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INTRODUCTION

| Achraf Atila> | Michael Badawi® | Abdellatif Hasnaoui®

Abstract

Understanding the role of TiO, in BaO-Ti0O,-SiO, (BTS) glasses is one of the keys
to develop new glasses and glass-ceramics for different technological applications.
For the first time, molecular dynamics simulations were conducted to get new in-
sights into the atomic structure of the BTS glasses and their elastic moduli. Various
compositions are studied where SiO, have been replaced by TiO,. The calculated
mechanical properties of our models are observed to depend linearly on TiO, con-
tent. However, the structure-induced changes are far from such dependence. The
structural results indicate that BTS glasses are mainly built on four types of basic
units: SiO,4, TiO,4, TiO5 and TiOg. This high structural heterogeneity induced by the
three coordination states of Ti is found to have an impact on the medium range order
by increasing the rings number, the polymerized regions, and by transforming 0s-0,
and Q, without neglecting the increase in Q5 and Qg species. Those structural modi-
fications of the BTS glass network features have been found to be consistent with

available experimental data.
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glass-ceramics have shown promising properties espe-
cially noting pyroelectricity, piezoelectricity, photolumi-

Glass-ceramics are engineering materials with special prop-
erties arising today in the development of new and innovative
technologies. They are defined as composite materials consti-
tuted of crystals in a glassy matrix,' showing favorable ther-
mal, chemical, biological, and dielectric properties, generally
superior to metals and organic polymers in these areas. These
materials have opened a wide range of practical applications.2

An emerging glass-ceramics system that has gath-
ered a tremendous scientific and industrial interest is the
Barium Titanosilicate BaO-TiO,-SiO, (BTS). Mainly
due to its Ba,TiSi,O4 fresnoite crystalline phase,3 BTS

nescence,” and nonlinear optical properties that result from
the crystal polarity. Also, many potential applications have
been reported for the BTS system such as the immobiliza-
tion of short-lived fission products in radioactive waste.’
Moreover, they can be used in catalysts, ion-exchangers
or optical devices.”™ The relative availability of the BTS
constituting elements was considered to justify these scien-
tific efforts from both environmental and economic point
of view.” One possible way to explain the remarkable prop-
erties of the BTS has been found by Roberts et al.” In over
100 titanosilicate minerals they have reported that in only
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one of them Titanium (Ti) takes up fivefold coordination,
and that was in BTS-fresnoite. The origin of the intriguing
properties of the BTS has been then related to the square
pyramidal TiO5 polyhedra present in the BTS-fresnoite that
makes it highly polar.10

The BTS system has also some contribution to the fun-
damental aspects of the glass science. During the surface
crystallization of glasses, oriented nucleation was first de-
tected after the surface crystallization of Ba-fresnoite from a
glass.11 This observation is in contrast to the basic assump-
tion of randomly oriented nuclei in the classical nucleation
theory for glasses.” A second contribution can be also con-
sidered which is related to the distribution of excess in the
vibrational density of states. Nakamura et al'? have reported
previously that the excess in the vibrational density of states
in the glassy fresnoite is considerably similar to that of the
crystalline counterpart with the same stoichiometry which
can be useful to understand the origin of boson peak.

The BTS glass-ceramics can be made from glass pre-
cursors with different nominal compositions submitted to a
heat treatment. The crystallization behavior of glass-ceram-
ics depends strongly on the composition of the glass as well
as the heat-treatment conditions." Many authors have stud-
ied the glass crystallization tendency and its consequences
on the glass ceramic properties,”"15 however only few were
interested on the glassy BTS.'!® Owing to the fact that Ti
is a main component of BTS, playing an important role in
giving its most promising properties as mentioned before,
we will focus in this work on TiO, effect in the glassy BTS.

One way to study glasses is to understand the structure-
property relationship as a function of chemical composition
and temperature. In fact, finding such a relationship has been
recognized as the main goal of the glass science.'” To achieve
that goal, atomistic simulations have taken a large part in
these types of studies due to their ability to access high and
low temperature phenomena. During the last decades, classi-
cal molecular dynamics simulations have proven their effi-
ciency in reproducing, modeling materials, and probing the
origin of their properties at the atomic scale in many fields.
Indeed these techniques have been successfully applied in
studying the local atomic structural order in silica-based
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glasseszo’21 and in metallic glasses.zz_24 Here, based on mo-

lecular dynamics simulation, we present a study of the bar-
ium titanosilicate glass BTS to characterize some correlation
between the role of TiO, in improving the glass elasticity
and the structural properties for a large composition range.
To the best of our knowledge, this is the first atomistic study
reported on the BTS glasses.

