
Received: 15 October 2023 Revised: 25 January 2024 Accepted: 11 February 2024

DOI: 10.1111/jace.19778

RESEARCH ARTICLE

Pressure-driven homogenization of lithium disilicate glasses

Yasser Bakhouch1 Silvio Buchner2 Rafael Abel Silveira2

Leonardo Resende2 Altair Soria Pereira2 Abdellatif Hasnaoui1

Achraf Atila3

1LS2ME, Faculté Polydisciplinaire
Khouribga, Sultan Moulay Slimane
University of Beni Mellal, Khouribga,
Morocco
2Graduate Program in Materials Science,
Federal University of Rio Grande do Sul,
Porto Alegre, Brazil
3Department of Material Science and
Engineering, Saarland University,
Saarbrücken, Germany

Correspondence
Silvio Buchner, Graduate Program in
Materials Science, Federal University of
Rio Grande do Sul, Porto Alegre, Brazil.
Email: silvio.buchner@ufrgs.br;

Achraf Atila, Department of Material
Science and Engineering, Saarland
University, Saarbrücken 66123, Germany.
Email: achraf.atila@uni-saarland.de

Funding information
Conselho Nacional de Desenvolvimento
Científico e Tecnológico, Grant/Award
Number: 19/2551-0001978-5; Coordenação
de Aperfeiçoamento de Pessoal de Nível
Superior, Grant/Award Number:
20170862; Centre National de la
Recherche Scientifique et Technique,
Grant/Award Number: 3USMS2022

Abstract
Lithium disilicate glasses and glass–ceramics are good potential candidates for
biomedical applications, solid-state batteries, and serve as models of nucleation
and crystal growth. Moreover, these glasses exhibit a phase separation that influ-
ences their nucleation and crystallization behavior. The atomistic mechanisms
of the phase separation and their pressure dependence are unclear so far. Here,
we usedmolecular dynamics simulations supported by experiments to assess the
spatial heterogeneity of lithium disilicate glasses prepared under pressure. We
show that the glass heterogeneity decreases with increasing the pressure under
which the system was cooled and almost disappears at pressures around 30 GPa.
The origin of the heterogeneity is due to the attraction between Li cations to
form clustering channels, which decreases with pressure. Through our results,
we hope to provide valuable insights and guidance for making glass–ceramics
with controlled crystallization.

KEYWORDS
atomic structure, clustering, glass–ceramics, lithium disilicates, molecular-dynamics simula-
tion, phase separation, X-ray diffraction

1 INTRODUCTION

Oxide glasses are pivotal materials with a wide unique
combination of properties that are pertinent for
functional,1 structural,2 and technologically relevant
applications.3 Silicate-based glasses, as an example, are
used as ultrathin substrates, strong transparent cover
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materials, or ion-conducting glasses.2,3 The structure of
silica glass is known to have a three-dimensional, fully
connected structure made of SiO4 tetrahedra.4 With the
addition of modifiers such as Li2 O, the Si–O–Si bridging
bonds break, and the bridging oxygen (BO) atoms are
transformed to non-bridging oxygen (NBO) atoms, leading
to depolymerization of the structure and a decrease of
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the glass transition temperature (Tg).5–7 The degree of
depolymerization of the structure depends on the type and
content of the modifier and affects the glass properties,
such as mechanical and optical properties, as well as its
crystallization behavior.8–10 The control of the crystal-
lization enabled the formation of glass–ceramics, which
are materials that combine the properties of both glasses
and ceramics.11–14 These glass–ceramics have a unique
combination of high strength and toughness, bioactivity,
as well as excellent thermal stability. This set of properties
made them useful in dental and medical applications,
such as dental crowns and implants.15,16
The advent of glass–ceramics dates back to the 1950s

in the pioneering work of Stookey,17 wherein lithium
disilicate (LS2) served as the basis for the first glass–
ceramics compositions. This discovery of glass–ceramics
led to many open questions pertaining to the mechanisms
underlying the nucleation and crystallization, as well as
strategies for enhanced control over these processes while
considering sample composition and thermal treatment.18
Several authors investigated the effect of processing

