based materials for these applications.'® The non-crystalline
structure of aluminosilicate glasses strongly depends on the
skeletal network consisting of the framework tetrahedron
(Si and Al) units present in it.” The compensated continuous
random network (CCRN) model and the modified random
network (MRN) structural model are widely used models for
explaining the distribution of framework units in aluminosilicate
glasses.>'*'! Both models obey the well-known Al-avoidance
principle or Lowenstein’s rule.'” This rule states that: (i) Al-O-Al
bonds are energetically less favourable and are avoided over Si or
other atoms such as P, and (ii) in the case of formation of Al-O-Al
bonds, at least one of the Al atoms should have a coordination



number greater than four. Experimentally, this rule is valid for
many different silicate glass compositions with moderate alumina
doping.*™*® However, it has been reported that Al-O-Al bonds are
more prominent in magnesium aluminosilicate glasses than in
calcium- or sodium-containing aluminosilicate glasses.'®° This
outcome questions the validity of the Al-avoidance principle and
thereby limits the applicability of the MRN and CCRN models for
aluminosilicate glasses. New alternative or extended models are,
therefore, essential for explaining the distribution of AlO, and
Si0, tetrahedral units, as well as the formation of Al-O-Al bonds,
in alkaline-earth aluminosilicate glasses.

Many studies have reported the presence of Al-O-Al bonds
in alkali/alkaline-earth/rare-earth aluminosilicate glasses.>'>?
Magic-angle spinning (MAS)-nuclear magnetic resonance (NMR)
spectroscopy of 2°Si and *’0 nuclei and molecular dynamics (MD)
simulations have been employed in many studies to quantify the
distribution of various Q"(mAl) units in aluminosilicate glasses
and identify the existence of Al-O-Al units.>**” Nevertheless, the
presence of Al-O-Al bonds in non-crystalline structures has
mostly been justified based on their chemical composition. For
example, for a constant mole fraction of silica in alkali/alkaline-
earth aluminosilicate glasses, the fraction of Al-O-Al and Si-O-Al
bonds increases with increasing polymerization as alkali/alkaline-
earth species are replaced with Al,0;.>?® Furthermore, it is also
concluded that increasing the alkali/alkaline-earth-cation field
strength increases the population of Al-O-Al sites.>**® Owing to
their highly efficient charge-compensation capability, trivalent
rare-earth cations stabilize Al-O-Al configurations and increase
the fraction of Al-O-Al bonds in aluminosilicate glasses.*'** Very
recently, we have studied the alkaline-earth aluminosilicate glass
system for its application as a sealing material for solid oxide fuel
cells.” Detailed analysis of the deconvoluted *°Si MAS-NMR
spectra revealed that 60% of Al participates in Al-O-Al bonds
and that 40% of Al exists in Al-O-Si bonds.** Nevertheless, in
addition to the effective influence of alkaline-earth-cation field
strength, MD simulations are also essential for interpreting the
experimental results and to explore the origin of the formation
of Al-O-Al bonds.

Furthermore, due to limited direct experimental accessibility,
the estimation of Al in Al-O-Al linkages is largely dependent on
the selection of the structural model. 7O NMR may be used for
direct quantitative measurement,>*° but is inaccessible to most
glass researchers due to its expense. A good structural model is,
therefore, necessary for accurate estimation of Al in Al-O-Al
linkages. In the 43.1Ca0-12.5A1,0;-44.4Si0, (mol%, CAS) glass
composition,** the random-intermediate range order (R-IRO)
model estimates the quantity of Al in Al-O-Al units to be 58%,
while the Quasi-Heterogeneous Intermediate Range Order
(QH-IRO) model predicts a much lower value of 17%. A more
appropriate structural model is, therefore, required in order to

identify the distribution of framework units and to explain the
formation of Al-O-Al bonds. In this context, we recently
proposed an extended modified random network (EMRN)
model to explain the formation of Al-O-Al bonds in alumino-
silicate glasses.®® Note that our previous work®® uses the name
“new modified random network”, which is inaccurate as only
some exclusive extensions are made to the base MRN model.
According to the EMRN model, which evolves from the MRN
model,® the framework units in aluminosilicate glasses form a
network-structure region combining clusters of heteronuclear
units and homonuclear units, as shown in Fig. 5 of ref. 33. The
as-formed heteronuclear, homonuclear and R-cluster regions
are connected with each other. Here, we evidence the essential
formation of clusters of heteronuclear and homonuclear units
in aluminosilicate glasses.

In the present study, the previously reported calcium
magnesium aluminosilicate (CMAS) glass composition® (mol%)
38.7Ca0-9.7Mg0-12.9 Al,0,-38.7 SiO, is selected for assessing
the distribution of the framework units in the network structure
region by using MD simulations. Furthermore, the origin for the
formation of Al-O-Al bonds in CMAS glass is evidenced.

2. Method and models

2.1 Molecular dynamics simulation method

Molecular dynamics (MD) simulations are performed using the
LAMMPS code.?” The atomic interactions are computed using
two different interatomic potentials designed by Miyake et al.*®
and Pedone et al.>® Hereafter, the glass samples prepared with
the Miyake and Pedone potentials are termed as Miyake glass
(M-glass) and Pedone glass (P-glass), respectively (Table 1). The
Miyake potential consists of a short-range repulsive term, a van
der Waals attractive term, a Morse two-body term and a long-
range Coulombic term. The Pedone potential consists of a
short-range repulsive term, which is different from that used
by Miyake, a Morse two-body term and a long-range Coulombic
term. In order to check the reliability of the potential, some test
cases were performed where the structural properties obtained
from the simulations were compared with the available experi-
mental data; these results are presented in the ESL{ In both
potentials, the Coulombic interactions are computed by using
Ewald summation®’ with a relative precision of 10~ ° in force by
limiting the real-space calculations within a cut-off radius of
12 A. Periodic boundary conditions are imposed along all the
three axes to imitate a bulk sample, thus preventing any surface
effect. The Velocity Verlet algorithm with a time step of 1 fs is
used to integrate the Newton’s equations of motion. Nose-
Hoover thermostat and barostats are used to control the

temperature and pressure, when required.*"**

Table 1 Sample names and key parameters used for the preparation of glass and resultant cation—oxygen distances at 300 K