2 | COMPUTATIONAL
PROCEDURE

2.1 | Glass preparation

Molecular dynamics simulation was performed on

(Ba0)5(Ti0,),(Si0y) g 7.y glass system for seven composi-
tions (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) where SiO,
content was replaced by TiO,. For each composition, a total
number of 2500 atoms were placed randomly in a cubic
simulation box ensuring that there is no overlapping between
atoms. The atomic compositions and the simulation cubic
box cell parameters are reported in Table 1. All MD simu-
lations were performed using the LAMMPS'® package. The
integration of equations of motion was performed using the
Verlet-velocity algorithm with a time step of 2 fs, this time
step is chosen to shorten the simulation time without alter-
ing the properties of the glass. Periodic boundary conditions
were applied in all directions to avoid edge effects and to
simulate a bulk system.

To model the interatomic interaction in the BTS system,
a rigid ionic model with partially ionic charge proposed by
Pedone et al”® was used. The potential energy is constructed
by three different contributions: (a) a long-range Coulombic
interaction; (b) a short-range interaction described by the
Morse function; and (c) a short-range repulsive term which
was added to model the repulsive contribution at high tem-
perature and pressure. The potential used in our modeling is
expressed as follows:

2

TABLE 1 Number of atoms, densities,

a'nd cubic box cell parameters for different TiO, (%) No

simulated glasses. N, Ng;, Ng,, and Np;

stand for the number of O, Si, Ba, and Ti 0 1574

atoms, respectively 5 1574
10 1574
15 1574
20 1574
25 1574
30 1574

7. .
Uy ()= 40, [ (1=exp (=a; (r=r,)) ) ~1] +%
6]
Cubic Box cell

Ng; Npa Ny Total atoms  parameter (10&) p (g/em?)
648 278 0 2500 33.50 3.60
602 278 46 2500 33.44 3.66
555 278 93 2500 33.30 3.75
509 278 139 2500 33.27 3.83
463 278 185 2500 33.09 3.90
417 278 231 2500 33.14 3.93
370 278 278 2500 33.01 4.02
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with z; and z; are the partial ionic charges of atoms i and j re-
spectively Dy, a;, r; and C;; are the potential parameters (see
Table 2). The Coulombic interactions were evaluated using
the Ewald summation method with a cutoff of 12 A and a
precision of 107°. The short-range interaction cutoff distance
was chosen to be 5.5 A. Indeed, the values of the cutoff have
an important role on the quality of the obtained results and
the energy convergence, thus we did choose values that are
often used in the literature.”

The samples were heated and equilibrated at a tempera-
ture equal to 4000 K for 1 ns in the NVT ensemble, this step
is needed to obtain an equilibrated melt and to ensure that
the system loses its initial configuration memory. After that,
the systems were subjected to a linear cooling in the NVT
ensemble from 4000 K to 300 K using a cooling rate of 1 K/
ps. Finally, we did also run another 100 ps for statistical aver-
aging in the NVT ensemble. It is also known that the cooling
rate used in molecular dynamics is several orders of magni-
tude higher than those used in experiments, which is due to
the limitation of molecular dynamics to use the experimental
cooling rates and the computational power to do that is very
expensive. Therefore, our value of cooling rate is in the range
of those used in works studying glasses through the melt
quenching technique in MD. 2027

2.2 | Computation of structural and
elastic properties

2.2.1 | Radial distribution function

The radial distribution function (RDF) g(r) is widely used to
describe the structural characteristics of any spatial distribu-
tion of atoms found in materials.”® Considering a particle to
be at the origin, knowing the number of particles dn(r) at a
distance between r and r + dr, g(r) represents the probability
of finding another particle within an infinitesimal region of
space dr at a distance r from the particle at the origin. The
g(r) can be expressed as follows:

g(r)= 210
4zr2pdr
For multicomponent systems, the partial radial distribution
(PDF) g,4(r) function calculates the probability of finding a
particle f at a distance from a particle « at the origin.

2

TABLE 2 Potential parameters used in this study

D;eV)  ay;(ATH  ryA) C; (A"
07'2.07"% 0042395 1379316  3.618701  22.0
Ba™'%-07'?  0.065011  1.547596  3.393410 5.0
Sit*.071?  0.340554  2.006700  2.100000 1.0
Tit?*07'2 0024235 2254703  2.708943 1.0
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The structure factor is a mathematical tool that describes the
way a material can scatter radiation. In numerical studies, it
can be computed by using the Debye equation or by simply
Fourier transform the radial distribution function. This latter
method is widely used to allow a direct comparison between
experiments and simulation. In this work, the static structure
factor is mainly used to study the medium range order. The
expression of the structure factor is given by the following
equation:

Static structure factor

[e]

S(g)=1 —pJ (& (N —=1)exp (igr)dr €)

0

Where ¢ is the wave vector and p is the particle density. The
partial structure factor was also computed using Faber-Ziman
formalism? that allows the decomposition of the total structure
factor into partial contributions between different pairs of spe-
cies. The partial structure factor using Faber-Ziman formalism
is expressed as follows:

o0

stz (q)=1+4npj (8ap (r)—1)r2—5in;r‘")dr )
0

where g,4(r) represents the partial radial distribution function.
The total structure factor can be obtained by the relation:

S@ =Y, cabucsby [SE-1] )

2.2.3 | Ring statistics

Rings are often used to characterize the medium range struc-
ture in glasses; there are many definitions depending on the
criterion used to calculate them.™>>? To compute the ring
size distribution, we have used the simplest definition which
considers rings as the shortest closed paths within the glass
network which are called primitive rings.31 The computation
of ring size distribution in the barium titanosilicate glass was
performed using the Rings code.*

224 |

Every material can be deformed without breaking when ex-
ternal forces are applied while not exceeding the limit of
small deformations. This ability is defined as the material
elasticity.34 One way to characterize a material elasticity is
to calculate the stiffness matrix. Once obtained, several me-
chanical properties as bulk modulus (B), shear modulus (G),
and Young modulus (E) can be easily derived. The potential
energy second derivative is a commonly used method to com-
pute the stiffness matrix. This method computes the elastic
constants from the curvature of the energy surface minimum

Elastic properties
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by deriving at the second-order potential energy density with
respect to the strain. The elements of the stiffness matrix are
expressed by the following expression:

1 *U
C.A=— B ——
v (aeiae_,)

This method uses molecular statics simulations at 0 K.
Structures at mechanical equilibrium are subject to six tensile
and six shear deformations. After each deformation, the new
generated configurations are minimized to reach their local min-
ima and the changes measured in the stress tensor are computed.

In isotropic materials, the elastic properties are computed
using the following relations:

6)

C, +2C
e Bulk modulus : B= % @)
 Shear modulus : G=Cy )
9BG
* Y dulus : E=
oung modulus 3B1C O]

3 | RESULTS AND DISCUSSION

31 |

The effect of TiO, content on elastic properties of BTS glasses

Glass elasticity

is shown in Figure 1. Based on our simulations, adding TiO,
into the glass network affects its elasticity by increasing the
Young modulus (E), the bulk modulus (B), and the shear

Bulk (B), shear (G), and Young's (E) moduli for the different glass compositions compared with experimental data'” [Color

modulus (G). The used interatomic potential to model the
network of the BTS glass is satisfying since the behavior
of the elastic moduli as a function of the TiO, content is in
a realistic agreement with the available experimental data.
However, a slightly overestimation of Young modulus is ob-
served for low TiO, contents but this can be considered in the
range of the relative error whose maximum is estimated to be
13%. This can be a direct consequence of performing simula-
tions with adjusted densities to the experimental ones during
the cooling schedule, that type of simulation produces glasses
under high pressure which can induce this overestimation in
our results.” Nevertheless, the overall experimental behavior
of elastic properties is well reproduced in our simulations.
The trend observed for Young modulus can be mainly due to
the increase in the connectivity of the glass network. In fact,
the young modulus is determined by the individual bonds in
the material and by the structure of the network.*® The Bulk
modulus shows also the same trend by continuously increas-
ing the TiO, content. This might be due to the decrease in
the total free volume observed with the increase in density of
packing atoms in the structure. Consequently, this will lead
to the lowering of glass compressibility and promoting glass
cohesion. In addition to that, and as illustrated in Figure 1, the
shear modulus behaves in a similar way as the Young's and
the bulk moduli with increasing TiO, content in the glass.
The shear modulus defines the elastic behavior of a material
under a shear stress. Because of the close relation between
the Young modulus and the shear modulus, the same trend
can be observed comparing to experimental data.
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FIGURE 2 (A), Simulated total radial distribution functions

for the different used BaO-TiO,-SiO, (BTS) glass compositions, (B)
partial distribution functions for the glass composition x = 20% and
(C) O-0 radial distribution functions for the different used BTS glass
compositions. The insets are enlarged portions of different indicated
zones in (A,C) [Color figure can be viewed at wileyonlinelibrary.com]

The effect of TiO, content on mechanical properties in sil-
icate glasses is captivating because of its complicated nature.
The glass with the highest content of TiO, showed higher
elastic moduli. The stiffness of this glass has increased with
30% proportionally to the TiO, content but adding TiO, is not
the direct reason for this increase in mechanical properties.
In the binary Si0,-TiO, glass, an opposite effect was demon-
strated by Scannell et al.’’ A decrease in the elastic moduli
was observed when increasing TiO, content up to 10%. In the
absence of network modifier and with the same range of TiO,
composition, Sandstrom et al®® reported previously that the

structure of the Si0,-TiO, glass was mainly build on fourfold
coordinated Ti. In a ternary glass with the presence of a mod-
ifier, Scannell et al®” have studied structural and mechanical
properties of Na,O-TiO,-SiO, ternary glass and have found
that the fivefold coordinated Ti cations begin to appear at
low-TiO, content and dominate for higher percentages. The
increase in the mechanical properties was directly observed
independently of the sodium-modifier content. The ability
of TiO, to increase glass mechanical properties depends
strongly on Ti coordination that defines the role of TiO, in
the glass network. The presence of modifier is also required
to occupy the network-free volume and to charge balance the
Ti environment in high coordination states.