on the properties of lithium silicate glasses and glass–
ceramics. For instance, Kitamura et al.19 studied lithium
disilicate glass under high pressure using neutron diffrac-
tion and Raman scattering. They studied densification
effects, particularly with lithium, comparing these glasses
to pure silica. Raman spectra showed shifts in stretch-
ing and bending modes, supporting the distortion of SiO4
tetrahedra. From the first sharp diffraction peak (FSDP),
the medium-range correlation length showed a more
notable decrease with volume change in lithium disili-
cate glass compared to pure silica. The densification was
conjectured to be related to the distortion and increase
in the packing density of SiO4 tetrahedra. Voigt et al.20
investigated the local structure and spatial distribution of
lithium ions in lithium silicate glasses using nuclear mag-
netic resonance (NMR) and molecular dynamics (MD)
simulations. Their findings indicated significant cation
clustering, with stronger dipolar fields observed at the
tetrahedra with three BOs, otherwise known as Q3 sites
in the Q𝑛 notation, where 𝑛 denotes the number of BO
per tetrahedra, compared to Q4 sites. MD simulations
confirmed these conclusions, particularly in glasses with
low lithia contents (x = 0.10 and 0.17), which tend to
show a phase separation. Habasaki et al.21 used MD sim-
ulations to investigate the structure of lithium disilicate
glasses and melts under different pressures. Their results
showed that theQ𝑛 units changed during the compression
or decompression process, with the highest percentage of
Q3 structures occurring near atmospheric pressure around
T𝑔. These changes in the Q𝑛 distribution were driven by
variations in volume or pressure and were attributed to
differences in the volumes of structural units. Recently,

Bradtmüller et al.,22 in a combined NMR and MD study,
reported atomic-scale structural insights into the effect
of sub-T𝑔 annealing on the structural relaxation of LS2
glasses. They confirmed that the arrangement of the net-
work modifier in homogeneously nucleating glasses is
closely related to those in the isochemical crystals, which
was hypothesized by Zanotto et al.23
On the other hand, Buchner et al.,24–27 in a series of

studies, investigated the effect of processing conditions on
the crystallization and properties of lithium silicate glasses
using different experimental techniques. They found that
processing lithium silicate glasses at high temperature
and pressure increased Young’s modulus and hardness by
around 45% and 25%, respectively, compared to the pristine
glass. Moreover, they showed that the lithiummetasilicate
(Li2SiO3) phase can form from lithium disilicate glasses
if processed under high pressure and temperature. The
Li2Si2O5 phase was stable up to 6 GPa, while the Li2SiO3
phase began to form at 4.25 GPa and coexisted with quartz
and coesite up to 6.5 GPa. The lack of lithium in the
initial lithium disilicate composition led to the segrega-
tion of SiO2 phases during the crystallization of Li2SiO3.25
Another important result found in Buchner et al.26 work
is the formation of a distinctive amorphous phase of den-
sified LS2 glass at a pressure of 7.7 GPa, wherein small
distortions on the local arrangement of the initial struc-
ture cannot be used to explain its appearance. Moreover,
Resende et al.28 showed that it is possible to produce
lithium disilicate glasses at high pressure by melting and
quenching them in situ at a pressure of 7.7 GPa. The results
showed a significant increase in mechanical properties
and completely different thermal properties compared to
a reference glass sample conventionally prepared at atmo-
spheric pressure. This was also seen as an indicative sign of
the presence of polymorphism, which is the ability of the
material to exist in different amorphous states.
Although experiments provided great details on the

effect of processing on the structural and physical proper-
ties of lithium disilicate glasses, the atomic-scale picture
of the events that govern the change in the properties is
unclear. MD simulations provide quantitative and qual-
itative insights at the atomic scale that can be used to
understand these mechanisms better. In this context, we
study the effect of pressure on the densification mech-
anisms of lithium disilicate glasses, and we provide a
detailed analysis of the glass structure at both short- and
medium-range. The structural properties of the glass are
compared with the experimental data of glasses similar to
those prepared by Resende et al.28 and analyzed through
synchrotron X-ray diffraction (XRD).
The remainder of this paper is organized as follows. In

Section 2, we describe the procedure followed to obtain
the results. The calculated properties are presented in
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4574 BAKHOUCH et al.

Section 3. In Section 4, we discuss the results and suggest
possible explanations for the obtained results. Concluding
remarks are given in Section 5.

