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Machine-learning potentials (MLPs) are advantageous in modeling boron coordination and three-membered
rings (3-rings) in borate glasses. In this study, the prominent ability of MLP enables us to study how boron
coordination varies during deformation, and the change in microstructure circumvents the overload stress in
lithium borate and lithium borosilicate glasses via molecular dynamics simulations. Under uniaxial and triaxial
compressive deformations, some of the threefold coordinated boron, 3B, atoms were altered to be fourfold
coordinated boron (“B) at a strain range beyond elastic deformations. According to the local deformation
analysis, a microstructure at around *B was determined to be rigid, specifically, that around *B forming a 3-ring
exhibited the least flexibility. Conversely, the local region at around 3B and oxygen atoms in nonring structures
flexibly deformed following the entire deformation. As a result, nonbridging oxygen located in the vicinity of *°B
was found to migrate to form *B due to compression. Remarkably, most of the boron atoms became *B, and they
formed abundant three membered rings in the borate glasses at a certain strain owing to the triaxial compression.
Consequently, it is inferred that such a drastic structural variation can be the origin of high damage resistance of

borate glasses.
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I. INTRODUCTION

Boron is an essential element in improving the mechanical
toughness of oxide glasses because a densification-induced
structural variation of boron atoms from three (°B) to four-
fold (*B) coordinated structures dissipates overloaded energy
and circumvents the critical damage of brittle glass materials
[1-6]. Analytical techniques, such as Raman scattering [1,6],
inelastic x-ray scattering [2], and nuclear magnetic resonance
(NMR) spectroscopy [3-5] are powerful technologies for ob-
serving structural alterations via in-situ experiments.

In addition to these experimental approaches, atomistic
simulation is also a good alternative method for observing
microstructure arrangements in any material. Specifically,
molecular dynamics (MD) simulation is a well-established
theoretical method for studying microstructure rearrange-
ments by integrating dynamical atomic motions. Oxide
glasses are usually studied using classical MD (CMD) sim-
ulations with analytical force fields because their inexpensive
computation allows us to construct sufficiently large models to
represent disordered microstructures of glasses [7]. Therefore,
various analytical force fields have been developed to model
multicomponent oxide glasses, for instance [8—12].

However, analytical force fields are limited in their abil-
ity to appropriately reproduce the coordination change of
boron atoms from *B to *B because their structural varia-
tion nonlinearly relates to glass compositions, specifically,
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amounts of alkaline ions [13—18]. This difficulty has been
addressed by extending the analytical force fields to be
composition-dependent. For instance, Kieu et al. defined the
empirical correction functions to modify the partial charges
and a parameter of the B-O pair potential as a function of
[Na,0]/[B,0s3] and [Si0;]/[B20s3] [19]. This force field was
applied to measure the number of B under an indenter by con-
ducting nanoindentation simulations on sodium borosilicate
glasses [20]. Du and Deng extended their Buckingham-type
force field, Teter potential [9], by introducing a composition-
dependent parameter to study sodium borosilicate glasses
[21]. The practical transferability of the modified Teter po-
tential to the other multicomponent borate glasses was also
demonstrated [22]. Similarly, Urata et al. extended a force-
matching potential [23,24] to study lithium borosilicate (LBS)
glasses by defining a composition-dependent parameter [25].

These empirically extended analytical force fields can gen-
erate reasonable number of *B and *B atoms, consistent
with experimental data. However, the two-body interatomic
interaction models usually do not sufficiently form planar
three-membered rings (3-rings) [26], which are called boroxol
ring when all the boron atoms are *B. This intrinsic limitation
of the analytical force fields prohibits the theoretical study
on the mechanical response of borate glasses even though it
is crucial in designing tougher glasses incorporating boron
for industrial applications such as cover glasses of mobile
devices [27] and coatings on an electrolyte and electrode in
a solid battery [28]. Ab initio MD (AIMD) simulation is theo-
retically more accurate and reliable than CMD simulations.
Indeed, it was demonstrated that AIMD simulations could
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TABLE 1. List of DFT data introduced to retrain the MLP.

obtaining fourfold coordinated silicon atoms by retraining
the MLP with extra training datasets. Subsequently, MD

Glass ID Method Condition Data points simulations with an isothermal-isobaric ensemble (NPT) are
LBS-40-40-20 AIMD  melt-quench with Ty of 1500 K ~700 conducted to verify its predictability on the density (?f lithigm
LBS-40-20-40 AIMD  mel-quench with Ty of 1500 K ~700 borate (LB) and LBS glasses because the NPT-MD simulation
Li,O AIMD 300 ~ 2300 K every 500 K 250 is essential for modeling experimentally unknown glasses.
LiyO compress ~ DFT ~0.01 ~ —0.4 strain every 0.01 39 For further validation, short- and medium-range structures
Li AIMD 2000 K for 10 ps 100 are compared to available experimental data. Ultimately, the
0, AIMD heating from 10 K to 300 K 46 effects of 3-rings and the structural alteration from B to

reproduce reasonable B / *B ratios and form 3-rings in three
LBS glasses [26]. However, AIMD remains too expensive
for studying various glasses and exploring an optimal glass
composition.