Summarizing our findings, the very nice agreement be-
tween our computed mechanical properties with the experi-
mental ones (See Figure 1) strongly validates our force-field
approach. This allows us to further investigate in details the
structural properties of the BTS glasses.

3.2 | Structural properties

321 |

A well-known fact about the structure of silicate glasses net-
works is that they are built on corner sharing tetrahedral struc-
tural unit of Si0,."” The variation in the Si-O bond length
and the O-Si-O angle which characterizes the shape of these
structural units has an important impact on the glass proper-
ties. To study the effect of TiO, on the short-range structure
of the BTS glass (distances <4 10%), we first calculated the
total RDF g(r). Figure 2 shows the RDFs for different glass
composition (a), the PDFs of the glass with 20% of TiO, (b)
and the PDFs of O-O pair for all compositions (c).

In Figure 2A, the effect of TiO, on the structure of the BTS
glass is mainly observed in the first three peaks for a distance
lower than 3 A. The first peak is identified as the contribution
of the Si-O bond in the BTS glass, its intensity decreases with
increasing TiO, content. The second peak, which represents
the Ti-O bond contribution in the network (Figure 2A) has
the shape of a growing shoulder with increasing TiO, and
can be considered as a consequence for the decrease in in-
tensity of the first peak since TiO, is replacing SiO,. The
third peak represents a superposition of both Ba-O and O-O
bonds contributions in the BTS glass network as confirmed
by the PDF in Figure 2B, where the positions of the main
peaks of gz, () and g,,(r) corresponds to the Ba-O and O-O
bond lengths. In the zoom-in of the third peak in Figure 2A,
two main features were mainly observed and attributed to the
effect of TiO,: the first one is related to the decrease in the
peak intensity and the second one is presented by the shift in
the first peak minimum toward higher values with increasing
TiO,. The behavior of O-O PDFs as a function of composi-
tion observed in Figure 2C is similar to the one of the third

Short-range order
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. . . Bond length A)

in the present simulations compared

to previous molecular dynamics and This study Previous MD work Experiment

experimental studies Si-0 1.60 1.59% 1.52-1.85%; 1.60-1.65"
Ti-O 1.87-1.84 1.80%® 1.85-1.95%; 1.69-1.97°"
Ba-O 2.75-2.82 2.75-2.79% 2.75-2.89-%

TABLE 4 O dinati

Xygen coor '1na ron Coordination number

around glass formers for the different

BaO-Ti0,-Si0, (BTS) glass compositions BTS-0 BTS-5 BTS-10 BTS-15 BTS-20 BTS-25 BTS-30

at300 K Si 401 4.00 4.00 4.00 4.00 4.00 4.01
Ti — 5.15 5.02 5.10 5.10 4.98 5.03

peak of the RDF, which is considered as another added effect
of TiO, on O-O bonds in the BTS glass. The Si-O, Ti-O,
and Ba-O bond lengths were also calculated using the PDFs
for each composition. When the TiO, content increases, the
Si-O bond length did not change, the Ti-O bond showed a
slight decrease while the Ba-O bond increased from 2.75 A
to 2.82 A. Table 3 shows the main bonds length obtained in
the BTS glass together with corresponding experimental val-
ues. The distances obtained by the present simulations show
a good agreement with experimental observations and other
molecular dynamics simulations (see Table 3).

Further information concerning the main structural units
that built the BTS glass network can be derived by calculating
the mean coordination number (CN) around the glass former
elements (Silicon and Titanium). The PDFs of Si-O and Ti-O
were integrated to the first minimum and the obtained values

are reported for each composition in Table 4. This Table
shows clearly that the basic structural units in the BTS glasses
are mainly SiO, tetrahedra and TiO5 pyramids. The addition
of TiO, induces an important alteration of the CN of titanium
compared to silicon, which suggests that the SiO, tetrahedra
distribution is more stable than one of the TiO5 pyramids.

To get additional information regarding the local structure
in silicate glasses, we have used network statistics analysis.
For instance, this technique allows to compute the fractions
of different Ti™ species (for n = 4, 5 and 6) present in the
BTS glass network. Figure 3 shows the percentage number
of Ti™ species as a function of TiO, content. The sixfold
and fourfold coordinated Ti species are found to be in low
fractions while fivefold coordinated Ti takes the largest part
of Ti species population. This behavior is consistent with
previous experimental observations which suggest that Ti

60 /\\\\
40 i it e
Ti™(%)