2 METHODOLOGY

2.1 Experimental procedure

Four lithium disilicate glass samples were prepared using
the procedure described below. One glass batch was
produced at atmospheric pressure, and the other three
samples were processed under high pressure in differ-
ent conditions. Standard reagent grade Li2CO3 (Aldrich
Chem. Co. ≥ 99%) and silicon dioxide (SiO2) (Sigma–
Aldrich, ≥ 99.9%) were used to produce all samples. For
the glass batch produced at atmospheric pressure, SiO2 and
Li2CO3 reagents were dried in a furnace for 2 h at 120◦
C, weighed, mixed, and melted in a Pt crucible at 1 500◦
C for 2 h in an electric furnace. The melt was poured on
a steel plate at room temperature. Afterward, the batch
was annealed at 430◦ C for 1 h and left to cool slowly to
room temperature. This glass is called “pristine glass” in
the following. Toroidal-type high-pressure apparatus was
used to process samples at high pressure and high tem-
perature (HPHT), according to the methodology described
in [29–31]. The pressure was initially increased to 7.7 GPa,
and then the temperature was raised to 1 873 K to melt the
sample. Then, the sample was maintained at these con-
ditions of high temperature and pressure for 10 min and
subsequently quenched within 3 min while maintaining
the pressure. After this procedure was done, the pressure
was slowly released. Finally, after HPHT processing, the
surface of the samples was grounded on SiC abrasive paper
up to #1500 and polished with CeO2 slurry for all analyses.
The density of both glasses was obtained using pycnome-
ter. The density of the pristine glass is𝜌= 2.34± 0.01 g∕cm3

while that of the sample prepared at high-pressure is 𝜌 =
2.53 ± 0.01 g∕cm3.

2.2 X-ray diffraction

Transmission geometry synchrotron XRD measurements
were carried out at 20 keV (𝜆 = 0.6199 Å) on the XDS
beamline of the Brazilian Synchrotron Light Laboratory
(LNLS). Detection of the diffracted photons was carried
out by using a standard LaBr scintillator. The powder sam-
ples were enclosed within 0.63 mm Kapton capillaries
and rotated throughout the data collection to minimize
grain size statistical problems. In addition to these sam-
ples, an empty capillarywas alsomeasured under the same
experimental conditions in order to subtract a background

that did not originate from the sample but rather from
the capillary, air scattering, etc. The total structure factor
S(K) for an amorphous phase containing N chemical ele-
ments is derived from the normalized scattered intensity
on a per-atom scale,32,33 denoted as 𝐼𝑎 (K), following the
equations:

𝑆(𝐾) =
𝐼𝑎 − [⟨𝑓2(𝐾)⟩ − ⟨𝑓(𝐾)⟩2]⟨𝑓(𝐾)⟩2 (1)

𝑆(𝐾) =

𝑁∑
𝑖=1

𝑁∑
𝑗=1

𝑊𝑖𝑗𝑆𝑖𝑗(𝐾) (2)

where k = 4𝜋∕𝜆 sin(𝜃) is the transferred momentum and
𝑊𝑖𝑗(𝐾) represents the weights of the partial structure
factors and can be obtained from:

𝑊𝑖𝑗(𝐾) = 𝑊𝑗𝑖(𝐾) =
𝑐𝑖𝑐𝑗𝑓𝑖(𝐾)𝑓𝑗(𝐾)⟨𝑓(𝐾)⟩2 , (3)

where 𝑐𝑖 is the concentration of 𝑖 atoms and 𝑓 is the atomic
scattering factor and can be calculated from the prime
scattering factors.32 From the structure factor, the total
pair distribution function, 𝐺(𝑟), can be calculated from a
Fourier transform taking into account the atomic density,
𝜌0, using the equation:

𝐺(𝑟) = 1 +
1

2𝜋𝜌0𝑟 ∫
∞

0

𝐾[𝑆(𝐾) − 1] sin(𝐾𝑟)𝑑𝐾. (4)

The 𝑆(𝐾) factors were obtained by calculating the elas-
tic scattered intensities on a per-atom scale, normalized
to electron units. This process was done after correct-
ing the sum of elastic and inelastic scattered intensities
for re-absorption effects, following the produced in ref.
[34]. The inelastic scattered intensity was calculated using
the analytic approximation proposed by Hajdu [35]. At
the beamline, the incident radiation polarization was in
the horizontal plane, whereas the data acquisition took
place in the vertical plane. Thus, the polarization correc-
tion was disregarded. The form factors were obtained from
the web utility available at Argonne National Laboratory
website,36 which is based on the Python software package
Absorb.