Sample name Potential Total atoms Cooling rate (K ps™ ) Density (g cm ™) Si-0 (A) Al-O (A) Ca-0 (A) Mg-O (A)
M-Glass Miyake 2774 10 2.75 1.62 1.76 2.42 211
P-Glass Pedone 2774 10 2.94 1.59 1.73 2.32 2.04



2.2 Sample preparation

The calcium magnesium aluminosilicate (CMAS) glass compo-
sition employed in the present study is 38.7Ca0-9.7MgO-
12.9A1,05-38.75i0, (mol%).>>* First, n number (n = 280, 553,
1393, 2774 and 11096) of atomic positions are generated ran-
domly in a cubic box. The box dimensions are set to reproduce the
experimental density at room temperature.”® The atom types are
then assigned randomly according to the composition. While
generating the atomic positions, we ensured that we had inter
atomic distances larger than 1.8 A to avoid any artificial high-
energy, short-range interactions. The ion position of the initial
sample is relaxed by molecular statics when using the conjugate
gradient method. This sample is then thermalized for 10 ps at
300 K within the micro-canonical ensemble (NVE) before ramping
the temperature from 300 K to 5000 K with a heating rate of
100 K ps~ " within the canonical ensemble (NVT). After heating to
5000 K, the melt is equilibrated for about 100 ps using the NVT
ensemble to avoid any possible formation of artificial clusters.
The melt is then quenched down to 300 K with several cooling
rates, ranging from 0.1 to 100 K ps~ ' ** using the NVT ensemble.
At 300 K, the samples are thermalized for about 200 ps using an
isobaric-isothermal ensemble (NPT) to remove thermomechanical
stresses accumulated during the quenching procedure. The final
stress-free samples are collected at room temperature to investi-
gate various structural properties, including pair-distribution
function and neutron scattering structure factor. To improve the
statistical relavance of our analysis, five samples for each potential
with different initial structures are prepared. The visualisation of
atomic structures and the construction of surface meshes are
performed using the visualisation software OVITO.** The neutron
scattering structure factor of the modeled glass is computed using
the ISAACS structural analysis tool.**

3. Results

The sample names along with the parameters used during the
preparation, and some of their physical and structural properties
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computed at room temperature, are presented in Table 1.
The results of a sample containing 2774 atoms quenched with
10 K ps ' using the Pedone potential are discussed unless
otherwise specified. The Miyake potential leads to a room
temperature density of 2.75 ¢ cm ™ ® (Table 1), slightly lower
(5.5%) than the experimental density (2.91 g cm ). The Pedone
potential estimates a density of 2.94 g cm °, closer to the
experimental value.

3.1 Bond lengths and coordination number

In Fig. 1a, the total structure factors S(Q) of P-glass and M-glass from
the MD simulations are compared with the experimentally obtained
neutron-diffraction S(Q) within a range of 0.45-10.0 A~*>® The
appearance of broad lines confirms the structural disorder of the
simulated CMAS glass. Fig. 1b shows a comparison of the partial
pair distribution function (PPDF) of oxygen atoms with each cation
for P-glass and M-glass, in solid and dashed lines, respectively. The
position of the first peak maxima of each PPDF curve is considered
as the bond length, ie., the mean distance between the
corresponding cation and its first-neighbour oxygen, and these
are presented in Table 1. The bond lengths of Si-O, Al-O, Ca-O
and Mg-O are shorter in the P-glass than the corresponding
bond lengths in the M-glass, in accordance with the higher
density of M-glass. Nevertheless, except for Mg-O, the obtained
bond lengths of the cations in the M and P glasses compare
well with the previously reported values.*® The PPDF curves of
Si and Al show a clear separation between the first and second
O neighbours. Hence, we considered a cut-off radius of 2.5 A to
determine the neighbouring O atoms in the first coordination
shell. Conversely, the PPDF curves of Ca and Mg show no clear
separation between the first and second O neighbours. How-
ever, 3.10 A and 2.75 A were found to be good approximations
for the first minima, respectively. These values were, thus,
chosen to be the cut-off radii to determine the neighbouring
O in the first coordination shell for M-glass. For the P-glass
sample, 3.0 and 2.5 A were chosen to be the cut-off radii for the
Ca-O and Mg-O atom pairs, respectively. The yielded mean
coordination numbers of Si, Al, Ca and Mg for M-glass are 4.00,
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(a) Comparison of the experimental values of the neutron-structure factor with those obtained from MD simulations and (b) comparison of partial

pair distribution function over interparticle distance of cation—oxygen for CMAS glass prepared with Miyake (dashed lines) and Pedone (solid lines)

potentials.



4.05, 6.59 and 5.04, respectively, whilst 4.00, 4.13, 6.20 and 4.60,
respectively, are obtained for P-glass. The obtained mean
coordination numbers for Si and Al atoms from MD simula-
tions correlate well with the values reported in a previous
article, which were calculated by Reverse Monte Carlo (RMC)
simulations.” Since the results are consistent for both M- and
P-glasses, in this work we present the results for the P-glass,
unless specified otherwise.

3.2 Distribution of SiO, and AlO, structural units

To identify the distribution of tetrahedra, we used the notation
QY mT)with0 <m <n < 4and T # T'.*** Tand T’ represent
types of network-former units Si or Al. Qf is the central
tetrahedron of a network former T with n bridging oxygens
(BOs). m is the number of T’ tetrahedra connected to the central
tetrahedron. To distinguish the structural units more clearly,
the Qg;(mAl) and Q3(mSi) units are separated into two groups:
the first group consists of Q%(m(=0)Al) units, including Q%(0Al),
Q3;(0A1), Q%(0AI), Q%(0Al) and Q%(0Al); the second group con-
sists of Qf;(m(# 0)Al) units, including Q§;(4Al), Qi(3Al), Q3;(2Al),
Qsi(1AD), Q5i(3Al), Q3i(2Al), Q%(1A1), Q3i(2Al), Q5i(1Al) and Qs
(1Al); the third group consists of Qj(m2(=0)Si) units, including
Qai(0Si), Q%(0Si), QA1(0Si), Qai(0Si) and Q3;(0Si); and the fourth
group consists of Qf(m(#0)Si) units, including Qi (4Si),

