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. In this study, we implemented an interface model to
1 Introduction estimate the glass-crystal interfacial energy based on the
theory of Tielemann et al'”, which was recently
introduced to generate crystal orientation planes using
minimum-energy cuts. To the best of our knowledge,
this is the first work in which the crystal orientation plane
determined based on a minimum-energy cutting process
has been used to build a glass-crystal interface in a more
realistic environment (i.e., hypothesizes that a
minimum-energy structure may occur during crystal
nucleation) and calculate the interfacial energy. To
achieve this, we considered stoichiometric alkali (Li, Na,
and K) disilicate (2Si0,) glasses and crystals, as some
early-stage experimental data have been reported”,
which are highly beneficial for validating the MD results.
The effects of different potential models were also
investigated and found that they had a significant impact
on the reproduction of the experimental trend. In addition,
we performed analyses of some structural aspects, such
as the coordination number distribution of cations with
neighboring anions across the glass-crystal interface, and
the cation—anion bond strength-coordination number.

Crystallization control is crucial during glass
production' !, In glass crystallization theory'®, it has
been hypothesized that there is a direct relationship
between glass-crystal interfacial energy and nucleation
rate”®). Since it is difficult to measure interfacial energy
directly, classical nucleation theory is used to obtain it
However, the estimation process is complex; Various
measurement data such as the nucleation rate, viscosity,
and Gibbs free energy barriers between the glass and
crystal are required. Overall, estimating the glass-crystal
interfacial energy is time-consuming. In this regard, the
interfacial energy can be directly obtained using
molecular dynamics (MD) simulations, as reported in
various studies™ ",

The calculation of interfacial energy between a TiO,
crystal and sodium silicate glass!”! and the
stoichiometric/non-stoichiometric glass-crystal interfaces
for anorthite using MD have been reported™”. Moreover,
the effects of the surface orientation and termination
plane on the glass—cryst&l] interface of lithium disilicates
have also been studied™. In previous MD studies on ; :
glass-crystal interfaces®’®), crystal orientation planes 2 Computatlonal details
were constructed by single cuts through the crystal 2.1 Interfacial models
structure, which may not be the representative optimal Stoichiometric glass and crystal structures were used
positions. Therefore, a suitable method is required to to create the interfacial models, namely Li,O-2SiO,,

obtain crystal orientation planes for constructing an Na,0-28i0,, and K,0-2Si0,. A schematic interfacial
interfacial model.
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model is presented in Fig. 1, where y;, represents the
crystal plane energy through the minimum energy cut in
the crystal structure. More details regarding the
minimum-energy cutting process are described in the
Ref.[5].

Fig. 1 Tllustration of the interfacial model between glass and
crystal, where the glass is on top of the crystal. y;, is

an indicator to find the energy of the crystal plane

It has been reported that the low-index lattice planes
(hkl) are dominated by (100), (010), and (001) B'%
Therefore, the three crystal planes (001), (010), and (001)
were considered for each crystal structure of Li,O-2Si0,,
Na,0-28i0,, and K,0-2SiO,, respectively, to form
interfaces with the glass structure. The crystal structures
of Li,0-2Si0,, Na,0-2Si0,, and K,0-2Si0O, can be found
elsewhere, respectively!'' ™!, The interfacial model was
constructed using the lowest value of y,, among the three
low-index lattice planes. The value of y,, was estimated
as follows:

1 S,
=— —U. 1
Vi N Zi A (1)

A

where S; is the number of cation-anion bonds broken, and
Ny denotes Avogadro’s constant. 4, is the area of the
hkl plane. U; refers to the cation (Si, Li, Na, and
K)—anion (O) bond energy, which was collected from
Ref.[5]. Table 1 shows the lowest calculated value of y,y
for the different crystal structures. The three models
based on the wvalue of 1y, are Li,0-2SiO,
glass—Li,0-2Si0, (001), Na,0-2Si0, glass—Na,0-2Si0,
(010), and K,0-2Si0, glass—K,0-2Si0, (001).