Progressive advancements in machine-learning potentials
(MLPs), which are typically trained to reproduce forces and
energies of atoms calculated by the density functional theory
(DFT), enable us to efficiently model materials with a compa-
rable accuracy to AIMD simulations. In addition to crystalline
oxides [29,30], MLPs were demonstrated to be applicable for
modeling oxide glasses and their melts, such as silica glass
[30-32], MgSiO; melt [33], borosilicate glasses [34], sodium
borate glass [35], LBS glasses [36], and amorphous In,O3
[37].

In our previous study, the superior applicability of the MLP
compared to the analytical force field [25] was verified by
investigating the glass composition dependence of boron coor-
dination and formation of the 3-rings in the LBS glasses [36].
However, the MLP constructed unsuitable over-coordinated
silicon in some LBS glass models, which hindered further
study on mechanical properties [36]. Therefore, this study
first attempts to improve the accuracy of MLP in practically

“B on the mechanical response of LB and LBS glasses are
investigated.

II. COMPUTATIONAL METHODS

A. Machine-learning potential

To construct the MLP, DeepMD [38] was utilized in accor-
dance with our previous research focused on borosilicate and
LBS glasses [34,36]. DeepMD employs a local embedding
network to generate rotationally and translationally invariant
structural descriptors according to the distances between atom
pairs. Subsequently, force and energy of atoms are evaluated
via a multilayered fitting neural network. More details on
the algorithm of DeepMD can be found in [38—40], and the
hyperparameters were the same with our previous model [36].

The MLP was trained to reproduce force, energy, and
virial, which were evaluated by the DFT calculations with the
Perdew-Burke-Ernzerhof (PBE) [41] exchange-correlational
functional for the generalized gradient approximation. The
cutoff energy of the wave function was 600 eV. According
to the energy/force conversion tests on three glass models,
the cutoff energy was confirmed to be large enough to obtain
reasonable energies and forces, as shown in Fig. S1 within
the Supplemental Material (SM) [42]. All DFT calculations

TABLE II. LBS and LB glasses examined with approximately 300 atoms. Data for density and boron coordination of LBS were obtained
from experimental database in Ref. [51]. Those of LB glasses were estimated from the approximation equations based on the experimental
data taken from INTERGLAD (refer to Fig. S4 within the SM [42] and Ref. [36]).

SiO, B,0; Li,O Density B ‘B

Glass ID (mol %) K R (g/cm?) (%)
LBS-20-60-20 20 60 20 0.33 0.33 2.21 63.3 36.7
LBS-40-40-20 40 40 20 1.00 0.50 2.26 53.6 46.4
LBS-20-40-40 20 40 40 0.50 1.00 231 493 50.7
LBS-10-50-40 10 50 40 0.20 0.80 2.30 58.4 41.6
LBS-30-30-40 30 30 40 1.00 1.33 2.31 45.6 54.4
LBS-40-20-40 40 20 40 2.00 2.00 2.34 435 56.5
LBS-50-10-40 50 10 40 5.00 4.00 232 432 56.8
LBS-5-35-60 5 35 60 0.14 171 2.17 76.5 235
LBS-8-32-60 8 32 60 0.25 1.88 2.17 73.7 26.3
LBS-15-25-60 15 25 60 0.60 2.40 2.20 78.0 22.0
LBS-10-20-70 10 20 70 0.50 3.50 2.10 98.8 12
LB90 0 90 10 0.00 0.11 1.99 86.8 13.2
LBS0 0 80 20 0.00 0.25 2.13 71.9 28.1
LB70 0 70 30 0.00 0.43 2.22 60.1 39.9
LB60 0 60 40 0.00 0.67 2.26 54.3 45.7
LB50 0 50 50 0.00 1.00 2.25 57.2 42.8
LB40 0 40 60 0.00 1.50 2.19 71.9 28.1
LB30 0 30 70 0.00 2.33 2.09 100.0 0.0
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FIG. 1. Ratios of the fivefold coordinated silicon atoms formed
in the LBS glass models comprising approximately 300 atoms. Dark
red and cyan bars represent the results with the revised and previous
MLPs [36], respectively.