Table 2 Distribution of Si and Al atoms (%) with respect to their neigh-
bouring cations in the form of Q"(mMALl) units and Q"(mSi) units

Qsi(mAl) units’ distribution QRi(mSi) units’ distribution

M-Glass P-Glass M-Glass P-Glass

Q°0Al) 19407 2.8+10 Q°%0si) 0.0 0.0

Q'(0Al) 53405 80+0.5 QY 0Si) 04+04 05403
Q'(1Al) 5.8 +1.2 6.6 + 1.2  Q'(1Si) 1.0+ 09 0.7+0.5
Q*0Al) 67420 86+0.8 Q*0si) 15+05 0.840.3
Q*(1Al) 15.6+1.4 163 +1.2 Q*1Si) 42+13 3.3+1.8
Q*(2Al)  7.7+£13  69+0.7 Q*28i)) 34409 42+1.1
Q*0Al) 44411  46+13 Q%0si) 1.7+08 1.2+0.6
Q*(1Al) 13.94+3.1 124 +22 Q}1Si) 84+26 5.6+ 1.5
Q*(2Al) 150 +1.5 11.3+1.8 Q*2Si) 133 +0.8 10.2+3.0
Q’BAl)  6.0+1.1 29+07 Q’3Si) 94+08 7.1+2.0
Q*0Al) 07403 07406 Q%0Si) 08+04 02402
Q*(1Al)  3.1+£08 28+1.1 Q%S 474+17  32+07
Q*2Al)  55+0.8 46+13 Q*2s)) 13.9+18 7.8+1.5
Q*3Al) 40+14 33+14 Q*3S)) 14.7+2.0 112422
Q*(4Al)  1.4+£09 05+03 Q*(4si)) 7.04+17 45+08

le\l(SSi)’ Oil(ZSi)’ Qil(lSi)) 013\1(381)’ Oil(Q‘Si)’ Qil(lSi)’ O/ZXI(ZSi)i
Q:i(18i), and Qi (18Si).

In the search for tetrahedral units, the wide distribution
range of Qg;(mAl) and Qj)(mSi) units in the simulated glasses is
calculated by using an Si-O and Al-O cut-off radii of 2.5 A. The
obtained distributions of Si and Al are presented in Table 2.
The percentage of O present in the Sil*l-0-si"*], si"*)-0-Al*! and
AI_0-AI") bridges is calculated by the ratio of the number of
O in the respective bondings over the total number of O, as
shown in Table 3 along with the standard deviations calculated
for the five samples. The majority of BOs reside in hetero-
nuclear Sil*-0-Al" linkages, 30.5% in M-glass and 26.2% in
P-glass, and a significant amount of homonuclear Si*-0-sil*!
and Al'’-0-Al"*) bonds exist in both simulated glasses. It can be
concluded, therefore, that irrespective of the force fields, the
CMAS glass contains a non-negligible amount of All¥-0-Al*
bonds. To understand the distribution of other cations, we have
further determined the presence of each cation type in the
network on the basis of oxygen coordination. For example,
the number of Si-O bonds present in the Si-O-Si bridges
is calculated and its proportion among all Si-O bonds is
considered as a percentage of Si in Si-O-Si. A similar procedure
was followed for calculating the presence of other cations in
different BO and non-bridging oxygen (NBO) environments.
The results, summarised in Table 4 for P-glass, indicate that
30.6% of Si resides in Si-O-Si bonds, 32.9% in Si-O-Al bonds
and 34.9% in Si-NBO bonds; 47.7% of Al resides in Si—O-Al
bonds, 32.8% in Al-O-Al bonds and 12.6% AI-NBO bonds. This
clearly indicates the presence of significant fractions of Al-O-Al
and AlI-NBO bonds in CMAS glass. It is worth mentioning here
that the percentage of each cation is calculated based on its
coordination rather than the charge contribution. For example,
if an O atom in Si-O-Al is connected to Ca then, according to
charge distribution, 50% of this O is considered to be con-
nected to Si, 37.5% to Al and 12.5% to Ca. On the other hand,
O is considered to be connected equally to all the three cations
when calculated based on coordination. The latter method is
considered in the present study. To visualise the distribution of
Si-O-Al units, all possible tetrahedra with Si-O-Al bonds in a
slice of 10 A thickness are extracted from Q%((m#0)Al) units
and these are shown in Fig. 2a; a surface mesh is constructed
around these atoms and shown in Fig. 2b to enhance the
underlying regions. It is evident from the figures that the

Table 3 Amount of O in Si-O-Si, Si—O-Al, Al-O-Al, Si-NBO and Al-NBO bonds in M-glass and P-glass.? Average coordination of non-framework
cations based on the type of oxygen for P-glass. NBO stand for “non-bridging oxygen”

Sample name sil*-o-si*! si*l-0-a1 All-0-A1! Si-NBO AI-NBO

M-Glass 14.1 (14.1) 30.5 (32.1) 8.5 (9.5) 33.1+£05 9.4+04

P-Glass 14.2 (14.2) 26.2 (30.9) 7.0 (9.1) 32.9 + 0.5 8.2+ 0.4
Average coordination of non-framework cations based on the type of O

Cation SiOSi/R SiOAI/R AlOAI/R Si-NBO/R Al-NBO/R

R=Ca 0.40 £ 0.02 1.25 + 0.03 0.49 £ 0.03 3.01 £ 0.05 0.82 £ 0.06

R =Mg 0.14 £+ 0.04 0.64 £ 0.07 0.39 £+ 0.03 2.28 £ 0.10 0.87 + 0.14

“ The values inside the parentheses are the percentages of corresponding units irrespective of the coordination of the cations.