Table 1 Lowest values of p,., for Li,0-2Si0,, Na,0-2Si0,,
and KzO-ZSiOz

Crystal (hki) P/ (I m2)
Li,0-2Si0, (001) 1.00
Na,0-2Si0, (010) 0.54
K,0-28i0, (001) 2.00

The dimensions of the Li,0-2Si0O, glass—Li,O-
2Si0, (001), Na,0-2Si0, glass—Na,0-2Si0, (010), and
K,0-2Si0, glass—K,0-2Si0, (001) interfaces were (x)
62.51 A x(1) 62.19 A x(z) 117.18 A; (x) 58.75 A x ()
57.68 A x (2) 123.38 A; and (x) 59.46 A x () 55.55 A x
(z) 142.68 A, respectively. The number of atoms in the
glass-crystal  interface models of  LiO-2Si0,,

Na,0-28Si0,, and K,0-25i0, were 41184, 31104, and
31104, respectively. The glass and crystal structures had
an equal number of atoms.

The glass structure was fabricated from the crystal
structures by simulating a melt-quenching process. First,
the Li,0-2Si0, (001), Na,0-2Si0, (010), and K,0-2Si0,
(001) crystal structures were prepared. Half the crystal
was kept fixed, while the other half was melted at 3500 K
with a canonical ensemble (NVT) for 300 ps and then
quenched to 300 K at a cooling rate of 5 K/ps. After the
melt-quenching process, the crystal part was unfixed and
relaxed for 200 ps with a glassy structure using an
isobaric—isothermal ensemble (NPT) at a temperature of
300 K.

2.2 Potential models

We used three interatomic potential models to

estimate the interfacial energies of Li,O-2SiO, glass—
Li,0-2Si0, (001), Na,0-2Si0, glass—Na,0-2Si0, (010),
and K,0-2Si0, glass—K,0-2Si0, (001). All three of
these potential functions are widely used, and each is
briefly described below.
2.2.1 Pedone potential To simulate silica-based
glasses, Pedone er al. " derived a set of interatomic
pairwise potential parameters using results from
crystalline structures. The potential function proposed by
Pedone et al. is as follows:

1 qiq/' l: —-aq, (rfr ) 2 :| Ci'
4D | {1-e " —1|+—2L (2
4ne, r, v { } r./12 @

i i

V(’Z/) =

Where the first term is the Coulomb interaction, the
second term refers to the Morse function, and the third
term indicates the repulsive contribution. The parameters
Dy, ro, a; and Cj; are provided in Ref.[14]. The parameter
of Cj; is related to the repulsive contribution. The
long-range effects of Coulomb interactions were
calculated by the particle-particle particle-mesh (PPPM)
solver with a convergence criterion of 107

2.2.2  Du potential To study multicomponent oxide
glasses, Du et al. " developed a set of potential
parameters using results from crystalline structures. The
potential function proposed by Du et al. is given by:

—r

1 q; - CIH
V() - 94, A" -, 1>, (3)
dneg, 1, g
V(r,)=B,[r +D, 1}, 1,<r, 4

The adopted potential form is a combination of
Coulombic and Buckingham terms. The parameters 4,
pij» and C; can be found elsewhere!'”. The parameters B;;,
n, and D; are necessary to avoid attraction at small
distances. The parameter ry, is the transition point
between the Buckingham and repulsion parts. The
long-range effects of Coulomb interactions were similar
to those of the Pedone potential.

2.2.3 SHIK potential Sundararaman developed the
SHIK potential for oxide glasses!'". In this case, the
interatomic potential model was developed using results
from the ab initio MD calculations of oxide melts. The
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potential function of Sundararaman et al. % is expressed
as:

C. D,
V()= dge(=Byry )=+ 41 (1) )
ij ij

V. —r
V) = i—i+M
rii Teut (rcut)
The adopted potential form is a combination of a
Buckingham term and a Coulombic interaction term
obtained using the Wolf truncation ' method (V™(r)).
The parameters of 4;, By, C;, and D;; are collected from

Ref.[16]. The parameter D; is necessary to avoid
attraction at small distances.

9,49, (6)

2.3 Molecular dynamics setup

The MD simulations were performed using the
LAMMPS package!'™. The temperature and pressure
were controlled with the Nose-Hoover thermostat and
barostat, respectively!’” 'l After setting up the
glass—crystal interface using NPT (see Section 2.1), we
ran MD simulations with NVT for another 200 ps to
calculate the interfacial energy. The MD simulations were
performed with a time step of 1 fs. Periodic boundary
conditions were applied in all directions. Cutoff distances
were applied according to references [14—16].