30

20
FIGURE 3 Tispecies percentages
as a function of the BaO-TiO,-SiO, glass
composition. On the right are shown 10 T T T T T T 1
examples of these Ti species [Color figure 0 5 10 15 ) 3 20 25 30 35
can be viewed at wileyonlinelibrary.com] XTIOZ( %)
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8 (BTS) glasses. Vertical lines are used to
BTS-30 show the disappearance of the first peak
(red) and to highlight the shift of the second
BTS-25 peak as the TiO, content increases [Color
6 —/ figure can be viewed at wileyonlinelibrary.
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is mainly fivefold coordinated'’ in BTS glasses. Increasing
TiO, content in the system is accompanied by an increase in
Ti®¥ species and a decrease in Ti® species. However, for Ti®
a maximum is reached at x = 15% followed by a decrease
toward lower values. Compared to x = 5%, the highest TiO,
content (30%) has a lower population of Ti®. Yet, this trend
does not change the fact that the glass network remains ho-
mogeneous over a broad range of TiO, content.
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When studying structural properties of glasses, it is important
to consider the different types of structural order that may be
present in various length scales. In the previous section, the
structural order present at distances <4 A was found to be
based on different types of polyhedra around network glass
formers (Si, Ti) that define the basic units of the glass net-
work. Pushing the structural order investigations at distances
beyond 4 A (intermediate range order) will provide a better
understanding of the glass structural characteristics. A fea-
ture associated with the presence of intermediate range order
is the presence of the first sharp diffraction peak (FSDP) in
the total static structure factor. The origin of this peak is still
a subject of debate to date. Indeed, many authors*** have
suggested several models to explain all observed anomalous
characteristics such as the changes in the peak intensity and
position with composition, temperature, and pressure.43 In
this study, the total static structure factor was calculated to
understand the medium range order for all the compositions.

Figure 4 shows the total structure factor for all the simu-
lated glasses, the main changes induced by composition are

Medium range order

observed in the first three peaks. We see from this figure that
as the content of TiO, increases from x = 0% to x = 30%,
the second peak intensity has significantly increased. This
change is accompanied by the attenuation of the FSDP, which
has changed from a significant peak in barium silicate glass
to a second peak shoulder in high-TiO, content glasses. For
the third peak, no significant change in the intensity was ob-
served, but its shape has changed from an asymmetric peak
to a more symmetric one. To understand the origin of those
changes, we have calculated the partial structure factor (PSF)
of the different pairs for the composition x = 20%.

The decomposition of the structure factor depicted in Figure
5 shows that all atom pairs contribute to the FSDP, except for
pairs with oxygen that give a small to a negligible contribu-
tion. Studies dedicated to explain the origin of the ESDP*4443
have attributed its presence to the quasiperiodic fluctuation
in atomic density that creates the ordering of interstitial voids
in the structure. This explanation can help to understand the
changes observed in the FSDP (Figure 4) as well as the ob-
served increase in the glass density with the addition of TiO,.

Figure 5 shows also that the PSF of Ba-Ba pair is the fastest
decayed while the Si-Ti pair shows the slowest decay. This
latter observation suggests a strong correlation between TiO,
polyhedra and SiO, tetrahedra. Otherwise, Figure 4 shows
that almost all pairs contribute to the second peak intensity
changes with an important contribution from O-O and Si-Ti
pairs. Increasing TiO, content does not only change the peak
intensity but shifts its position to lower g values as highlighted
by the black line in Figure 4. This shift accompanied with a
gain in intensity can be attributed to the increase in the amount
of TiO,, polyhedra and the decrease in SiO, tetrahedra.
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Glass network structures can hide many features under their
amorphous state that can be revealed by studying their network
statistics. In silicate glasses, coordination number around oxy-
gens, rings statistics, and Q,, distribution can help to reveal what
is special about a glass network and what gives it the founded
properties. The coordination number around oxygens can ex-
plain how the connectivity changes with the composition and
help to find the different type of linkages that maintain the glass
network connectivity. Rings statistics define the size distribu-
tion of rings in glasses and characterize the nature of medium
range structures. The distribution of Q, species indicates the
ordering of the glass network by finding how bridging oxygens
(BOs) are distributed around the glass former elements.*®

Network statistics

3.24 | Oxygens species and polyhedral linkage

Oxygen species are classified generally into four types: BOs
which represent oxygens connected to two glass formers,
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nonbridging oxygens (NBOs) that stand for oxygens con-
nected to one glass former, oxygen triclusters (TO) that
connect three glass formers and finally free oxygens which
represent oxygens connected to only glass modifiers. Table 5
shows the percentage of each oxygen type in the BTS glass.
Three main observations can be made when adding TiO, to
the glass. Firstly, free and tricluster oxygens are the rarest
species in the network; they are present in amounts less than
1%. This behavior can be assigned to two effects: (a) the
presence of some kind of structural defect due to the pair
potential used in our simulations or to the high-cooling rate,
(b) the neutralization of the extra charge around TiO, poly-
hedra replacing the role of Ba’*. When BaO concentration
is higher than that of TiO,, TO are not expected to exist in
an observable quantity. The creation of this type of oxygen
is considered as a mechanism of charge neutralization when
the cation that should do it is lacking. In this investigation,
the BaO content is large enough (30%) to compensate the
charge around all Ti species, so we should expect a very
small amount of TO. The second observation is related to
bridging oxygens that represent the most dominant species in
the glass. The increase in TiO, leads to the increase in con-
nectivity in the network explained by the increase in bridging
oxygens. The third observation is related to the population
of NBOs that decrease without disappearing completely
from the network. This trend can have many consequences
on macroscopic properties of this glass such as the increase
in glass transition temperature and Visc:osity.47 Indeed, the
experimental study of Mezeix et al'’ has shown these conse-
quences as an effect of increasing TiO, content.