2.3 Simulation details

LAMMPS code37 was used to perform the classic MD sim-
ulations of LS2 glasses. The equation of motion was inte-
grated using the velocity Verlet algorithm as implemented
in LAMMPS, with a time step of 1 fs. The interactions
between atoms part were modeled by the Pedone et al.
potential.38 The potential parameters and partial charges
are provided in Ref. [38]. An interaction cutoff of 5.5 Å
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BAKHOUCH et al. 4575

F IGURE 1 (A) The simulation profile used to obtain the
glasses, (B) the evolution of density as a function of simulation time
for the different prepared glasses.

was used for short-range interactions, while the long-range
interactions were treated by adopting Fennell damped
shifted force (DSF) model,39 with a damping parameter
of 0.25 Å−1 and of 8.0 Å as a long-range cutoff. This
potential gives a realistic agreement with available exper-
imental data as mentioned in the literature,6,8,9,40–44 as it
was designed to reproduce the structural and mechanical
properties of a wide range of oxide glasses.
Several LS2 glasses of stoichiometric composition (Li2

O) 0.33–(SiO)0.67 samples were produced by randomly plac-
ing 30 000 atoms in a 3D periodic cubic simulation box
while ensuring that there are no overlapping atoms. The
steps followed to cool the glasses are schematically illus-
trated in Figure 1A and will be briefly summarized in the
following. The samples were equilibrated at a high tem-
perature (4 000 K) for 100 ps in the NVT ensemble and
for 1 ns in the NPT ensemble, which was enough to make
the samples lose the memory of the initial configuration.
The melt was then cooled from 4 000 K to 1 900 K in NPT
with zero external pressure. At 1 900 K, a pressure (P) was
applied (i.e., P= 2.5, 4, 6, 7.7, 10, 15, 20, and 30GPa) for 1 ns.
The samples were held at the same pressure for 100 ps and
then quenched to room temperature while maintaining
the pressure conditions. All cooling simulations were per-

F IGURE 2 (A) X-ray diffraction structure factors for the
pristine glass and all HPHT processed samples from both
experiments (open symbols) and MD simulations (solid lines). (B)
Calculated G(r) from the structure factor data, both experiments
(dashed lines) and MD simulations (solid lines). HPHT, High
pressure and high temperature.

formed using a cooling rate of 1 K/ps. After quenching, the
glass was further equilibrated at 300 K in the NPT ensem-
ble for 1 ns. Finally, we obtained seven LS2 glasses with
different densities that depend on the pressure: 2.43, 2.62,
2.70, 2.80, 2.87, 2.97, 3.14, and 3.54g∕cm3 (see Figure 1B).
The simulated glasses obtained using 0 GPa and 7.7 GPa
have a density that is around 3.8% and 13% higher than the
glasses obtained in the experiments.

3 RESULTS

3.1 X-ray diffraction structure factor

Figure 2A shows the X-ray structure factor obtained
from the simulated lithium disilicate glasses at different
pressures. The structure factors obtained through XRD
experiments for the pristine glass and the one prepared
at a pressure of 7.7 GPa are shown in open symbols in the
same figure for the comparison. The peak position and the
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overall shape of the structure factor are well reproduced
in samples prepared by MD simulations.
From the X-ray structure factor (S𝑋(K)), we obtained

the total pair distribution function, G(r), which was cal-
culated and can be seen in Figure 2B, the data from
the MD simulations at different pressure are also shown
in the same figure. Similar to the structure factor, the
G(r) of the simulated glasses compares well with that
obtained by XRD. It is important to remember that
the simulation results were obtained under pressure,
while the experimental ones were obtained at atmo-
spheric pressure for a sample that was processed at
7.7 GPa, which causes slight differences in the peak
positions.