were performed using the Vienna Ab Initio Package (VASP)
[43,44]. The training datasets included the extra datasets
in Table I and the 9749 datasets adopted in our pre-
vious study [36]. In the additional datasets, the config-
urations of (Si02)40(B203 )40(Li20)20 (LBS—40-40—20) and
(S107)40(B203)20(Li,0)49 (LBS-40-20-40) glasses were ob-
tained by performing the melt-quench AIMD simulations. The
LBS glass models were heated from 300 K to 1500 K at a heat-
ing rate of 1 K/fs, then equilibrated at 1500 K for 2 ps. The
melt models were cooled down to 300 K at a cooling rate of
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approximately 3 K/fs. The AIMD simulations of Li, O,, and
Li,O were also conducted to add DFT data relating Li-Li and
0-0 interactions in addition to the DFT calculations on an
uniaxially compressed Li;O model down to —0.4 strain. These
configurations were introduced to circumvent the unsuitable
overlaps of these atoms, which were observed in our previous
study [36]. In total, 11 650 configurations were prepared, as
shown in Table S1 within the SM [42], and 10% of the data
were used as test data.

B. Molecular dynamics simulations

The MLP-based MD (MLP-MD) simulations were con-
ducted using the ASE package [45,46] with an NPT ensemble
unlike the previous studies, which utilized a canonical ensem-
ble, to verify its accuracy on the estimation of density. The
atom motions were integrated with a 1-fs time step, and the
temperature and pressure were controlled by a Nosé-Hoover
thermostat [47] and Parinello-Rahman dynamics [48—50].

Table II presents a list of the LB and LBS glasses modeled
with approximately 300 atoms, to verify its accuracies on den-
sity, silicon, and boron coordination. Then, the larger models
comprising approximately 1000 atoms were constructed to
investigate their medium-range structures and mechanical re-
sponses. The melt-quench simulations were conducted at 10-
and 2-K/ps cooling rates to examine the cooling rate effect on
the properties. To verify the reproducibility of the MLP-MD
simulations, three independent models were constructed at a
2-K/ps cooling rate. After quenching, an NPT-MD simulation
of 300 ps was performed to equilibrate the structures. The time
variations of potential energy, kinetic energy, temperature, and
density were monitored to ensure convergence. An example of
this [(SiOZ)lo(B203 )50(Li20)40 (LBS-10-50-40) glass models
comprising 1000 atoms] is illustrated in Figs. S2(a)-S2(d)
within the SM [42]. Furthermore, to assess energy conver-
gence, MD simulations were conducted for 500 ps using a
microcanonical (NVE) ensemble for three glass models: LBS-
10-50-40 with 1000 atoms, (B;0Os3)30(Li,O)79 (LB30) with
300 atoms, and (B>O3 )g6.6(Li20)33.3 (LB67) with 3000 atoms;
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FIG. 2. Cumulative distributions of the standard deviations of estimated (a) energy and (b) force of (SiO,)5(B203)35(Li2,O)eo glass model.
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FIG. 3. Comparisons of density estimated using NPT-MD simulations with the MLP and experimental data for (a) LBS and (b) LB glasses
comprising approximately 300 atoms.
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FIG. 4. Ratios of fourfold coordinated boron (“B) in (a) the LBS glass models, (b) LB glass models with ~300 atoms, and (c) ~1000 atoms.
In the legend, Montouillout [18] and Interglad denote experimental data, while simulation results are represented by the cooling rates, such as
10 K/ps and 2 K/ps. Emin indicates that the models were optimized by energy minimization after being equilibrated at 300 K. (d) Fraction
of nonbridging oxygen in the LB glasses. The results of MLP-MD simulations correspond to the structures optimized by energy minimization
after the melt-quench simulation at a cooling rate of 2 K/ps. Experimental data were taken from [56,57].

033602-4



MODIFYING RING STRUCTURES IN LITHIUM BORATE ... PHYSICAL REVIEW MATERIALS 8, 033602 (2024)

2.5 2.5
(a) B100 ° Experiment (b) LB89 o Experiment
——1000atoms 10K/ps ——1000atoms 10K/ps
2 r ——1000atoms 2K/ps 2 r ——1000atoms 2K/ps
- --3000atoms 10K/ps - --3000atoms 10K/ps

1.5

S(q)
S(q)

0.5 ||

q[A1] q[A1]
2.5 2.5
(c) LBSO o Experiment (d) LB67 o Experiment
) ——1000atoms 10K/ps 5 ——1000atoms 10K/ps
——1000atoms 2K/ps ——1000atoms 2K/ps
- - -3000atoms 10K/ps g - --3000atoms 10K/ps
1.5 - o A 1.5
~~ ~~
g 1+t o pgaecemessted & 1
7] 7]
0.5 0.5
0 0
-0.5 \ . A . -0.5 L | L .
0 5 10 15 20 25 0 5 10 15 20 25
a[A7] a[A7]

FIG. 5. Neutron structural factors S(g) of (a) B,O5; (B100), (b) (B;03)s39(Li,O);1; (LB89), (c) (B,03)0(Li,0), (LB80), and
(d) (B203)66.7(Li120)333 (LB67) glasses. The glass models composed of 1000 and 3000 atoms were constructed by the melt-quench simulations
at cooling rates of 2 and 10 K/ps, respectively. The models with 1000 atoms were also obtained by the melt-quench simulations at cooling
rates of 10 K/ps. The experimental data drawn by open circles are obtained from [58].