The impact of the BTS glass structure on macroscopic
properties can also be attributed to the different types of
bridging oxygens that define the interpolyhedron connectiv-
ity. Three types of bridging oxygens can be found: Ti-O-Ti,
Ti-O-Si, and Si-O-Si, where the oxygen atom is bonded to
two Ti atoms, one Ti atom and one Si atom, and to two Si
atoms, respectively. Figure 6 shows how the amounts of these
types of linkages evolve with the TiO, content. At low-TiO,
content, Si-O-Si and Si-O-Ti are the most favored linkages
while the Ti-O-Ti is not significant. When the TiO, content
increases, we observe the Ti-O-Ti linkage more frequently.
When TiO, content reaches x = 20%, the Ti-O-Si linkage
exceeds the Si-O-Si linkage in population and becomes the
most contributing population of bridging oxygens. For TiO,
contents beyond 20%, the amount of Si-O-Ti linkages shows
a kind of saturation while the Si-O-Si linkage continues
decreasing and being replaced by Ti-O-Ti. This can be at-
tributed mainly to the abundance of Si atoms for low-TiO,
contents favoring the Si-O bonds whereas for higher TiO,
contents, Ti atoms replace Si thereby increasing the amount
of Ti-O bonds.

Nonbridging oxygens can also be found in different types
depending on which glass former the oxygen is connected to.
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BTS-0 BTS-5 BTS-10 BTS-15 BTS-20
FO (%) 0.01 0 0.02 0 0
BO (%) 64.20 67.55  70.06 72.80 74.76
NBO (%) 35.80 3245 2992 27.18 25.09
TO (%) 0 0 0.01 0.02 0.15

Two types of linkages are found in the BTS glass: Ba-O-Si
(where O is connected to one Ba and one Si) and Ba-O-Ti
(where O is connected to one Ba and one Ti). Table 6 shows
the percentages of each type for different glass compositions.
We observe from this Table that the percentage of Ba-O-Si
has decreased from 97% (for 5% of TiO,) to 72% (for 30% of
TiO,) while the percentage of Ba-O-Ti linkage has increased
from 3% (for 5% of TiO,) to 28% (for 30% of TiO,). The
increase in TiO, content as shown previously has lowered the
number of NBOs, which is consistent with the decrease ob-
served in Ba-O-Si linkages. Ba-O-Si and Ba-O-Ti linkages
also show an important difference in populations even for
high TiO, arisen from the fact that Ba-O-Si NBOs are more
favorable in the BTS glass network independently from the
composition changes. Table 6 also shows that Ba-O-Ti link-
age percentage values are close to TiO, composition in the
glass. This can strongly support the fact that TiO, units are
mainly present at the boundary between the network former
and the network modifier regions, which is consistent with
Farges48 sketch regarding the structure of BTS glasses.

The cation modifier plays generally two roles in the glass
network: (a) it can be a network modifier that depolymerizes
the glass structure by segregating with NBOs and forming

TABLE 5 Percentage of different

BTS-25  BTS-30 . .
oxygen species calculated for different BaO-
0 0.06 Ti0,-SiO, (BTS) compositions from our
76.37 78.95 glass samples obtained by MD simulations
23.43 20.69 at300K
0.20 0.30

channels in the structure; or (b) a charge compensator that
neutralizes the charge around the local environment of inter-
mediate oxide units (like Ti here). The role of the cation mod-
ifier depends strongly on the composition and the ratio of the
oxide modifier to the intermediate. For example in sodium
aluminosilicate glasses, it has been observed'>* that when
the ratio [Al,05]/[Na,0O] is close to 1 all sodium ions act as
charge compensators of AlO, units and none of them will cre-
ate NBOs, when the ratio is lower than 1 sodium ions act as
both charge compensators of Al units and network modifiers.
However, when the ratio is larger than 1 different mechanisms
for sodium aluminosilicate are suggested to compensate the
charge of Al units such as the formation of octahedral Al
units* and oxygen triclusters.”® In BTS glasses, the charge-
balancing role of Ba’* around Ti is not clear. Ti can be pres-
ent in BTS glasses in the form of three coordination state,
and it has been also demonstrated that the increase of TiO,
content is not directly responsible for decreasing NBOs in the
network as can be seen in Table 6. To get more insight into
the NBOs distribution around Ti species and the role of Ba
in the glass network, we have calculated the population of
Ba-O-Ti™ linkage in the BTS glass. Figure 7 shows the vari-
ation of these linkages as a function of TiO, content. At low