3.2 Neutron diffraction structure factor

The neutron structure factor of the glass prepared under
zero external pressure is compared to the one measured
experimentally by neutron scattering experiments from
the work of Kitamura et al.,19 and shown in Figure 3A.
The structure factor of the simulated LS2 glass at zero
pressure compares well to that obtained experimentally,
where the positions of the first, second, and third peaks
are well reproduced at 1.78, 2.72, and 5.24 Å −1. This good
agreement highlights the interatomic potential’s ability
to simulate glass models with realistic glass structures.
Moreover, similarities are observed in the intensity of
the peaks, especially that of the FSDP in both MD and
experiments. The overall shape of 𝑆(𝑞) obtained from
experiments is well reproduced in the MD simulated glass
structures, with slight deviations (at large 𝑞 values) that
can arise from the high cooling rate used in MD simu-
lations. The pressure effect was mainly observed in the
low-𝑞 region of the structure factor (see Figure 3A), which
suggests that the pressure does not significantly affect the
short-range structure (at least at small pressures). The
shift toward higher 𝑞 values of almost all peaks with
increasing pressure highlights the compaction of the net-
work as the pressure increases. It can be seen that the
FSDP shifts toward high 𝑞 values with increasing pres-
sure, and its intensity decreases with increasing pressure.
It is worth mentioning that this behavior of the FSDP is in
good agreement with experimental observations and also
results of simulated close glass compositions.19,45–47 The
FSDP, which corresponds to structural correlations on a
larger length scale, was fitted using a skewed Gaussian
function, and the full width at half maximum (FWHM)
of the FSDP was obtained. From this FWHM, we can
extract a correlation length in the medium range, allow-
ing us to understand the correlations in the medium-
range order. The correlation length was calculated using

F IGURE 3 (A) Total structure factor as a function of pressure
at 300 K. (B) The full width at half maximum of the first-sharp
diffraction peak of the total structure factor as a function of the
pressure (left y-axis) and the corresponding correlation length (right
y-axis) as a function of the pressure. Error bars are smaller than the
symbol size.

Equation (5)48–51

𝜉 =
2𝜋

FWHM . (5)

Figure 3B shows the variation of FWHM and the cor-
relation length as a function of pressure. The FWHM
increases with increasing pressure up to pressures around
6.0 GPa, then decreases to values lower than those
obtained for the glass prepared under no external pres-
sure, highlighting the possibility of polyamorphism. The
correlation length behaves inversely to the FWHM. When
the FWHMincreases, the correlation length decreases, and
vice versa. The increase in the correlation length indicates
an increase in a correlated structure at the intermediate
range.

3.3 Short-range structure

The short-ranged structure of the glass is defined up to
the first coordination shell of the cations with the oxygen
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(A)

(B)

(C)

F IGURE 4 (A) Si–O, (B) Li–O, and (C) O–O partial
distribution functions (g(r)) as a function of pressure in LS2 glasses
at 300 K.

atoms. The partial distribution function (g(r)) describes
the short-range structure, while the location of the first
peak in the g(r) for the corresponding elements deter-
mines their nearest neighbor distance. Figure 4 illustrates
the g(r) of Si–O, Li–O, and O–O plotted up to their first
minima. The first peak of Si–O pair shifts toward shorter
distances, its intensity decreases, and becomes broader
with increasing pressure. The Li–O g(r) first peak profile
showed no noticeable change with increasing pressure.
TheO–O g(r) behaves similarly to the Si–O g(r), with peaks
shifting to lower 𝑟 values and the first peak becoming
broader.
The separation distance between Si–O, Li–O, and O–O

is given in Figure 5. These bond lengths were determined

(A)

(B)

F IGURE 5 (A) Si–O and Li–O, (B) O–O bond lengths as a
function of pressure in LS2 glasses at 300 K. Error bars are smaller
than the symbol size.

by fitting the first peaks of the radial probability density
using the skewed-normal distribution (SND) presented in
Equation (6)

𝑓
(𝜇,𝜎,𝜁)

SND (𝑟) =
e−(𝑟−𝜇)2∕2𝜎2√

2𝜋𝜎2

[
1 + erf

(
𝜁
𝑟 − 𝜇√
2𝜎

)]
, (6)

where 𝑟 is the distance between the elements, 𝜇, 𝜎, and
𝜁 denote the SND coefficients. This method has been
established as an efficient approach for finding the bond
lengths.52 Figure 5A shows that the Si–O bond length
decreases from 1.607 Å to 1.587 Å as the pressure increases,
then it increases again to 1.589 Å. The Li–O bond length
is also plotted in the same figure alongside the contribu-
tion of BO and NBO to the total Li–O bond length (see
Figure 5A). The Li–O bond length shows a decreasing
trend with pressure, where the Li–O bond length displays
a slight decrease from 1.931 to 1.876 Å, the Li–NBO bond
length decreases from 1.862 to 1.802 Å, and the Li–BO bond
length decreases from 2.128 Å to 1.888 Å. The O–O sepa-
ration distance shown in Figure 5B displays the changes
in the O–O bond length with the pressure. We notice a
decrease in the separation distance between the oxygen
atoms, and the change goes from 2.614 Å at 0 GPa to 2.517
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(A)

(B)

F IGURE 6 (A) Si–O and Li–O coordination numbers, (B)
O–O coordination numbers, and (C) oxygen species. as a function of
pressure in LS2 glasses at 300 K. Error bars are smaller than the
symbol size.

