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Using a classical molecular dynamics (MD) simulation, bulk SiO, and Na,0-3Si0, glasses were prepared. Then, glassy
systems with surfaces were prepared by two different methods. In the first rather traditional method, the surface of the glass
was created by dividing the bulk sample by a plane and inserting a sufficiently thick vacuum layer. The system was then
relaxed at elevated temperatures (up to 3000 K). This situation roughly corresponds to the glass-breaking process. In the
second method, the surface was present from the beginning and was maintained by an external force field that mimics the
wall of the mould. The moulded surface was again relaxed at elevated temperatures (up to 3000 K). This situation roughly
corresponds to the glass forming process. The structure of the glass surface was compared with that of basic bulk glass using
the radial distribution function of the Si—Si, Si—O, O—O and Na—O pairs, the coordination numbers and the number of shared
edges of the SiO, tetrahedra. When the glassy systems with surfaces were compared, the number and density curves of the
atoms (Si, O, Na) or groupings (bridging and non-bridging O, Q" units) were used depending on the Z coordinate. It is clear
from the comparison that the surface-moulding method generates significantly less surface defects, such as shared edges of
SiO, tetrahedra (in the case of silica glass), while giving a relatively smoother surface. In the case of the Na,0-3Si0, glass,
a notable increase in the sodium cation numbers was found in the surface layer. This study is the initial part of extensive

research activities on the topic of functional modifications of glass surfaces.

INTRODUCTION

Many glass properties are closely related to the sur-
face structure. It is worth mentioning the mechanical
strength associated with surface defects. The chemical
reactivity of a glass surface is certainly related to the
chemical resistance of the glass in a corrosive envi-
ronment, but also to the deliberate formation of func-
tional layers, the objective of which is to improve or
change the surface properties. First, there is a change in
the optical properties of the glass, but also an increase
in the chemical resistance, or even the ability to catalyse
chemical processes. [14, 15] These applications require
funda-mental research on the glass surface structure and
properties; a molecular simulation is one of the powerful
tools that can be used in this context.

The glass surface can be created in principle by
at least two different procedures. First, the surface is
formed at the interface between the glass melt and the
gaseous, liquid, or solid phase. It can be undertaken,
for example, by blowing, floating, or shaping glass in
a mould. Second, the surface is created from a solid state
by grinding, polishing, etching, fracturing, etc. It is clear

that both processes will lead to more or less different
results because the relaxation of the newly created
surface takes place under different conditions, at least
at different temperatures, which is worth mentioning.
For moulded glass, the surface energy will be reduced
by the volume diffusion and by chemical reactions at
the interface of the liquid phase, while the energy of the
fractured glass will be predominantly decreased due to
surface chemical reactions and the surface diffusion.

A slightly different situation occurs in the case of
classical molecular simulations of the glass surface. Just
as with the simulation of molecular dynamics (MD)
of bulk glasses, the glass surface simulation serves as
a supporting tool for the study of the atomic structure
and glass dynamics, which is often difficult to implement
experimentally. Unfortunately, unlike the bulk glass,
where the atomic structure is essentially homogeneous,
the glass surface is problematic in two aspects. The first
aspect is the choice of a suitable model of the force
interactions between the atoms [2, 5]. It is simply noted
that, for classical MD simulations of oxide glasses, the
presence of fixed-charge anions and cations is often
assumed, which in itself limits any possible chemical
changes on the glass surface.
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The second aspect is related to the surface forma-
tion. Most often, the surface is created by the MD simu-
lation by simply bisecting the bulk glass by a vacuum
layer [10]. The distribution of atoms on one surface or
the other is not determined by energy and bonding rea-
sons, as with brittle fractures, but is given by purely
geometric reasons. Therefore, the resulting MD glass
surface must be relaxed at high temperatures to enable
the new equilibrium surface configuration. The surface
formed in this way shows a relatively large number of
defects. In silica glass, the sharing of edges between two
SiO, tetrahedra [3, 10] dominates among the defects.

The other two methods of surface formation using
MD simulation, e.g., mentioned recently in the article
[10], are a free surface formation from the melt in a va-
cuum and a surface formation by fracture under tensile
stress. However, these methods provide a rather uneven
surface.

The question is, therefore, whether to choose an al-
ternative procedure for creating the glass surface in
the hope that the resulting surface quality will be more
realistic, i.e., few structural defects, relatively small
roughness, etc. In an analogy with the creation of a real
glass surface by moulding, this procedure can also be
imitated by the MD simulation. The simplest seems
to simulate a mould as two solid impenetrable walls
between which the MD glass is formed. The aim of this
work is to prepare the surface of silica and Na,O-3SiO,
glass both by the traditional method of ‘breaking’ and
by the method of ‘moulding’. The structures of the two
glasses are then compared with each other and with the
bulk glass structure.