3 Results and discussion

3.1 Glass density

After setting up the interface structure between the
glass and crystal, we first evaluated the glass density by
calculating the local density profile along the z-direction
of Li0-2Si0, glass-Li,0-2Si0, (001), Na,0-2Si0O,
glass—Na,0-2Si0, (010), and K,0-25i0, glass—K,0O-
2810, (001), as shown in Fig. 2 with snapshots of the
atoms in the interfacial region. The z-density (p(z)) was
calculated as follows:

N_xm

A= (7)
where L, and L, indicate the box lengths along the x
and y direction, respectively. Az is a bin width along
the z-direction, and N, indicates the number of atoms. m
refers to atomic mass.

Fig. 2a — Fig. 2c demonstrate the glass structures
show density results comparable to the experimental data
(1022251 in the glass-crystal interface structures of
Li,0-2Si0,, Na,0-2Si0,, and K,0-2Si0O,. The atomic
configurations of the glass-crystal interface region are
presented in the inset of Fig. 2, where ordered
(high-intensity p(z)) and disordered (low-intensity p(z))
atoms indicate crystalline, glassy states, respectively.
Later on, we will discuss the influence of the cation (Li,
Na, and K)—anion environment in the interface region
of each system. Only the results for the SHIK potential
model are presented in Fig. 2. The effect of the different
potential models was analyzed only for the interfacial
energy calculations, as described in the following

section.
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Fig. 2 z-density (p(z)) along the z-direction (In the inset, a side
view snapshot of the atoms in the interfacial region
after 200 ps, where the upper disordered atoms are
glass, and the lower ordered atoms are crystalline.)

3.2 Interfacial energy and potential effect

To estimate the interfacial energy, we implemented
the formulation proposed by Fossati et al.!”):

bulk bulk
o= Eglass/crystal - NglassEglass B NcrystalEcrystal (8)
24
where E,. o 18 the total energy of the interface

structure (see Fig. 1) between the glass and crystal. A4
is the surface area of the interface. N, and N

glass crystal are
the number of glass and crystal formula units,
respectively.

Ejw and Ejy, indicate the total



. 1294 - CREFR Eh22 4D

J Chin Ceram Soc, 2026, 54(4): 1291-1298

2026 4F

energies of the formula units in the bulk glass and crystal,

respectively. Note that E,. and E,u were calculated

separately under the same calculation conditions as for
E jos/erysi » DUL t0 keep the crystal structure intact, we
omitted the molten part for Eu. .

The o wvalues calculated for the glass-crystal
interfaces of Li,0-2Si0,, Na,0-2Si0,, and K,0-2Si0O,
using the various potential models are presented along
with the experimental data %% in Fig. 3.

0.45
040 F /.
£ p
= 035¢
©
S L
9 0.30
5 025F
= -@- MD (SHIK)
'S 020 ®- MD (Du)
ks -@- MD (Pedone)
E 0.15 -@-Exp.

0.10 F

Li,0-28i0,  Na,0-2Si0,  K,0-2Si0,

Fig. 3 Calculated o values for the alkali disilicates using the
various potential functions, along with experimental
data

It should be mentioned that the experimental data
were measured using a maximum-pull-on-cylinder
method to obtain the surface tension of a series of lithium,
sodium, and potassium silicate melts’®. These
measurement data have previously been utilized as the
interfacial energy in the phase-field method for the
glass-crystal interfaces of Li,0O-2Si0,, Na,0-2Si0,, and
K,0-2Si0,*). The experimental values follow the trend
OLi>0Na >0k. The o values calculated using the SHIK
potential show a similar trend, while the Du and Pedone
potentials are unable to reproduce the experimental trend.
However, the potentials of Du and Pedone show better
values of ¢ for the glass-crystal interface of Li,0-2Si0,
than the SHIK. Our MD results demonstrate that among
the potential models, SHIK is a good candidate for
calculating ¢ in terms of experimental reproduction. Note
that such potential effects on glass properties have been
previously reported®”, but to our knowledge, this is the
first study of the glass-crystal interface of alkali
disilicates.