FIGURE 6 The percentage of
the different bridging oxygen types as a
function of the glass composition obtained
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from our MD simulations at 300 K [Color
figure can be viewed at wileyonlinelibrary.
com]
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TABLE 6 Percentages of the

. BTS-5
different types of NBOs generated by our
simulations at 300 K and averaged over 100 Ba-O-Si 96.66
configuration Ba-O-Ti 3.34
FIGURE 7 Ba-O-Ti linkage types 70
evolution for different TiO, composition in
BaO-Ti0,-Si0, glasses obtained at 300K
and averaged over 100 configuration [Color 60
figure can be viewed at wileyonlinelibrary.
com] 50
:\3 40
i_T
Q 30 +
3
m
20 +
10
I

ournal 1«
iAmerican Ceramic Society

BTS-10 BTS-15 BTS-20 BTS-25 BTS-30
91.53 87.53 83.29 78.19 71.83
8.26 12.48 16.71 21.80 28.17

—u— Ti*-O-Ba
—e— Ti®-O-Ba
—a—Tif-0-Ba

TiO,, TiO, is more surrounded by Ba®* cations compared to
TiOs and TiO, Upon increasing TiO,, Ba** cations tend to
get away from TiO, as observed by the decrease in Ba-O-Ti
population until reaching a minimum at x = 15% and then
switch its trend to increasing, while Ba-O-Ti® linkages show
the opposite trend. For Ba-O-Ti®, no effective change was
observed since its population is negligible. To further dis-
cuss these results, it is worth noting that TiO, tetrahedra are
charge neutral while TiO5 pyramid squares are not. Hence,
the charge-balancing role of Ba’" cations around each TiO,
species depends on whether its charge is neutral or not. When
Ti is in its tetrahedral form, the four surrounding oxygens
neutralize Ti** charge, which makes Ba®" cations playing
the role of network modifiers. For the pyramidal form of Ti,
there exists an excess of charge that should be compensated
by another cation, which identifies Ba’* as charge-balancing
cations. When Ti is in an octahedral form, the charge excess
is —2 but as showed in Figure 7 it is extremely rare to find
any Ba* cation around it, and if ever found, Ba?* will act as
a charge-balancing cation. Thus, the presence of TiOg in the
BTS glass can be considered as a consequence of nonneutral-
ized charge of TiOs that should be present in the border of
the network forming region following the sketching of Farges
et al*® and it has been found to be inside it. Keeping BaO

10 . 1I5 . 20 . 25 . 30
xTiO,(%)

content fixed has also some consequences on the main role
of Ba®* in BTS glasses. The decrease observed in Ba-O-Ti®
linkages that represent the charge-balancing role of Ba’* cat-
ions is directly related to the decrease in NBOs and to the
fact that TiO5 is more involved in building up the glass net-
work backbone. This can be confirmed by the increase in Qs
proportion (See Figure 9). These changes make the charge-
balancing role less necessary and thus the remaining Ba’*
cations will continue to be network modifiers and increase
their number compared to the charge balancing one as shown
in Figure 7.

3.25 | 0, species distribution

The Q,, species distribution can give some information on the
linkage of the basic building units of the glass network. A Q,
species represents the environment of the glass former (Si or
Ti in the present study) in terms of » bridging oxygen. Figure
8 represents an example of Qg4 species found in the BTS glass.
It will help to describe the change brought by TiO, in the
glass network at intermediate range order. In our MD simula-
tions, Oz and Q, species represent the main groups that con-
tribute in building up the network of the BTS glass at low
TiO, (Figure 9A) with the amount of Q5 species larger than
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that of Q, species. When the TiO, content increases up to
x = 15%, Q, species grow up at the expense of Q5 species.
The presence of O, maintains the equilibrium of this species

following the well-known disproportion equation defined as:

2Qn < Qn—l + Qn+1

These Q, distributions have also been characterized by
Raman spectroscopy.17 Not only the Q5 predominance at low
TiO, has been observed but also the conversion from Q5 to Q,
and Q, with increasing TiO, has been shown. The presence
of other Q, species such as Qs and Qg is also a consequence
of adding TiO, to the glass network. Due to the existence of
fivefold and sixfold coordinated titanium, the TiO5 and TiOg
expose themselves as Qs and Q4. Hence, the dependence of
Qs and Qg on glass composition is the same as that of TiOs
and TiOg¢ polyhedra. As can be seen in Figure 9A, two classes
of species can be identified showing opposite trends, those
with a low number of bridging oxygens (n < 4) and the others
with a high number of bridging oxygens (n > 4). The Q,, O,
and Q5 populations continue to decrease with a dependence
on SiO, while the others (Q4, Q5 and Q) rapidly increase
with TiO,. There is also the fact that SiO, tetrahedra attract
more Ba®* cations than TiO,, polyhedra and thus fewer bridg-
ing oxygens will surround Si compared to Ti.