Table 4 Percentage of an atom type existing in different bonding states
based on O and network-forming cations for P-glass

Bridging oxygen Non-bridging oxygen
56.0 £ 0.2 44.0 £ 0.2
% of O Si-O-Si Si-O-Al Al-O-Al Si-O Al-O
14.4 £0.2 309 £0.3 10.6 £0.2 32.9+0.2 8.2=+0.2
Bridging oxygen Non-bridging oxygen
63.5 £ 0.2 36.5 £ 0.2
% of Si  Si-O-Si Si-O-Al Al-O0-Al  Si-O Al-O
306 £03 329+03 0 349 £ 0.2 0.0
Bridging oxygen Non-bridging oxygen
80.5 £ 0.3 19.5 £ 0.3
% of Al Si-O-Si  Si-O-Al Al-O-Al Si-O Al-O
0.0 477 £04 328+0.6 0.0 12.6 = 0.3
Bridging oxygen Non-bridging oxygen
34.5 £ 0.3 65.5 £ 0.3
% of Ca  Si-O-Si Si-O-Al Al-O-Al Si-O Al-O
6.5+ 0.1 200+£02 80+0.2 482*04 132104
Bridging oxygen Non-bridging oxygen
25.4 £ 1.0 74.6 £ 1.0
% of Mg  Si-O-Si Si-0-Al Al-O-Al Si-O Al-O
g
3.0+03 13.7+£0.5 86=*05 49.6+ 0.3 189+09

distribution of Si-O-Al is not uniform and that such linkages
form as cluster regions in the CMAS glass of the present
composition.

3.3 Distribution of SiO, units

The distribution of Qg;((m < n)Al) units indicates that a signifi-
cant amount of Si is present as Si-O-Si bonds (Table 2). The
Q2%(0Al) and Qg(0Al) units should be surrounded by a larger
number of neighbouring Si tetrahedra, indicating the possible
formation of a silica-rich cluster region. Table 2 shows that more
than 5% of Si exists in such Q3;(0Al) and Qg(0Al) cluster regions.
From Table 4, it is revealed that, overall, 30.6% of Si resides in
Si-O-Si bonds. All the Si tetrahedra in the Si-O-Si bonds in a 10 A
thick slice are extracted and their atomistic distribution is pre-
sented in Fig. 2c; a surface mesh is created around these atoms in
order to highlight the cluster regions as presented in Fig. 2d.

3.4 Distribution of Ca, Mg and NBO

The Qg;(mAl) and QJy(mSi) units, except n = 4, are associated
with NBOs, since CMAS does not have any dangling bonds.
Overall, the fractions of BOs and NBOs in P-glass are calculated
to be 56% and 41% of the total oxygen content, respectively
(Table 4). Interestingly, we observe that 19.5% of NBOs are
associated with Al in AI-NBO bonds. A major portion of NBOs
is, however, still associated with Si atoms in Si-NBO bonds, i.e.
80.5% of the total NBOs, which is in agreement with the
experimental results of Allwardt et al.*® and Lee et al.>* and
MD simulations by Pedone et al.*® It is known that the addition

of network-modifying cations selectively depolymerizes the
silicate network, leading to the formation of Si-NBO bonds.>
When intermediate cations (conditional network formers) are
present in silicate glasses, a portion of the non-framework
cations depolymerizes the structure while the remaining portion
participates in charge compensation.

Table 2 reveals that a large portion of NBOs, in principle
connected to R (R € {Ca,Mg}) atoms, exists in CMAS glass.
Among various possible structural motifs, Q"<%(mAl) and
Q"<x(mSi) units have the highest density of NBOs and their
analysis could reveal the distribution of R atoms in the CMAS
glass. These motifs sum to around 18% of Si units that are
involved in higher density regions of NBOs, whereas less than
1% of Al is found in a higher density region of NBOs. In
addition, Table 4 reveals that approximately 48.2% and 13.2%
of Ca is connected to Si and Al, respectively, through NBOs.
This indicates that up to 65.5% of Ca is acting as a network
modifier and 35% of Ca as a charge compensator. On the other
hand, 74.6% of Mg (Si-NBO: 49.6%; and Al-NBO: 18.9%)
behaves as a network modifier and 25.4% of Mg as a charge
compensator. Quantum-chemical calculations revealed that the
energy penalty for the formation of Ca-O-Al is much smaller
than that of Na-O-Al formation, and the energy penalty for
the formation of Mg-O-Al is much smaller than that for
Ca-0-AL>**' This indicates that the presence of high-field-
strength modifier cations that prefer to have lower coordination
increases the probability of coordinating with available sites of high
negative charge. Since AI-NBO has a higher accumulated negative
charge of —1.25 valence units (VU) compared to Si-NBO (—1.0 VU),
the high field strength Mg cation has a greater preference to
coordinate with AI-NBO than a comparatively lower field strength
Ca cation.* This suggests that, between the two available non-
framework cations, Ca prefers to be the charge compensator for
Si-O-Al bonds, while Mg prefers to be the network modifier.
Initially, the distribution of R atoms is analysed with respect to
the bonds formed with BO and NBO atoms, presented in Table 3.
However, such an analysis does not provide a complete environ-
ment of R, so the distribution of R atoms is further analysed by
categorising the O atoms based on both the coordination and their
surrounding environment with respect to all other cation types. The
most frequently occurring environments of O based on the number
and type of neighbouring cations are computed and the values are
presented in Table 5. The schematic representation of each type of
O is shown in Fig. 5b. In order to distinguish the role of Ca and Mg
in the CMAS glass, the Ca and Mg atoms are further separated
based on their neighbouring atoms, in a similar manner to the
analysis performed for O. The percentage of non-framework cations
is computed based on the number and type of BOs and NBOs with
which they are connected, see Table 6. From these analyses, it can
be deduced that on average each Ca or Mg is connected to ~3
Si-NBO. However, Ca shows a slightly greater preference than Mg
to bond with Si-NBO, whereas Mg prefers to bond with AI-NBO
(Table 4). Fig. 2e shows the atomistic distribution of R atoms along
with their neighbours in a slice with a thickness of 10 A. A surface
mesh is created to enhance the visibility of the R-rich channel
regions and is presented in Fig. 2f.