3.3 Distribution of coordination number across

the glass-crystal interfaces

We analyzed the interfacial coordination number
(CNjy) in the contact area between the glass and crystal
surfaces. These coordination numbers are difficult to
estimate experimentally. Typically, the coordination
number is determined in the bulk region of a glass or
crystal structure. However, the coordination number
across the interfacial area has previously been reported
for polymer-water systems using molecular dynamics

simulations™ 2% and the results showed a correlation

with heat conduction. Thus, CNj, could have an impact
on the o value. To calculate CNyy, the interfacial
domain must first be defined; therefore, CN;; was
determined from the overlapping area to the minimum
density (see Section 3.1) of the highest peak, as presented
in Fig. 4 only for Li,0-2Si0, glass-Li,0-2Si0, (001).

6 1
" Interface domain 5
A
£ Overlap .
Q 1
& i |
3 |
<2 i ;
Crystal Glass 5

O 1 y 1 :l 1

18 20 22 24

z/IA
Fig. 4 z-density of the highest peak for the glass-crystal

interface of Li,0-2Si0, (The red and black dotted
lines indicate the minima after the maximum peak
from the overlap position, which is regarded as the
interface domain.)

Next, the bond distance (7;;) between the cation (Si,
Li, Na, and K) and anion (O) in that domain was
calculated as follows:

r; = \/m ©)

where 7; and r; are the position vectors of the cation from
the glass and the anion from the crystal, respectively, as
shown in Fig. 5. Note that the reverse calculation was
also taken into account.

Interface
domain

Fig. 5 [Illustration of cations and anions in the glass-crystal
interface region. »; and r; indicate the cation and anion
position

Finally, CN;,; was obtained by setting the cutoff
distance (R.) as r;;<R., where R, is the location of the first
minimum after the first peak at r;. The distributions of
Si—O and alkali (A = Li, Na, and K)—O as functions of
r; (i.e., Si—O and A—O) are presented in Fig. 6. The
location of the first peak indicates the length of the Si—O
and A (Li, Na, and K)—O bonds. As shown in Fig. 6 (a),
the Si—O bond lengths at the glass-crystal interfaces of
Li,0-2Si0,, Na,0-2Si0,, and K,0-2SiO, were found to
be similar (1.61 A). For Li—0, Na—O, and K—O, the
calculated bond lengths were 1.7, 2.2 A, and 2.7 A,
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respectively (Fig. 6b). The calculated interfacial bonds
are similar to the cation (Si and A)—anion bonds that exist
in the glass or crystal structures™ '"'3 332 However,
the bond length of Li—O was found to be slightly shorter
than the reported value™ ' in glass or crystal structures,
which could be related to the potential model as we see

higher o in SHIK (see Fig. 3).

002 T 6 5si0,

—=— Na,0-2Si0,
—=— K,0-28i0,
by

0.01

Probability

0.00 -
0 1 2 3 4 5 6 7 8

Si—O distance/A
(a) Si—O

0.02

0.01

Probability

0.00
0 1 2 3 4 5 6 7 8

A—O distance/A
(b) Alkali (A =Li, Na, and K)—O

Fig. 6 Interfacial bond distance distribution

Fig. 7 shows the distribution of CN, for the A (Li,
Na, and K)—O bonds. We can see that CN,, varies
significantly at the glass-crystal interface of Li,O-2SiO,,
Nay0-28i0,, and K,0-2Si0,. Among the interfacial
systems, CNy, values of two, three, four, and five were
observed, the most frequently observed value was one.
The values were significantly lower at four and five for
K,0-28i0, and Na,0-2Si0,, respectively. Our MD
results demonstrated that the cation (Li, Na, and
K)-anion environments were not the same in the
interfacial domain. For further evaluation, we calculated
the bond strength-coordination number, as discussed in
the next section.