Å at 30 GPa. The CN of Si and Li atoms was found by
counting the number of oxygen atomswithin the first coor-
dination shell, defined by a sphere with a radius equal to
the distance where the first minimum of the g(r) is found.
To ensure consistency, we maintained the same radius (2.1
Å for Si–O, and 2.7 Å for Li–O) for the CN calculation at
high pressures as that determined at 0 GPa. The coordi-
nation numbers show (Figure 6A) that the Si atoms have
a 4-fold coordination number up to a pressure around 7.7
GPa and start increasing for pressures larger than it. At
pressures lower than 7.7 GPa, most Si atoms are in a 4-fold
coordination state (see Figure 7A). For pressures higher
than 7.7 GPa, the amount of 5-fold and 6-fold coordinated
Si atoms start to increase, with the amount of 5-fold coor-
dinated Si atoms always being higher than the 6-fold Si
atoms. The behavior of Li is different, where initially, it has
a 4-fold coordination in the glass prepared without exter-
nal pressure and increases rapidlywith pressure (goes from
4 to 6.3). The behavior of Li𝑛, with 𝑛 being the number of
surrounding O atoms, is shown in Figure 7B. At low pres-
sure, 3-fold and 4-fold coordination states dominate and

F IGURE 7 (A) Si𝑛 coordination state, with a snapshot of 4, 5,
and 6-fold coordinated Si atoms. (B) Li𝑛 coordination state (n
denotes the number of O neighbors’ atoms), as a function of
pressure in LS2 glasses at 300 K. Error bars are smaller than the
symbol size.

decrease with increasing pressure, while larger coordina-
tion states appear and dominate at high pressures. From
the analysis of the neighboring atoms of the oxygen, two
types of oxygen atomswere distinguished, bridging oxygen
(BO), which is oxygen linked to two Si atoms, and non-
bridging oxygen (NBO), which is oxygen linked to only one
Si atom.8 As illustrated in Figure 6B, the dominant oxygen
species in the LS2 glass is BO, which is consistent with pre-
vious findings.21,42,53 We also observed an increase in the
fraction of BO from 60.6% up to 78.1%, and a decrease in
the fraction of NBO from 39.4% to 18.4% with increasing
pressure. To complement the short-range analysis depicted
using the bond lengths and the coordination numbers, the
bond angle distributions (BAD) will be used to gain more
insight into how the pressure affected the LS2 network
topology. The BAD of O–Si–O and Si–O–Si are depicted in
Figure 8. In the LS2 glass, the O–Si–O bond angle exhibits
a peak at around 109◦, which is close to the ideal tetra-
hedral angle of ≈ 109.4◦. As the pressure increases, the
peak of the O–Si–O bond angle distribution shifts toward
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(A)

(B)

F IGURE 8 (A) O–Si–O, (B) Si–O–Si Bond angle distributions
as a function of pressure in LS2 glasses at 300 K.

lower angles around ≈ 106◦. Also, we observed a shoul-
der at angles around 90◦ that gradually became dominant
in the LS2 glasses for the highest cooling pressure. Fur-
thermore, smaller peaks located closer to an angle of 170◦
become more noticeable. The Si–O–Si BAD represents
the angle between SiO4 tetrahedra, and it has a peak at
148.5◦ for the glass prepared with no external pressure
and decreases to 134.5◦ with a small shoulder appearing
around 100◦ in the glass cooled under a pressure of 30 GPa
(see Figure 8B).