SIMULATION

MD glass system specification

The model of the atomic structure of silica (SiO,)
and sodium trisilicate (Na,0-3Si0,) glass was prepared
using the method of classical molecular dynamics. MD
simulations were performed using DLPOLY 4 software
[1]. The cubic computing cell contained 2400 silicon
atoms and 4800 oxygen atoms. The length of the edge
of the computing cell was 44.874 A, corresponding to
a density of 2.65 g-ecm™. This value corresponds to the
MD SiO, glass at a standard temperature and pressure
using the Beest Kramer van Santen (BKS) pair potential
[2]. The density is higher than the experimental density
of the silica glass, that is, 2.2 g-cm™. The choice of the
system density is based on the results published in the
article [5].

Interatomic forces

Interatomic forces among the silicon and oxygen
atoms have been described with the BKS potential. This
potential implies an electrostatic interaction among the

ions with an effective charge of 2.4 for silicon and -1.2
for oxygen, and the Buckingham potential for short-
range pair interactions, i.e., an exponential repulsion
term, and an attractive dispersion term. The main advan-
tage of this potential is both the wide spread among
people simulating silica materials by MD [7, 5, 6] and
quite a good description of the glass structure despite
of its paired character. Its disadvantage is that it does
not reproduce the correct stable modification of quartz
at normal temperatures [7], predicts a higher melting
point of silicates [11], generally gives a larger average
Si—O-Si angle, and also shows a wider distribution.
A known disadvantage, although a rather technical one,
of the BKS potential is that it diverges to negative values
at short distances of atoms. This is solved by replacing
this critical part of the interaction potential with another
appropriate smooth function. However, the dispersion
term makes an unrealistically large contribution to the in-
teraction of the atoms [7]. Consequently, the short-range
potential decreases more slowly with the distance of the
atoms. Hence, the cut-off limit of the short-range part of
the potential must be set far enough; in our simulations,
10 A. The potential was shifted to zero at this distance to
overcome the discontinuity of the potential energy.

Cooling procedure

The bulk MD glass was prepared by the simulated
cooling of a system of ions randomly distributed in the
computing cell. The integration time step of the equa-
tions of motion was set to 1 fs. The initial temperature
was 5000 K and the final one was 100 K. Cooling was
performed according to curve 1 presented in Figure 1.
The equilibration at each temperature included the
Evans thermostat for 2.5 ps and adiabatic relaxation steps
for 7.5 ps. At a temperature of 5000 K, the equilibration
was extended to 25 ps. The temperature was gradually
reduced in steps of 100 K. Three independent simulations
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Figure 1. Cooling/heating curves of the MD simulations:

1 — preparation of the bulk (and the moulded) MD glass by
cooling from a random configuration of atoms; 2 — reheating
of the MD glass with broken or moulded surfaces; 3 — cooling
from 1000 K; 4 — cooling from 2000 K; 5 — cooling from 3000 K.
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were performed, from which the corresponding mean
values of the properties and their standard deviations
were calculated.

Making the glass surface with MD

In this work, two MD surface preparation methods
were used. The first method should mimic the creation of
a surface by breaking (hereafter ‘broken glass’), while
the other should mimic ‘moulding’ (hereafter ‘moulded
glass’). The first method is much more common in MD
surface simulations.

Broken glass surface

The surface is formed by inserting a vacuum layer
into the cubic computing cell in the Z direction. The
thickness of this layer should ensure that there is no
interaction between the atoms of both surfaces. From
a technical point of view (concerns the DLPOLY pro-
gram), it is only a multiplication of the grid vector in
the Z direction by a suitable constant. The atomic
coordinates do not need to be adjusted because they are
in absolute units and the origin of the coordinate system
is in the centre of the computing cell. Therefore, the
three-dimensional periodic boundary conditions were
retained. In this work, the new grid vector was twice the
original.

The surface was subjected to relaxation at elevated
temperatures. Three independent systems were heated
according to curve 2 in Figure 1 at temperatures of
1000 K, 2000 K and 3000 K. After reaching the peak
temperatures, the systems were cooled down along cur-
ves 3, 4 and 5 to 100 K. Three independent systems were
obtained for each relaxation temperature.