3.4 Bond strength-coordination number of alkali—

oxygen bonds
The main aim of this analysis was to determine the
relationship between o and the interfacial structure
parameter CN,, with bonding energy. The bond
strength-coordination number of the alkali (A = Li, Na,
and K)-oxygen bonds was determined as follows:

A—O= 2Ny (:;Ni"‘ U, (10)
where Ua_o is the bond energy between the alkali and O,
which was obtained from the literature.”) CN, ~was
explained in the previous section. S refers to the
surface area of the interface. The bond strength-
coordination number has been reported for chalcogenide
glasses”™. In the present work, A—O is introduced for
glass-crystal interface systems. The calculated results of
A—O are plotted together with the o values in Fig. 8.
A—O clearly shows a decreasing trend in the order
A—Op; > A—Oy, > A—Ok, which is similarto o .

0.30
025}
— Li,0-2Si0,
2 20T — K,0-2Si0,
= —— Na,0-28i0,
2 015}
=)
g
= 010}
0.05 | A
0.00 A .
0 2 4 6

Coordination number, CN,,

Fig. 7 Distribution of CNy, for various glass-crystal interfaces

0.45 0.023
F 040t ;
T 10.022 <
5035 M S
. :
=] L]
o L =
& 0-30 10.021 c|>
Q
< 025t — <
2
o

0.20 0.020

Li,0-2Si0, Na,0-2S8i0, K,0-2Si0,

Fig. 8 Glass-crystal interfacial energy of Li,0-2Si0,, Na,O-
2Si0,, and K,0-2Si0, with the bond strength-
coordination numbers for the alkali (A)—oxygen bonds
(A refers to Li, Na, and K)

A relatively large difference is found between
A—Oy; and oy, which could be due to the potential
model (see the interfacial energy section).

Thus, our proposed interface model based on MD
was able to reproduce the experimental results, although
the choice of potential model should be considered
carefully. Analysis revealed that the alkali (Li, Na, and
K)—O bond plays a crucial role in the interfacial strength.
We plan to apply this model to various glass-crystal
interfacial systems to obtain their interfacial energy and
correlate it with nucleation rates according to classical
nucleation theory, which could be useful for predicting
crystal nucleation in glasses.
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4  Conclusions

We developed an interface model using molecular
dynamics simulations based on the minimum energy cut
of crystals with glassy structures. The minimum energy
cut of the crystal was determined by applying Tielemann
theory. The modeled interfaces were between glass and

crystals in stoichiometric alkali (Li, Na, and K) disilicates.

The interface model reproduced the experimental
interfacial energy trend of o1; >oN, >0k; the interatomic
potential model was found to have a significant effect on
reproduction. The MD results indicate that the
SHIK-based MD model could reproduce the
experimental results better than the other potential
models.

In addition, the interfacial coordination number was
also calculated, which varies depending on the alkalinity
of Li, Na, and K. Using the interfacial coordination
number, the bond strength-coordination number was
estimated, and found that the interfacial energy trend
OLi >0Na >0k 1s related to the bond strength-coordination
number trend of A—Op; > A—Oy, > A—Ok.

Our proposed glass-crystal interface model can be
used to estimate interfacial energies for other binary and
ternary compositions, as well as to develop an approach
for predicting crystal nucleation in glasses based on
nucleation theory.
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Extended Abstract

Introduction Crystallization control is crucial during glass production. In glass crystallization theory, it has been hypothesized that
there is a direct relationship between glass-crystal interfacial energy and nucleation rate. Since it is difficult to measure interfacial
energy directly, classical nucleation theory is used to obtain it. However, the estimation process is complex; various measurement data
such as the nucleation rate, viscosity, and Gibbs free energy barriers between the glass and crystal are required. Overall, estimating the
glass-crystal interfacial energy is time-consuming. In this regard, the interfacial energy can be directly obtained using molecular
dynamics (MD) simulations. In this study, we implemented an interface model to estimate the glass-crystal interfacial energy based on
the theory of Tielemann et al., which was recently introduced to generate crystal orientation planes using minimum-energy cuts. To
the best of our knowledge, this is the first work in which the crystal orientation plane determined based on a minimum-energy cutting
process has been used to build a glass-crystal interface in a more realistic environment ( i.e., hypothesizes that a minimum-energy
structure may occur during crystal nucleation) and calculate the interfacial energy. To achieve this, we considered stoichiometric alkali
(Li, Na, and K) disilicate (2SiO,) glasses and crystals, as some early-stage experimental data have been reported, which are highly
beneficial for validating the MD results. The effects of different potential models were also investigated and found that they had a
significant impact on the reproduction of the experimental trend.