3.4 Medium-range structure

The medium-range structure of the silicate glasses can be
seen as two (or more) connected Si polyhedra and high-
lights the connectivity of the glass. The 𝑄𝑛 distribution is
a measure of how many BO or NBO are found in each
polyhedron, where the index 𝑛 refers to the number of
BO atoms present in a SiO𝑥 polyhedron. The 𝑄𝑛 distribu-
tion was obtained by counting how many BOs are linked
to each Si polyhedron. Figure 9 depicts the evolution of
𝑄𝑛 percentages and the overall network connectivity (NC)

(A)

(B)

F IGURE 9 (A) Q𝑛 distribution and (b) network connectivity
as a function of pressure in LS2 glasses at 300 K. Error bars are
smaller than the symbol size.

of the LS2 glasses as a function of the pressure. As pres-
sure increases, the populations of 𝑄2 and 𝑄3 decrease
while that of 𝑄4 increases. Additionally, 𝑄5 and 𝑄6 species
significantly increase at higher pressures. Using the𝑄𝑛 dis-
tribution, we can calculate the NC as the average number
of BO atoms per polyhedron using Equation (7),

NC =
𝑖∑
𝑖=1

𝑛𝑥𝑖 (7)

where 𝑥𝑖 represents the fraction of 𝑄𝑛 species (here 𝑛 = 2–
6). The NC tends to increase with pressure, ranging from
3.02 to 4.15, indicating that the glass structure is more poly-
merized at larger pressure. We note that from pressure
below 7.7 GPa, almost no change was observed in the Q𝑛
population nor in the NC.
The next structural level of the medium-range order

involves rings. The ring size distribution in the simulated
LS2 glasses was computed using the R.I.N.G.S code54 based
on the Guttman criterion,55 which was shown to give a
realistic ring size distribution.5,56 The size of a given ring
is described by the number of Si atoms within it. The ring
size distribution for the LS2 prepared under no pressure
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(A)

(B)

(C)

F IGURE 10 Evolution of (A) ring size distribution, (B) size of
the rings, and (C) mean ring size as a function of pressure in the LS2
glasses at 300K. Error bars are smaller than the symbol size.

(see Figure 10A) is centered around five-membered rings,
which is consistent with previous findings.42 The cool-
ing under pressure significantly impacted the ring-size
distribution. Figure 10A,B display a shift of the ring size
distribution toward small ring sizes (< five-membered)
while the larger ones appear to diminish. However,
the mean ring size shown in Figure 10C highlights no
change in the ring topology for cooling pressure under 7.7
GPa, and then the mean ring size decreases markedly at
higher pressures.

(A)

(B)

F IGURE 11 (A) The clustering ratio of Li–Li pairs and (B)
chemical short-range order of Li as a function of the pressure at 300
K. Error bars are smaller than the symbol size.

3.5 Lithium clustering

In silicate glasses, modifiers tend to cluster and form
channels, which causes some phase separation in the
glass. We performed an analysis using the clustering
ratio,57 calculated using Equation (8):

𝑅Li−Li =
𝐶𝑁Li-Li,MD
𝐶𝑁Li-Li,hom

=
𝐶𝑁Li-Li
4

3
𝜋𝑟3𝑐

𝑁Li

𝑉box

, (8)

where RLi−Li is the clustering ratio, CNLi-Li,MD and
CNLi-Li,hom is the Li–Li coordination number from MD
simulations, and the Li–Li coordination number assuming
a homogeneous distribution of Li atoms in the simulation
box, respectively. 𝑁Li stands for the total number of Li
atoms, 𝑟𝑐 the cutoff defined as the first minimum of the
Li–Li g(r) (3.8 Å), and 𝑉box the volume of the simulation
box. Values of 𝑅Li–Li larger than 1 means that some
clustering exists between the Li atoms. In contrast, 𝑅 = 1
indicates a statistical distribution of Li atoms throughout
the sample. The change of 𝑅Li–Li with cooling pressure is
shown in Figure 11a, where it decreases with increasing
pressure. The clustering of Li atoms decreases with
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(B) (C)(A)

F IGURE 1 2 The spatial distribution of lithium density at three selected pressures in a slice of the simulation box having a width of 8 Å
being twice the first minimum of the Li–Li g(r). Figure S1 shows the same property as in this figure but at different locations of the simulation
boxes, highlighting the generalizability of the clustering behavior and its variation with pressure.

increasing pressure. This is also highlighted visually in
Figure 12, where a density map of Li atoms in a slice of the
simulation box is shown for selected pressures. Figure 12
shows that in the LS2 cooled with no external cooling
pressure, clustering of Li atoms in the form of channel-like
regions happens, while this clustering decreases with
increasing cooling pressure.
In addition to the clustering ratio, we also computed the

chemical of the short-range order (CSRO)58 as defined in
Equation (9):

𝛼𝑖−𝑗 = 1 −
n𝑖−𝑗
N𝑖 × c𝑗

, (9)

where n𝑖−𝑗 is the number of atoms of type j neighbors of a
central atom of type 𝑖, N𝑖 is the total of neighbors for the
atom of type 𝑖, and c𝑗 is the concentration of type j. Gener-
ally, this parameter ranges between−1 and 1, with negative
values indicating attraction and positive values highlight-
ing repulsion. We can see clearly that the CSRO increases
with increasing pressure, indicating the homogenization
tendency of the Li ions in the LS2 glasses in our study (see
Figure 11b).