Figs. S2(e)-S2(g) within the SM [42]. These simulations were and training data, respectively. The MEA and maximum error
performed after the NPT-MD simulations for 300 ps at 300 K. (MXE) for each dataset are noted in Table S1 within the SM
As a result, sufficient convergence in the total energy was [42]. Via a trial and error process, it was determined that the
confirmed. Some of the final snapshots were visually shown fivefold coordinated silicon atoms were drastically decreased
in Fig. S3 within the SM [42]. by learning the forces and energies of the configurations

It is to be noted that the initial configurations for MLP-MD obtained by the AIMD simulations on LBS-40-40-20 and
simulations were obtained by conducting MD simulations LBS-40-20-40, as illustrated in Fig. 1. This result indicates
using an analytical force field [25], to start the MLP-MD sim- that the AIMD simulations provided more appropriate config-
ulations with reasonable glass structures. The classical MD urations for training the MLP than CMD simulations, which
simulations were carried out in a canonical ensemble, starting ~ had been primarily utilized to obtain the glass configurations
from random configurations with assuming experimental den- for calculating the DFT training datasets in our previous paper
sity. The models were obtained by quenching from 3500 K to [36], although the CMD simulations also did not generate
300 K at a constant cooling rate of 1 K/ps, following a melting any fivefold coordinated silicon. The other training data were

simulation at 3500 K. introduced to circumvent the undesired overlaps of atoms at
high temperatures.

IIL SIMULATION RESULTS To understand how the updated MLP was improved, the

uncertainties on force and energy were evaluated using extra

A. Update MLP DFT data on the configurations of the LBS-5-35-60 glass

To obtain the LBS glass models without the over- model comprising 299 atoms. This glass model was se-

coordinated silicon atoms, the MLP was updated using the lected because the fivefold coordinated silicon was profoundly

extra datasets presented in Table I. After 10 iterative training, formed, as shown in Fig. 1. The configurations were extracted

the mean absolute errors (MAEs) of energy were 5.14 x 10_3 from the trajectories of the preViOuS MLP-MD simulations
and 5.18 x 10~* eV /atom for test and training data, respec-  for heating and quenching the model ffom 300 K to 1SOQ K
tively. The MEAs of force were 0.242 and 0.212 eV /A fortest ~ and from 1000 K to 300 K, respectively. The quenching
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FIG. 6. Partial neutron structural factors of (B,03)e6.7(Li,0)333 (LB67) glass. The experimental data drawn by open circles are obtained
from [60]. The glass models composed of 1000 and 3000 atoms were constructed by the melt-quench simulations at cooling rates of 2 and
10 K/ps, respectively.

simulations were conducted for three cases by altering the  tainty; however, the degree of improvement is less apparent
retaining time at 1000 K. In total, 120 DFT datasets were than energy. Accordingly, it can be inferred that the uncer-

prepared. The uncertainty was evaluated as a standard devia- tainty measured by the ensemble of multiple MLPs provides
tion of the values evaluated by five independent MLPs. These additional information to verify the reliability of the MLP, and
MLPs were trained using the same datasets, but the learn- the revised MLP was determined to be improved in this sense

ing procedures commenced from different initial parameter compared to the previous MLP.
sets. The ensemble method was employed because it is a ro-
bust metric for evaluating the uncertainty, as demonstrated in
[32]. B. Validation of MLP

Consequently, both the previous and revised MLPs exhibit Using the updated MLP, 11 LBS and 7 LB glasses
comparable accuracy on both energy and force, as shown in  comprising approximately 300 atoms were modeled by con-
Fig. S5 within the SM [42]. However, the energy uncertainty ducting the NPT-MD simulations. Figure 3 compares the
of the revised MLP is significantly smaller than that of the  densities obtained by the MLP-MD simulations with experi-
previous MLP, as shown in Fig. 2. This implies that the mental data [36,51]. The MLP-MD simulations consistently
MLP revised using the extra DFT datasets in Table I became  underestimated the densities. This might be because DFT
more confident for estimating the energy of the LBS-5-35-60 calculations often underestimate dispersion energy owing to a
model. The revised MLP also has shown lower force uncer- lack of electron correlation energy [52,53]. Nevertheless, the
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FIG. 7. Variations of *B ratio and number of three-membered rings during uniaxial tensile and compressive deformations of the LB67
models comprising 1000 atoms. Colored-thin lines are results of three directions of three independent models, respectively, and the black-bold

lines represent the average of the nine simulations.

average deviations from the experimental data were only
—0.069 and —0.050 g/cm? for the LBS and LB glasses, respec-
tively, when the cooling rate was 2 K/ps, thereby indicating
that the DFT data obtained by the PBE level of calculations
are sufficiently accurate for the ionic oxides for which elec-
trostatic interaction is dominant. The sufficient accuracy in
density guarantees that the MLP-MD simulations are appli-
cable to model the experimentally unknown LB and LBS
glasses.