Methods Simulations were performed using the LAMMPS package. The temperature and pressure were controlled with the
Nose—Hoover thermostat and barostat, respectively. After setting up the glass—crystal interface using NPT, we ran MD simulations
with NVT for another 200 ps to calculate the interfacial energy. The MD simulations were performed with a time step of 1 fs.
Periodic boundary conditions were applied in all directions. Cutoff distances were applied according to references. We used three
interatomic potential (SHIK, Du, and Pedone) models to estimate the interfacial energies of Li,O-2SiO, glass—Li,0-2Si0, (001),
Na,0-2Si0, glass—Na,0-2Si0, (010), and K,0-2Si0, glass—K,0-2Si0, (001). All three of these potential functions are widely used.
The glass structure was fabricated from the crystal structures by simulating a melt-quenching process. First, the Li,0-2Si0, (001),
Na,0-2Si0, (010), and K,0-2Si0, (001) crystal structures were prepared. Half the crystal was kept fixed, while the other half was
melted at 3500 K with a canonical ensemble (NVT) for 300 ps and then quenched to 300 K at a cooling rate of 5 K/ps. After the
melt-quenching process, the crystal part was unfixed and relaxed for 200 ps with a glassy structure using an isobaric—isothermal
ensemble (NPT) at a temperature of 300 K. An interfacial model was developed by the theory of Tielemann et al, where the crystal
plane was determined through the minimum energy cut in the crystal structure.

Results and discussion We first evaluated the glass density by calculating the local density profile along the z-direction of
Li,0-2Si0, glass-Li,0-2510, (001), Na,0-2Si0, glass—Na,0-2Si0, (010), and K,0-2Si0O, glass—K,0-2SiO, (001). The glass
structures show density results comparable to the experimental data.

The calculated interfacial energy values using the SHIK potential show a similar experimental trend, while the Du and Pedone
potentials are unable to reproduce the experimental trend. However, the potentials of Du and Pedone show better values of interfacial
energy for the glass-crystal interface of Li,0-2Si0O, than the SHIK. Our MD results demonstrate that among the potential models,
SHIK is a good candidate for calculating interfacial energy in terms of experimental reproduction.

We analyzed the interfacial coordination number (i.e., cation-anion) in the contact area between the glass and crystal surfaces.
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These coordination numbers are difficult to estimate experimentally. Typically, the coordination number is determined in the bulk
region of a glass or crystal structure. We found that the interfacial coordination number varies significantly at the glass-crystal
interface of Li,0-2Si0,, Na,0-2Si0,, and K,0-2Si0,. Among the interfacial systems, coordination number values of two, three, four,
and five were observed, the most frequently observed value was one. The values were significantly lower at four and five for
K,0-2Si0, and Na,0-28Si0,, respectively. Our MD results demonstrated that the cation (Li, Na, and K)—anion environments were not
the same in the interfacial domain. For further evaluation, we calculated the bond strength-coordination number.

The bond strength-coordination number has been reported for chalcogenide glasses. In the present work, the bond
strength-coordination number is introduced for glass-crystal interface systems. The calculated results of bond strength-coordination
number show a decreasing trend in the order Li > Na > K, which is similar to interfacial energy. Overall, analysis revealed that the
alkali (Li, Na, and K)—O bond plays a crucial role in the interfacial strength.

Conclusion We developed an interface model using molecular dynamics simulations based on the minimum energy cut of crystals
with glassy structures. The minimum energy cut of the crystal was determined by applying Tielemann theory. The modeled interfaces
were between glass and crystals in stoichiometric alkali (Li, Na, and K) disilicates. The interface model reproduced the experimental
interfacial energy trend of Li > Na > K; the interatomic potential model was found to have a significant effect on reproduction. The
MD results indicate that the SHIK-based MD model could reproduce the experimental results better than the other potential models.
In addition, the interfacial coordination number was also calculated, which varies depending on the alkalinity of Li, Na, and K. Using
the interfacial coordination number, the bond strength-coordination number was estimated, and found that the interfacial energy trend
Li> Na > K is related to the bond strength-coordination number.

Keywords glass-crystal interfacial energy; molecular dynamics simulation; interatomic potentials; interfacial coordination number