4 DISCUSSION

This study showcases the significant influence of pressure
on lithium disilicate glass, as demonstrated through vari-
ous analyses with changing pressure, which leads directly
to a change in the glass density. Through the analysis of the
structure factors, we were able to highlight that the topol-
ogy of the short-range structure as depicted by the Si–O
network (high 𝑞 values in Figures 2 and 3) is not affected by
pressures lower than or equal to 7.7 GPa, where no changes
were visible in the large 𝑞 regime. The change of the inten-
sity of the FSDP and the correlation length with pressure
show that we might have an amorphous–amorphous tran-
sition as an indication of polyamorphism, where we see

an increase of the correlation length for cooling pressure
lower than 10 GPa, and a decreasing correlation length for
pressure higher than 10 GPa, which is counterintuitive if
compared to metallic glasses under pressure,48 and inline
with the work of Buchner et al.26
We observed high dependency between the change in

the SiO𝑥 (𝑥 = 4–6) units and the pressure (see Figure 7). In
the glass cooled with no external pressure, it can be seen
that the SiO4 units were dominant; however, at pressures
higher than 7.7 GPa, the SiO4 are still dominant, but we
find a significant increase in the SiO5 and SiO6 units in
the glass which leads to a change in the glass topology.
The formation of SiO5 and SiO6 units can also be observed
through the O–Si–O and Si–O–Si angles, where the Si–O
bond lengths experience a sudden increase between 20 and
30 GPa, while the CN of Si exhibits a more gradual increas-
ing change. Notably, the O–Si–O angles exhibit a decrease
to ≈ 90◦, which is indicative of the characteristic angle
of an octahedron. Another notable feature of this transi-
tion is an increasing peak at 170◦, which becomes more
prominent at higher pressure. This transition is a common
feature in the silicate glasses.9,59–61
With increasing pressure, the network became more

polymerized, which was indicated by the formation of
more BO at the cost of NBO. This repolymerization was
confirmed by the increase of the NC as the pressure
increased, where Q𝑛 distributions are correlated with
transformations of SiO𝑥 units as the pressure changes. The
pressure effect on the ring-size distribution in the glass
could be explained by the presence of topological variation
in the structure, which was related to the type of modifier
present in the glass.42,62 We notice that the mean ring size
decreases with increasing pressure, indicating the domi-
nance of small rings in the distributions; the dominance
of the small rings (< 6-membered) suggests the existence
of small Li-rich regions in these glasses, whichwe can con-
sider it as the first indication of Li homogenization in the
glasses with increasing pressure.63–65
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The pressure-induced homogenization of the structure
was shown using the clustering ratio and the density maps
of the Li in the simulation box at different pressures (see
Figures 11 and 12). The increase of the homogenization of
the Li distribution is mainly due to an increasing repulsion
between the Li atoms when the pressure increases, which
is confirmed by the analysis of the CSRO parameter,58
where for the glass cooled under no external pressure,
the Li atoms are more attracted toward each other, and
this attraction decreases with increasing the pressure (see
Figure 11b).

5 CONCLUSION

In conclusion, by combining experiments and MD simu-
lations, we showed that increasing pressure significantly
impacts the structure of LS2 glasses. Polyamorphism was
observed, different amorphous structures with different
short- and medium-range structures, as was shown using
the coordination numbers, ring statistics, and correlation
lengths. Moreover, observing the oxygen species accompa-
nied by Q𝑛 distributions informs us that there is a high
tendency for the repolmerization of the glasses as a func-
tion of the pressure. The ring size distribution suggests the
existence of small Li-rich regions, which is an indicator of
the homogeneity of the structure, which was shown visu-
ally through the density maps and quantitatively through
the clustering ratio and CSRO. The presented results and
insights into the pressure effect on the short-range order,
structural unit connectivity, and homogeneity of LS2 will
help understand the glass–ceramics formation and con-
trolled crystallization. This can enable themanipulation of
the formation of specific crystalline phases and tailor the
properties of the resulting glass–ceramics.
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