Fig. 2 Identification of different cluster regions in a slice of width 10 A in CMAS glass. (a) All Si (red) and Al (blue) tetrahedra involved in Si—-O-Al bonds
from Q&(m(= 0)Al) units are separated. (b) A surface mesh is created out of all the atoms in (a) and is shown in purple. (c) Al Si (red) tetrahedra involved in
Si—O-Si bonds from QZ(m(sn)Al) units are separated. (d) A surface mesh is created out of all the atoms in (c) and is shown in red. (e) All Ca (apple green)
and Mg (violet) atoms are separated and artificial bonds are created between them with a bond length of 4.5 A. (f) A surface mesh is created out of all the

atoms in (e) and is shown in brown.

Table 5 Amount of different types of oxygen in CMAS glass. The schematic representation of these oxygen types is shown in Fig. 5b

Sample Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8 Type 9
P-Glass 18.34 £ 0.34 7.65+£0.01 414 +0.19 6.80+=0.10 4.44 =£0.03 14.21 £0.28 16.28 £0.08 5.22 +£0.19 1.5 4 0.17
M-Glass  18.98 +0.24 7.73 £0.06 4.44 £0.14 7.78 £0.0 4.19 +0.22  15.25 £0.11  15.24 £0.24 6.08 =0.11 1.8 £ 0.07

Table 6 Percentage of non-framework cations (R) bonded to oxygen based on its environment in P-glass (only the most frequently occurring oxygen

environments are presented)

0Sio 1Si0 25i0 3Si0 4Si0 5Si0

3.02 £ 0.22 13.55 + 0.42 25.95 + 1.14 25.54 + 0.8 19.09 £+ 0.59 9.71 £ 0.78
0AIO 1A10 2A10 3Al10 0SiOSi 1Si0Si
40.70 £ 1.09 39.01 £+ 0.89 17.32 £+ 0.96 2.6 = 0.16 71.07 + 0.45 23.76 + 0.59
0SiOAl 1Si0Al 2Si0Al 0AIOAL 1AI0Al 2A10Al
35.04 £+ 0.83 32.97 £ 0.81 20.08 £+ 0.62 66.45 + 0.7 23.39 £ 0.75 7.64 £ 0.18

3.5 Triclusters

According to Zachariasen,’ oxygen is connected to a maximum
of two network-forming cations at the corner of a tetrahedron.
Despite this, oxygen can also connect with three network-forming
cations and such oxygen sites are called triclusters.>®>> The
formation of triclusters (OT;, T € {SiAl}) has already been
documented for alkali/alkaline-earth aluminosilicate glass
systems.®>*° Triclusters are supposed to have a crucial role
in crystallization and to have a significant influence on trans-
port properties in several aluminosilicate glasses.” It has been
pointed out that thermal fluctuations may possibly lead to the

formation of triclusters.®>* However, the favourable conditions

for their formation are not yet fully understood. In the present
study, a significant number of oxygen atoms (~2%) is found to
bond with three network-forming cations at a given time. The
proportions of different possible triclusters of the CMAS glass
predicted by the random network model®* and computed by
MD simulations are presented in Table 7. According to the
random network model, 8% of OAl; and 29.4% of OAL,Si
triclusters are predicted; however, higher values of 60.7% and
37.5%, respectively, are obtained by MD simulations. It is also
observed in the present study that more OAl; and OAIL,Si
triclusters are formed at the expense of OAISi, and OSi;



Table 7 Percentage of various triclusters in CMAS glass

Tricluster OAl; OAIL,Si OAISi, OSi;

Random network model (%) 8.0 29.4 40.8 21.8
MD simulation (%) 46.9 + 4.5 485+ 1.7 45+3.0 0

triclusters. This signifies that the formation of triclusters is not
random but could be favoured by some particular environments.
A schematic representation of OAl; and OALSi triclusters is
presented in Fig. S5, ESLT

4. Discussion

As described by Stebbins et al.,? alkali or alkaline-earth alumino-
silicate glasses with a Si/Al ratio < 1 favour the development of
Al-O-Al bonds even in the presence of Si. On the other hand,
complete avoidance of Al-O-Al bonds has been assumed in some
models of aluminosilicate glass structures for Si/Al > 1.”” The MD
simulation results of the CMAS glass (Si/Al = 1.5) in the present
study clearly reveal that a notable amount, 32.8%, of Al exists in
Al-O-Al bonds (see Table 4). Deconvolution analysis of the *Si
MAS-NMR spectra for CMAS glass®® from an earlier experimental
study revealed that 60% of Al exists in Al-O-Al bonds. This value is
twice that of the simulated glass. Despite this difference in the
amount, both methods show that a significant amount of Al is
present in Al-O-Al bonds. The discrepancy in the calculated
amount of Al between the simulation and NMR results is attributed
to the assumptions made for the spectral decomposition. The
existence of AI-NBO bonds is not considered during the deconvolu-
tion of NMR results whereas the simulation results show that
around 13% of Al is present in Al-NBO bonds. Nevertheless,
identifying the reasons behind the formation of Al-O-Al and
AlI-NBO bonds in alkaline-earth aluminosilicate glasses
remains challenging. A preliminary attempt has been made,
therefore, to understand the formation of AI-O-Al and AI-NBO
bonds in CMAS glass based on general theories of the formation
of Si-O-Si, Si-O-Al and Si-NBO bonds, taking into account the
preferred coordination numbers of Si, Al and R (R € {Ca,Mg})
atoms. In addition, a support for the recently proposed EMRN
model*® has been provided considering the formation of cluster
regions in alkaline-earth aluminosilicate glass.