Figure 4 compares *B/*B ratios obtained by the MLP-
MD simulations and experimental data for the LBS and LB
glasses. The simulation results agreed well with the experi-
mental data of the LBS glasses whose *B ratio are less than
40%, whereas the LBS glasses possessing more “B were
apparently underestimated. Similarly, for the LB glasses, the
variation of B ratio with the Li,O content was qualitatively
well reproduced, as illustrated in Figs. 4(b) and 4(c), while the
maximum *B ratio at approximately Li,O = 40 mol% was
clearly underestimated. The glass models obtained with the

slower quenching rate possessed more *B. Furthermore, by
conducting energy minimization after equilibrating the glass
models at 300 K, both the LBS and LB glasses consistently
increased *B. Therefore, it is expected that further slower
quenching would develop more B, although more computa-
tional resources or efficient algorithms [54,55] are necessary
to obtain further relaxed structures even with the MLP, which
is less demanding in computation than the AIMD simulations.
In addition, the slightly but lower density obtained by the
NPT-MD than experimental data is also responsible for the
underestimation of the *B ratio.

For further validation, the fraction of nonbridging oxygen
(NBO) in the LB glasses was compared to experimental data
reported by Jellison et al. [56] and Alderman et al. [57], as
shown in Fig. 4(d). Consequently, the NBO ratio estimated by
the MLP-MD simulations agreed well with the experimental
data within a practical accuracy in the entire composition
range. In addition, no model size effect emerged on the
NBO ratio. These results verify the sufficient accuracy of
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FIG. 8. Clusters extracted from the B67 glass models during uni-
axial compressive deformation. The central boron, represented by a
pink ball, varied its coordination from three to four. The surrounding
atoms were initially located within a 4.5-A distance from the central
boron atoms. The numbers below the figures indicate the strain.
Cyan balls represent lithium ions, while oxygen and boron atoms are
shown in red and pink bonds, respectively. NBO atoms highlighted
by orange circles eventually formed a new bond with the central *B
atoms.

the MLP for modeling short-range structures of LBS and LB
glasses.

Next, the accuracy in the medium-range structure was
verified by analyzing neutron diffractions, S(g), of borate
and three LB glasses, (B,O3) (B100), (B203)s3.9(Li20)1 1
(LB89), (B203)30(Li,0),9 (LB80), and LB67 by comparing
to experimental data reported by Swenson et al. [58]. These
models comprised approximately 1000 atoms. The simulation
results were compared to experimental data, as illustrated in
Fig. 5. The heights of the first sharp diffraction peaks (FPDS)
were almost comparable with those of the experimental S(g),
although the peak positions slightly shift toward a high ¢
value. The second peaks of the models were slightly higher
than experimental data, while their positions were compa-
rable. In addition, the third and fourth peaks were almost
consistent with the experimental profiles in their positions
and heights. Consequently, the overall S(g) profiles were re-
produced well by the MLP-MD simulations for all the LB
glasses. These results verified that the MLP trained by DFT
data can create practically accurate medium-range structures
of the borate glasses.

In contrast, there is a clear discrepancy in a small peak at
around 3-4 A~'. This peak is often referred to as the second
principal peak [59]. To understand the reason for this differ-
ence, larger models comprising approximately 3000 atoms
for B100, LB89, LB80, and LB67 glasses were constructed
by conducting melt-quench simulations at a cooling rate of
10 K/ps. Their final snapshots are shown in Fig. S6 within the
SM [42]. Furthermore, the partial structure factors of LB67
glass were compared with experimental data [60], as shown
in Fig. 6. According to Fig. 5, the effect of model size is
insubstantial, while the partial S(g) of O-Li, and Li-Li exhibit
inconsistent peaks at around 2.5 A~ and that of B-Li shifts
to smaller g value. These differences may be attributed to
the discrepancy in the small principal peak of the overall
S(gq), implying that mixing of Li ions is somewhat different
in the models obtained by MLP. However, these mismatches
may not be crucial for studying the mechanical response
primarily related to boron coordination because the good
agreements with the experimental measurements in partial
S(g) of B-B, B-0O, and O-O assure that the glass network is
reasonable.