A further analysis was also conducted in the aim to eluci-
date the contribution of each glass former by calculating the
partial population of Q, for Si and Ti. The results are depicted

FIGURE 8

Snapshot of Qg, pictured using VESTA,”! observed
in the BaO-TiO,-SiO, glass with a TiO4 octahedron surrounded by
one TiO, and five SiO, tetrahedra. The red balls represent oxygen,

silicon atoms are found in the center of the purple colored tetrahedra
and titanium atoms are in the center of the blue colored remaining
polyhedra [Color figure can be viewed at wileyonlinelibrary.com]

in Figure 9B,C. There exists a disproportion between the two
most abundant Q,, species for both Si and Ti. For Si-based Q,,
species, the population of Q5 and Q, is stable upon increasing
TiO, until reaching 25% where they intersect. For Ti-based
Q,, species, the population of Q, and Q5 do not show a clear
evolution and compared to that relative Si.

3.2.6 |

The ring size distribution calculated for the BTS glasses is
represented in Figure 10. The presence of the medium range
order confirmed by the FSDP is highlighted using rings
statistics. The rings are defined as closed paths made by T

Ring statistics
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FIGURE 9
compositions obtained from our simulations at 300 K. Fitted lines

(A), O, percentages for the different glass

serve as guide for the eyes. (B), Si and (C) Ti based Q,, species
population [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Ring size distribution
for the different BaO-TiO,-SiO, (BTS)
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(T = Si,Ti) nodes and linked by oxygen atoms. The rings size
distribution (Figure 10) shows a bimodal distribution around
5- and 9-membered rings. It can be seen that increasing TiO,
content intensifies both peaks (with a higher rate for the first
peak) which means that the number of rings increases with
TiO,. This observation can be related to the glass connectiv-
ity that has increased by the increase in BOs, those latter en-
hance the creation of closed paths. The bimodal distribution
of rings observed here is a general feature observed in many
alkali and alkaline-earth silicate,31’5 ! the main characteristic
of the two peaks is seen in Ti-free glass which means that
TiO, does not have any contribution to their shape. In crys-
talline fresnoite, the TiO5 pyramid and the Si,0; groups are
linked into “heterocyclic” 5-membered rings,52 the increase
in this type of rings in BTS glasses with TiO, content may
lead to conclude that the role of this oxide is to increase order.
The population of 5- and 9-membered rings that has changed
with TiO, can also suggest that two regions are present in the
glass: (a) a first one related to the glass polymerized region
and (b) a second one that represents the Ba-rich region sur-
rounded by a 9-membered ring.

The ring size distribution can also reveal the difference
in the glass-forming ability.53 In BTS glasses, it has been
found'” that BTS-0 composition has the lowest fragility and
thus the highest glass forming ability following Angell's clas-
sification.”® The presence of large rings at low-TiO, content
can be understood in terms of topological order-disorder.
According to Kohara et al,>! silica-rich composition with
high glass forming ability exhibits a higher topological disor-
der compared to silica poor glass. This is due to the observed
broadness of the ring size distribution that increases the glass
structural heterogeneity leading to high topological disorder

compared to glasses with lower glass forming ability. This
can confirm that increasing TiO, composition increases
structural order of BTS glasses.

4 | CONCLUSION

The structural and elastic properties of a series of barium
titanosilicate glasses were investigated using molecular dy-
namics simulations. The results show that TiO, increases the
glass elasticity with a very good agreement between MD and
experimental data. This increase was accompanied by struc-
ture-induced changes caused by the different Ti coordination
states with the predomination of fivefold coordinated Ti. The
increase in TiO, content has made the glass network more
connected as shown by the changes in oxygens environment.
The characterized structural models have a clear increase in
bridging oxygens with favored Si-O-Ti linkages at high-TiO,
contents and Si-O-Si linkages at low-TiO, contents. The
medium range order was also studied using structure factor
and rings statistics. The results showed an increase in rings
number presenting coherent conclusions about the observed
increase in connectivity with increasing the TiO, content.
The Q, distribution was presented to define the polyhedra
aggregation in the network; this distribution has showed a
qualitative agreement with experimental observations. The
studied structural models have showed a good agreement
with Farges48 structural models built on high resolution
XANES spectroscopy experiment. In the barium titanosili-
cate glass, the main changes in the glass structure are found
to be in the intermediate range order. Those changes were
found to increase the topological order but decrease the glass
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forming ability. Finding a way to increase it will facilitate the
BTS glass-ceramics material production in industry and thus
replace many materials that have regrettable environmental
impacts. Our study can be considered as a step toward a clear
view of the effect of TiO, on the BTS glass intermediate
range order.
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