4.1 Formation of Si-O-Al and SiO,-rich regions

It is known that Si is a strong network former and that Al also
acts as a network former in the presence of other network
formers along with charge compensators.>® In the CMAS glass
system, a majority of Si and Al exhibit perfect tetrahedral
coordination, and constitute the primary framework units.
According to Lowenstein, when Al is introduced into the
Si-O-Si network, each Al prefers to share its O with Si rather than
another Al, and thus Si-O-Al bonds are preferred in aluminosili-
cate glasses."" Ab initio studies’>®® and energy calculations of
quadrupolar interactions®" confirm that Si-O-Al bonds are ener-
getically more favourable than both Si-O-Si and Al-O-Al bonds.
Experimental studies have also shown that VAl prefers to occupy

regions with the most polymerized structural units.*® Neverthe-
less, the preference of Al for Q* sites also depends on several
factors, as explained by Merzbacher et al.*® The tendency for Al to
reside in Qg(mAl) sites decreases if Ca and Mg are present instead
of alkali metals as modifiers and charge compensators. The
Q%(m+0Al) unit distribution for CMAS glass (Table 2) confirms
the formation of a large number of Si-O-Al bonds. The following
discussion proposes a description of the formation of Si-O-Al and
Si-O-Si regions in the present CMAS glass.

In general, Si with +4 valence units (VUs) is charge balanced
by 4 O atoms: each O contributes —1 VU to the Si, such that the
charge neutrality requirement of O is fulfilled in Si-O-Si bonds.
However, if Al (+3 VU) is in tetrahedral coordination then it can
contribute only +0.75 VU to each neighbouring O. In such a
case, O is lacking the +0.25 VU required to achieve charge
neutralisation in Si-O-Al bonds. If an R atom with +2 VU is
going to fulfil this imbalanced charge in the Si-O-Al bonds,
then each R atom should connect to eight of such Si-O-Al BOs.
In that case, the R*" cations will have 8 first neighbouring BOs
and 16 first neighbour network-forming cations (Si or Al).
However, Ca ions with an ionic radius of 0.99 A prefer to adopt
a coordination number lower than eight, whereas Mg ions with
an ionic radius of 0.65 A prefer a coordination number between
four and six.®”®* In order to maintain the number of O
neighbours lower than eight, the modifier cation should con-
tribute more than +0.25 VU with some of its neighbours. In
aluminosilicate glasses, there are only three possibilities avail-
able for having more than —0.25 VU at the O sites, these are
Si-NBO (—1 VU), Al-O-Al (—0.5 VU) and AI-NBO (—1.25 VU). Of
these three choices, Si-NBO is energetically more favourable.>?
We assumed that all Al are in Si-O-Al linkages, therefore, the
former possibility (Si-NBO) is the only option to maintain the R
atom coordination <8. Ultimately, Si-O-Al formation requires
additional Si and R cations. In the present CMAS glass compo-
sition, there are fewer Al atoms than Si and R atoms (Al/Si < 1
and R/Al < 1), which should be enough to satisfy Lowenstein’s
rule by having 100% of Al in Si-O-Al bonds if considering only
charge-balance requirements. However, as discussed earlier,
some portion of Si is additionally required to form Si-O-Ca in
order to form Si-O-Al. The 12.9% (mol) of Al,O; requires 12.9%
of RO and 25.8% SiO, to have a completely polymerized
structure and maintain Lowenstein’s rule. In this case, the
remaining 12.9% of SiO, is not enough for the left over
35.5% RO to adopt a stabilized structure. In this situation,
the Si-O-Al linkages are broken and Al-O-Al linkages and
R-channel regions are formed instead; the necessary conditions
for the formation of both Al-O-Al and R-channel regions are
discussed in the following sections. The R atoms are required
for AI-O-Al and R-channel regions but not for Si-O-Si linkages.
Hence, Si-O-Si bonds are preferred where the R atoms are not
available, as the R atoms are locked in the above two sites.
Fig. 2b and e support the formation of SiO,-rich regions in the
CMAS glass. It is clear that charge compensators are needed to
promote the formation of Si-O-Al bonds, which are then
surrounded by a majority of R-rich channel regions together
with NBOs. The excess Si prefers, therefore, to form Si-O-Si



bonds instead of Si-O-Al. Since Si-O-Si linkages do not require
any charge compensator, they can potentially form homonuclear
clusters anywhere in the structure.

4.2 Formation of Ca/Mg-rich channels

As we discussed above, the R atoms prefer to maintain a
coordination number lower than eight and favour less dense,
first-neighbour, network-forming cations. To attain this, each R
atom attempts to connect with more than one Si-NBO. At the
same time, each Si-NBO prefers to be shared by more than one
R atom. In the present CMAS glass, it is also calculated that
26.0 &+ 1.0% of R atoms are connected to 2 Si-NBO, 25.5 =+ 0.8%
to 3 Si-NBO and 19.1 + 0.6% to 4 Si-NBO (Table 6). On average,
each Ca and Mg atom are connected to 3 and 2.3 Si-NBOs,
respectively (Table 3), which is, qualitatively, in agreement with
Greaves."' Each Si-NBO has —1 VU of charge but each R atom
can only share <—1 VU to maintain its preferential coordina-
tion. A majority of R atoms prefer, therefore, to bond with more
than one Si-NBO. Consistently, in the present CMAS glass, we
observe around 30.5 + 0.3% of O atoms with an environment of
either Si-NBO-2R or Si-NBO-3R (see Table 4). To sum up, each
R atom compensating the imbalanced charge at the O site in
Si-O-Al linkages is also connected to more than one Si-NBO,
and each of these Si-NBO atoms attracts more than one R
atom. The interdependent bonding requirements of R and
Si—-NBO combine, therefore, to form R-rich channels in accor-
dance with the present results.

4.3 Formation of Al-O-Al bonds

A simulation snapshot of P-glass, Fig. 4, clearly shows the
existence of Al-O-Al bonds in the CMAS glass. Based on the
presented results, 32.8% of Al and 10.6% of O exist in Al-O-Al
bonds, such that the Lowenstein’s Al-avoidance rule is breached
in the present CMAS glass composition. It has been reported that
increasing the Si/Al ratio increases the quantity of Q4(4Si) or
Qni(3Si) units and decreases Al-O-Al bond formation.”® In addi-
tion, Oestrik et al.®* have mentioned that a framework structure
with Si/(Si + Al) less than 0.5 must violate the alumina avoidance
rule and contain some Al-O-Al bonds. The possibility of the
formation of Al-O-Al bonds in CMAS glass with a lower Al content
of Si/Al = 1.7 and Si/(Si + Al) = 0.6 is described as follows.