C. Deformation simulations
1. Lithium borate glass

To understand how the microstructures comprising boron
and its 3-rings vary the form during deformation, uniaxial ten-
sile and compressive deformation simulations were performed
at 1 x 1073 strain rates using the LB67 glass model with
1000 atoms, which possesses the most 3-rings, as shown in
Fig. S7 within the SM [42]. Here, three directions in the three
independent models obtained at a cooling rate of 2 K/ps were
examined to verify the reproducibility, as shown in Fig. 7. In
these figures, black bold lines represent values averaged over
the nine simulations. In any case, both the 4B ratio and the
number of 3-rings were maintained until approximately +0.1
strain, which might relate to the range of elastic deformation,
as observed in the stress-strain curves (refer to Fig. S8 within
the SM [42]). Then, the numbers of structural units started
to vary; however, some variations were not consistent among
the nine simulations, specifically for the uniaxial tensile defor-
mation. Conversely, the *B ratio consistently increased under
uniaxial compression, implying that the boron increased the
coordination of oxygen atoms to avoid unstable interaction be-
tween boron atoms in short range, and, thus, dissipate energy
when the glass substrate is compressed.

To highlight the processes converting *B to *B during com-
pressive deformation, four clusters were extracted from LB67
glass models, as shown in Fig. 8. In this figure, all the clusters
were compressed vertically on the paper.

In the initial configuration of cluster (a), a ’B atom in
a four-membered ring is surrounded by a few lithium ions.
Then, it transforms into *B at a strain of —0.089 by forming a
new bond with an NBO atom located below it. Subsequently,
the lithium ions are displaced away by the new B-O-B net-
work. The additional bond remains until a strain of —0.255,
indicating its sufficient stability. In cluster (b), an NBO atom
located at the bottom gradually encircles and finally forms a
bond with a central >B atom, resulting in the creation of a
new four-membered ring. In cluster (c), a central 3B atom is
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FIG. 9. Local deformations at each atom type in the LB67 glass model during uniaxial (a) tensile and (b) compressive deformations.
Atoms were categorized into threefold coordinated boron in three-membered rings (Bs,) and nonring (Bs,), fourfold coordinated boron in
three-membered rings (By4,) and nonring (B, ), and oxygen in three-membered rings (O,) and nonring (O,).

initially connected to another *B atom on the left. An NBO ing between the two boron atoms. Subsequently, another NBO

atom connected to the central 3B atom gradually approaches  above the central *B atom is displaced by compressive defor-
the left 3B atom, forming a small twofold ring with edge shar- ~ mation, leading to additional coordination and the formation

(a) Ratio of “B: triaxial compression (b) Number of 3-rings: triaxial compression
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FIG. 10. Variations of (a) B ratio and (b) number of three-membered rings during triaxial compression simulations of the LB67 models
comprising 1000 atoms. Colored-thin lines represent results of three independent models, and the black-bold line is average of the three
simulations. (c)—(e) Snapshots at 0, —0.1, and —0.15 strain of the triaxial compression simulations. Bold lines indicate three-membered rings,
while thin lines represent B-O bonds. Lithium ions are presented as blue particles.
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of *B. As a result, two sequential twofold rings, which would
be unstable under normal conditions, appear under compres-
sion. In cluster (d), a central *B atom is part of a 3-ring.
Interestingly, the 3-ring remains intact even when vertically
compressed. In any case, additional bonds were formed with
an NBO located close to the 3B atoms, which were initially
separated by several lithium ions. The compression caused
the expulsion of lithium ions from the space between the two
boron atoms. In other words, the high mobility of lithium
ions and NBO atoms allowed to form an additional B-O-B
network.

To compare the stabilities of >B and B atoms in the com-
pressed structures, the forces acting on boron atoms along the
deformation direction were analyzed, as illustrated in Fig. S9
within the SM [42]. These histograms of absolute force val-
ues were evaluated using nine cases (three models x three
directions). At any strain, the distributions and averages of
forces for B and “B atoms are almost the same, even though
several *B atoms transformed into *B during deformation.
This implies that the two forms exhibit comparable energy
states, and it can be inferred that >B can transition to *B.

To observe how each atom type is affected by the uniaxial
deformations, local deformation F; at each atom i was ana-
lyzed using the following equations [61]:

N
Mi = )" w(R;;)R; ® Ry, W
j:l
N
N = w(IR;;Dr; () @ R, @
j=1
FiZNi'Mi_]’ (3)

where R;; = R; — R; and r;; =r; —r; represent positional
vectors from an atom i to another atom j in the initial and
current coordinations, respectively. w is a localized positive
window function represented by the Gaussian function, as

1 —X-X
w(x) = (ﬂh2)3/2 eXp h2 )

where h denotes the radius of the support, and we set it to
4.0 A. In this support, lithium atoms were not considered
because of their high diffusivity. According to F, the local
strain €,, is obtained as, €,, = F, — 1 (a = x, y, 2).