The CMAS glass structure consists primarily of three
regions: (i) a region enriched in Si-O-Al bonds; (ii) a region
enriched in Si-O-Si bonds and (iii) an NBO-enriched region
with non-network-forming cations. Identifying the distribution
of QA (mSi) units in the possible three regions can help to
explore the reasons behind the formation of Al-O-Al bonds in
aluminosilicate glasses. The following assumptions are, there-
fore, made based on the distribution of QZ(mSi) units: (i)
Q%1(0Si) units are confined to the R-rich non-network region
since these units do not have any BOs; (ii) a majority of Qx and
Qa1 units are present at the border of the R-rich non-network
region; (iii) QR units are either located in the Si-O-Al enriched
region or at the interface of Si-O-Al and R-rich channel regions;
(iv) Q4 units reside in the Si-O-Al enriched region since these
units contain only BOs. Table 2 shows that a majority of Al

atoms are in Qu(mSi) and Q3 (mSi) distributions, which
indicates that Al prefers to be surrounded by either three or
four BOs, with the effect that most Al-O-Al bonds are located
in the Si-O-Al region. In addition, a small value obtained
on summing the Q4,(0Si), Q(0Si) and QZ;(1Si) units indicates
that fewer Al-O-Al bonds are located near to the R-rich, non-
network region.

According to Lowenstein, if all the Al in the CMAS glass are
connected to Si through a BO such as Si-O-Al and the required
charge for neutralization is provided by R atoms, then there will
be an excess of Si and R atoms left in the system, because
Si/Al > 1 and R/Al > 0.5. Since R atoms prefer Si-NBO, all the
remaining Si atoms after the formation of Si-O-Al bonds can
readily connect to R through NBOs. Nevertheless, there should
still be additional R atoms remaining in the system because the
ratio of leftover R to leftover Si cations after the formation of
Si-O-Al is still greater than 1. There will be no option left other
than breaking some of the Si-O-Al bonds in order for R atoms
to achieve their preferred coordination. The broken Si-O-Al
bonds can become either Si-NBO and Al-NBO or Si-O-Si and
Al-O-Al. In the former reaction, Si-NBO is more stable and in
the latter reaction Si-O-Si is more stable. Whether or not the
former or latter reaction occurs is largely dependent on the R
atoms available near to them. The former reaction takes place if
the broken Si-O-Al bond is near to an R-rich region because R
atoms prefer to be formed as R-rich channels. The latter
reaction takes place if the available R atoms are not located
in clusters. To this end, we can say that even though there are
sufficient Si atoms for Al atoms to form Si-O-Al bonds, the
presence of excess R atoms in the network prevents the for-
mation of Si-O-Al bonds and creates more non-bridging bonds.
Since R atoms prefer to bond with Si-NBO rather than
Al-NBO,>* the excess R atoms connect to Si through NBOs.
Therefore, the left over Al has no choice other than to form
Al-O-Al bonds. Moreover, each O atom in an Al-O-Al linkage,
with a charge imbalance of —0.5 VU (more than the —0.25 VU
charge required by an R atom to keep its coordination lower),
promotes the formation of Al-O-Al bonds even though it is
energetically not favourable.'»*® Hence, the Lowenstein
Al-avoidance rule is flouted for a high concentration of R atoms.
As it has been reported for CMAS-type glass systems,17 the strong
affinity between Mg”" and Al-O-Al plays a major role in stabilizing
the Al-O-Al bonds.”® In fact, for the present CMAS glass, both
Ca*" and Mg>" cations are important in stabilizing the Al-O-Al
bonds (Table 4).

4.4 Formation of AI-NBO bonds

The reported results, that both 8.2% of O and 13% of Al exist in
Al-NBO bonds, show that a significant number of Al-NBO
bonds occurs in the present CMAS glass. It is clear from the
earlier discussion that the accumulation of a negative charge at
O sites is higher in Al-O-Al and AlI-NBO bonds than in Si-O-Al
bonds. It was also argued that Al-O-Al bonds prefer to be
formed when the R-channel region is not in the vicinity. After
the decomposition of the Si-O-Al linkage, the O prefers to stay
as AI-NBO rather than Al-O-Al in the R-rich channel in order to



fulfill the requirement of lower neighbouring cation density
around R. In addition, since Al-NBO can share a charge of
—1.25 VU to 2 or 3 R atoms, the R-rich channel promotes the
formation of AI-NBO rather than Al-O-Al.

Experimental evidence for the presence of a significant
fraction of AI-NBO bonds (~10%) in SiO,-rich (> 40 mol%)
RE,0;-Al,0;-Si0, glasses (RE =Y, Lu, Sc) was provided very
recently for the first time by employing 'O MAS-NMR and MD
simulations.>*® It was further reported that AI-O-Ca bonds in
Ca-aluminosilicate glasses can only be seen for very high Al
concentrations (e.g., Al/Si > 3).** Moreover, the work of
Jaworski et al.*®* provides evidence for the existence of
Al-NBO bonds. It was reported that, in the presence of high-
field-strength modifier cations, the formation of highly coor-
dinated Al and/or AI-NBO is dominant.'® A significant fraction
of Al-O-R bonds is observed in the present study even though
the concentration of Al is lower than Si (Al/Si = 0.66). Calcula-
tion of the fraction of modifier cations (Tables 3 and 4) linked
to the NBOs further illustrates that most of the AI-NBO bonds
are connected with three modifier cations. The required
charge compensation of 1.25 VU for AI-NBO is possibly
provided by either two Mg and one Ca, or one Mg and two
Ca modifier atoms. Fig. 3 shows the simulation snapshot of
P-glass (some of the atoms are removed for clarity), in which it
can be seen that an R atom is connected to both BOs and
NBOs, especially AI-NBOs.

4.5 Formation of triclusters

We discussed that after the Si-O-Al linkages are broken, the Al
prefers to form AI-NBO linkages near the R-rich channel,
whereas it prefers to form Al-O-Al if it is located away from
the R-rich channel. In the places where the Al-O-Al bond is
formed and R atoms are not available for balancing the
negative charge, then the O atom of Al-O-Al is potentially
ready to form a tricluster by bonding either with another Al
or nearby Si. From the previous discussion, as the R atoms are
locked in a channel region, other regions must have a shortfall
of R atoms. The extra Al atoms in such regions form Al-O-Al,
with a charge deficiency of 0.5 VU, which can be compensated
by neighbouring Si or Al, by forming a tri-cluster with either 1 Si
and 2 Al or 3 Al In the present CMAS glass, it was shown that

Fig. 3 Atomic structure of the CMAS glass showing the presence of
Al-O-Al, Si-O-Si, and Al-NBO bonds.

around 3% of the O is in triclusters, 50% of which is in 3 Al
triclusters while the other 50% is in 2 Al and one Si triclusters.
Although an exact relationship is not established between the
formation of triclusters and fivefold-coordinated Al, some
interesting observations may be made from the present study.
A total of 11.7 + 1.8% of Al atoms is found in five-fold
coordination and 72.4 £ 3.1% of these Al are associated with
the tricluster oxygen. This shows a strong affinity towards the
formation of tricluster and fivefold coordinated Al. Such a
behaviour has already been observed in several previous
studies.®®®” This can possibly be explained by the stoichio-
metry, since the O atoms at the tricluster sites attain a mini-
mum of +0.25 VU charge imbalance; therefore, one of these Al
can adopt 5-fold coordination such that the charge can be
balanced at the tricluster sites. However, the presence of the
fivefold coordinated Al was not experimentally observed in the
investigated compositions (Fig. S6, ESIT).*® This is possibly due
to the different thermal histories used in the experiment and
simulation.

4.6 Extended modified random network model

The distribution of Qg(3Al), Q&(4Al), Qa((3Si) and Q4(4Si) units
validates the formation of a heteronuclear cluster region, as
shown in Fig. 2a and b. The distribution of Q%(3Si) and Qg(4Si)
units suggests the formation of SiO,-rich homonuclear regions, as
shown in Fig. 2c and d. Furthermore, the distribution of Q%(0Al),
Q%i(0Al), Q&(0AI), Q% (0Si), QAi(0Si) and Q;(0Si) units validates the
formation of an R-rich channel region with a higher density of
NBOs (see Fig. 2e and 2f). Fig. 4 shows that the total structure is a
composition of three separate regions. This suggests that the glass
structure regions consisting of framework and non-framework
units are mutually distinguishable which supports the basic
concept of the MRN model. According to the MRN model, the
glass network structure consists of a network structure region
with network-forming units and BOs and a channel region
consisting of modifier cations and NBOs. Nevertheless, the
distribution of framework units in CMAS glass suggests that
the network-structure region of the MRN model is separated
into heteronuclear and homonuclear regions, which generally
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Fig. 4 Distribution of modifier cations and the identification of channel
regions (a): all atoms within a slice 10 A thick. Si and Al tetrahedron are
represented in red and blue, respectively. (b) Surface meshes created
separately for all the atoms in the Si-O-Si (red), Si—-O-Al (violet) and
R-0O (brown) bonds.
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Fig. 5 (a) CMAS-MO glass with the Si-O-Al (pink), Si—-O-Si (silver) and
R-rich channel (brown) regions represented. (b) Schematic diagrams of
types of possible oxygen atoms and their relative occurrence in the
region. The background colour of each oxygen type indicates the r region
where a majority of these types of atoms can be found. The intensity of
background colour represents the relative occurrence of the specified
oxygen type.

contain Qg(m(#0)Al) and Qg;(m(=0)Al) units, respectively.
Therefore, the MRN model, which was originally proposed by
Greaves™'" for alkaline-earth aluminosilicate glasses, may be
extended in order to better explain the distribution of structural
units in glasses. In this regard, the EMRN (Extended Modified
Random Network) model is proposed. The presence of the
three cluster regions, heteronuclear, homonuclear and channel
regions, is evidenced in Fig. 5a after separating the atoms into
three groups containing Si-O-Al, Si-O-Si and R-O bonds.
Furthermore, the atom types based on the environment are
schematically shown in Fig. 5b and categorised based on their
preference to reside in one of the three regions. The greater the
intensity of the background colour of an atom type, the higher
the probability of its occurrence in that region. Such classifica-
tion of oxygen based on its environment complements the
EMRN model. This model supports the formation of Al-O-Al
bonds in clusters of hetero-nuclear units when Si-NBO bonds
are present in sufficiently high concentrations. However, the
distribution of framework and non-framework cations is highly
dependent on the Si/Al and R/Al ratios; the validity, limits

and conditions of the EMRN model therefore warrant further
investigation.

5. Conclusions

A careful study has been performed to investigate the distribu-
tion of framework and non-framework structural units in
alkaline-earth aluminosilicate (CMAS) glass using MD simulations.
The influence of various parameters (interatomic potential, sample
size, sample preparation method and cooling rate) on the distribu-
tion of structural units is studied and the results obtained are found
to be consistent. Classification of oxygen based on its environment
for CMAS glass indicates that the glass structure consists of clusters
of Si0,/AlO, units, SiO, units and R-atoms (Mg and Ca) along with
NBOs. Owing to the preferred sharing of R** cations with Si-O-Al
and Si-NBO bonds, these cations control the continuous cross-
linking of SiO, and AlO, units and promote the formation of Si-O-Al
enriched heteronuclear regions. The R-rich regions are formed
because of the interdependent bonding requirement between charge
compensating R (each R atom requires more than one Si-NBO) and
Si-NBO atoms (each Si-NBO atom requires more than two R atoms).
After forming Si-O-Al and Si-NBO bonds, the excess silicon atoms
prefer to form silica-enriched regions which do not require any
stabilizer, providing support for our proposed EMRN model. Accord-
ing to this model, in the absence of Si-NBO bonds in the hetero-
nuclear SiO,/AlO, cluster region, the presence of R atoms increases
the formation of Al-O-Al bonds over continuous Si-O-Al bonds in
order to lower the coordination number of the R atoms and to
ensure charge neutrality. On the other hand, O prefers to form
Al-NBO bonds rather than AI-O-Al in the R-rich channel to
fulfil the requirement of a lower neighbouring-cation density
around the R atoms.
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