The averaged local strain over the nine simulations is
shown in Fig. 9. Here, the atom types were defined according
to the initial configurations at zero strain. During both the
uniaxial tensile and compressive simulations, the local strain
at oxygen in the nonring structures (O,) fairly follows the
entire deformation, while that of oxygen in the 3-rings (O,)
is apparently smaller. Because O, are all BO, while some of
O, are NBO, the latter is inferred to develop the more flexible
microstructure. Following O,, the *B in the nonring structures
(B3,,) exhibited relatively large local strain, which implies that
the 3B in the chain-like structures were insubstantially con-
strained. In contrast, the local strain at B comprising a 3-ring
(B4,) was minimum. Hence, it is expected that the highly coor-
dinated boron atoms in the 3-rings makes the glass more rigid.

Comparing the tensile and compressive simulations, mag-
nitude order of the local strain is slightly different. “B in the

o 9%
‘}”ﬁi \\‘/
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(6] [5)-[1] [41-[2] [3-031  [31-2]-11] [2]-[2]-2]

Category of original structures

FIG. 11. The three-membered rings formed in LB67 glass under
triaxial compression were categorized based on their initial structural
units. The counts of 3-rings in vertical axis are sum of the three
independent models. The labels on the horizontal axis represent the
number of atoms in the structural units. The three inserted snapshots
serve as examples: the left snapshot illustrates a 3-ring formed by
sequentially connected six atoms, the middle snapshot shows a 3-ring
formed by a pair of B-O-B-O and B-O bonds, and the right snap-
shot depicts a 3-ring formed by three B-O bonds coming together.
In these snapshots, the large black and white particles represent
the final and initial configurations of the 3-rings, respectively. The
smaller particles between the white and black particles represent the
trajectories of the atoms, with their colors becoming darker as the
strain increases. Boron and oxygen atoms in the final configurations
surrounding the 3-rings are represented by colored bonds, while
lithium ions are depicted as cyan particles.

nonring structures (By,) exhibited smaller local strain than By,
during stretching, whereas By, exhibited larger strain than Bj
in the 3-rings (Bs,) and O, during compression. Therefore,
it can be inferred that the connectivity of boron is mainly at-
tributed to the rigidity of the LB-67 glass against tensile defor-
mation, while the 3-rings resist the compressive deformation.
The structural changes in boron coordination and 3-rings
formation are more evident when the LB67 glass models were
isotropically compressed along tri-axis, as shown in Fig. 10.
The *B ratio and number of 3-rings were almost constant until
—0.05 strain, then both values monotonically increased when
the model was compressed further. Notably, approximately
80% of the boron atoms turned to B at —0.15 strain, and
the increased connectivity generated abundant 3-rings at such
high-pressure condition, as illustrated in Figs. 10(c)-10(e).
These results imply that boron can avoid disruptive deforma-
tion by increasing the connectivity to form many 3-rings under
triaxial compression, which might be a unique characteristic
of boron to improve the damage resistance of glass products.
Figure 11 shows the categories of initial configurations
that formed a 3-ring under triaxial compression, and some
snapshots are inserted in this figure and additionally illustrated
in Fig. S10 within the SM [42]. In the snapshots, the black
particles represent atoms in a 3-ring, while the white particles
represent their original configuration before compression. The
other small particles between the white and black particles
represent the positions of the atoms during compression, with
their colors becoming darker as the strain increases, similar
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FIG. 12. Variations of (a) *B ratio and (b) number of three-membered rings during triaxial compression simulations of the LBS-10-50-40
models comprising 1000 atoms. Colored-thin lines represent results of three independent models, and the black-bold lines represent the average
of the three simulations. (c)—(e) Snapshots at 0, —0.1, and —0.15 strain of the triaxial compression simulations. Bold lines depict three-membered
rings, while thin lines are B-O and Si-O bonds. Lithium ions are presented as blue particles.

to time-colored coarse-grained particle trajectories [62]. Until
a strain of —0.1, all the 3-rings created were composed of
single or a pair of structural units. The 3-rings in Figs. S10(a)—
S10(d) within the SM [42] were initially composed of
sequentially connected six atoms (B-O-B-O-B-O), while
those in Figs. S10(e)-S10(g) were formed by a B-O-B-O and
a B-O bond. As the LB67 glass was further compressed, more
diverse configurations, such as initially separated three B-O
bonds, formed a 3-ring, as shown in Fig. S10(h) within the
SM [42].

2. Lithium borosilicate glass

Next, the deformation simulations were conducted with
the LBS-10-50-40 glass model comprising 1000 atoms. Three
independent models were obtained by conducting the melt-
quench simulations at a 2-K/ps cooling rate to verify the
reproducibility of the simulation results. The variations in
4B ratio and number of 3-rings during the uniaxial deforma-
tions are illustrated in Fig. S11 within the SM [42]. These
results are analogous to the LB67 case (Fig. 7). Only the *B

ratio under compressive deformation demonstrated consistent
variation among the nine simulations, and an increase in
boron coordination beyond the elastic strain range (—0.05) was
verified.

The same phenomena with the B67 glass model were ob-
served in the variations of B ratio and number of 3-rings
during the triaxial deformation simulations, as summarized
in Figs. 12(a) and 12(b). Indeed, most of the boron atoms
became *B, and, consequently, 3-rings were abundant at the
highly compressed conditions. Conversely, it should be high-
lighted that most of the 3-rings comprise only boron and
oxygen atoms, as illustrated in Figs. 12(c)-12(e), even though
a certain amount of silicon atoms were contained in the LBS-
10-50-40 glass model. This result implies that boron exhibits
a higher ability to form the small 3-rings to compensate com-
pressive deformation more than silicon.

Figure 13 presents the local deformation around each atom
type analyzed using Eqs. (1)—(3). The order of the stiffness
at the location of the boron and oxygen types is consistent
with that observed in the LB67 glass model. Notably, silicon
atoms exhibit apparently lower local deformation compared
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FIG. 13. Local deformations at each atom type in the LBS-10-50-40 glass model during uniaxial (a) tensile and (b) compressive
deformations. Atoms were categorized into threefold coordinated boron in three-membered rings (Bs,) and nonring (Bs3,), fourfold coordinated
boron in three-membered rings (By4,) and nonring (By,), oxygen in three-membered rings (O,) and nonring (O,), and silicon in three-membered

rings (Si,) and nonring (Si,).

to boron and oxygen, regardless of whether the coordination
site is in the 3-rings or not. It is thus conclusive that silicon
brings locally stiff microstructures in alkaline borate glasses
by forming the stable tetrahedral structural unit.

IV. CONCLUSIONS

To investigate mechanical responses of lithium borate
and borosilicate glasses using MD simulations, the machine-
learning potential developed in our previous study was
updated to remedy its unphysical issue, which is an emer-
gence of the over-coordinated silicon atoms, by adding the
DFT datasets obtained by the AIMD simulations of two
LBS glasses. After revising the MLP, the number of over-
coordinated silicon was substantially suppressed, and the
higher confidence of the revised MLP in evaluating energies
than the previous MLP was verified by the ensemble-based
method with the multiple MLPs.

The revised MLP exhibited practical accuracies in re-
producing density, boron coordination, oxygen connectivity,
and neutron diffraction patterns. Conversely, fourfold coor-
dinated boron ratio was underestimated at the composition
range where abundant B atoms were observed by the ex-
periments. Because the slower quenching and an additional
energy minimization increased *B, it is expected that further
slower quenching might obtain B closer to experimental data,
although it is computationally expensive.

Mechanical responses of (B;03)g6.7(Li2O)333 and
(8102)10(B203)s0(Li,0)40 glasses comprising approximately
1000 atoms were examined by performing uniaxial
tensile, compressive, and triaxial compressive deformation
simulations. During both the uniaxial tensile and compressive
deformations, local deformation at the oxygen atoms in

nonring structure almost perfectly matched the entire
deformation, while an increase in boron coordination
and 3-rings formations were determined to increase the
local stiffness in the microstructures of the LB and LBS
glasses. Consequently, the “B atoms in the 3-rings apparently
demonstrated smaller local strain compared to the entire
strain. Furthermore, in the LBS glass, silicon was found to be
stiffer than any type of boron and oxygen atoms. Therefore,
nonuniform deformation in nanoscale is inferred in the
alkaline borate and borosilicate glasses.

Under uniaxial and triaxial compression, *B fraction in-
creased when the glass models were compressed until the
strain range where inelastic deformation is evoked. This
observation ensured that the boron atoms increased the co-
ordination number to avoid unfavorable interactions between
each other by having an additional oxygen coordination un-
der compressive deformation. Consequently, the B fraction
increased more when compressed further, thereby resulting
in the formation of more 3-rings in the microstructures un-
der triaxial compression. Remarkably, silicon atoms rarely
contributed to form the 3-rings in the LBS glass even when
substantially compressed, which implies a superior ability of
boron in varying its form under such extreme condition for
circumventing disruptive damages.

In summary, the prominent ability of boron to compen-
sate a compressive deformation by increasing the oxygen
coordination and forming 3-rings was demonstrated by
the MLP-MD simulations, owing to its superior machine-
learning potential in reproducing the practical microstructures
comprising reasonable four-coordinated boron atoms and
three-membered rings.

The DFT data, input file for using DeePMD, and the opti-
mized potential are available at the Zenodo repository [63].
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