Moulded glass surface

The atoms were initially randomly placed in a com-
puting cell 44.874 x 44.874 x 89.748 A’ with the Z co-
ordinates ranging from —44.874 to 44.874 A. Atoms
exceeding were subject to an external force that simula-
tes the elastic reflection of a solid wall perpendicular to
the direction of the z-axis:

F_ ., = sign(z)A(z, - |z])

wall

F =0 2] <z,

wall

|2l 2 z,

(M

where 4 = 10 eV/A? represents the wall stiffness.
The value 4 was set by trial and error to achieve the
optimal wall stiffness, which ensures the stability of
the MD simulation. A low value of 4 would cause the
atoms to penetrate the wall; however, a high value of
A would cause poor energy conservation. The external
force mainly contributes to the total energy at higher
temperatures, whereas its contribution to the total energy
is negligible at room temperature. However, the resulting
glass structure is significantly affected by this external
potential, as will be shown below. The MD glass was
subsequently cooled at the same rate as the bulk glass,

that is, according to curve 1 in Figure 1. Just as in the
case of the broken glass, the surface was relaxed. The
external potential was turned off and the ‘moulded
glasses’ were gradually heated to 1000 K, 2000 K and
3000 K along curve 2 in Figure 1 and then cooled down
along curves 3, 4, and 5.

Analysis of MD glass

The surface energy of the MD glass, y, was calcu-
lated at a temperature of 100 K according to the relation:
_ Eslab — Ebulk )
Y

where E,, is the total energy of the computing cell
containing the glass slab, E,, is the total energy of the
computing cell of the bulk glass, and L? is the surface

area [13].

The structure of the glass was characterised by par-
tial-pair radial distribution functions (RDFs), an ave-
rage coordination number as a function of the radius
(CRN), and the number of atoms in the first coordina-
tion sphere (CRD). The cut-off radius of the first coordi-
nation sphere corresponds to the local RDF minimum
following the first RDF peak for the given type of
atoms. The connectivity of the silicate network was
also characterised by the distribution of Q" units, where
n is the number of bridging oxygens of the quaternary
silicon.

The structure of the MD glass with the surface was
described by the z-density, i.e., the one-dimensional
density of atoms (or number of atoms) of a given species
along the z-axis.

Estimation of surface roughness was performed
using a spherical probe of 1 A radius that was placed
on the nodes of the square grid consisting of 127 x 127
points, that is, with a pitch of 0.36 A. The radius of the
surface atoms was set to the radius which corresponded
to the tabulated value for the oxygen anion, that is,
1.26 A. Quantification was performed using the mean
arithmetic surface roughness, S,:

n

1
S,=~ 21 (3)

i=1

where z; is the coordinate of the probe tip in touch with
the surface at point 7, n is the number of points, and z is
the average z-coordinate and the index i passes through
n points of the grid.

RESULTS

Surface energy

The surface energy of the broken and moulded
glass can be seen in Figure 2 and Figure 3 for the SiO,
glass and Na,0-3Si0O, glass, respectively. The surface
energy of the unrelaxed broken glass significantly
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exceeds the surface energy of the relaxed glasses, but
also the unrelaxed moulded Na,0-3SiO, glass. The sur-
face energy of the latter one is identical (within the
standard deviation) to the surface energy of the moulded
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Figure 2. The surface energy of the broken and moulded SiO,
MD glass relaxed at 1000 K, 2000 K a 3000 K. The dashed line
indicates the experimental surface energy of the SiO, glass at
about its glass transition temperature. The error bars are the
standard deviations.

2000K 3000K

2.0 -
18 1 B broken ® moulded
16 1
14 ]
12 1
1.0 1
0.8 |

0.6:
044:
S e M
040:

1000K 2000K 3000K

Figure 3. Surface energy of the broken and moulded
Na,0-3Si0, MD glass unrelaxed and relaxed at 1000, 2000
and 3000 K. The surface energy of the broken Na,0-3SiO,
MD glass (the truncated first bar) reaches up to 5.2 J-m*
The dashed line indicates the experimental surface energy
of the Na,0-3Si0O, glass at approximately its glass transition
temperature. The error bars are the standard deviations.
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glass relaxed at 1000 K and 2000 K. The surface energy
of the broken glasses is always higher than that for the
moulded glasses, except for the relaxation temperature
0f 3000 K, when the temperature is high enough to allow
the complete reconstruction of the surface from a liquid
state. It was not observed for the SiO, glass as the glass
is deeply below T,.

RDF and CRN

Figure 4 shows the RDFs of the Si—O, O-0, and
Si—Si pairs for the simulated SiO, glass. As can be seen,
the bulk glass differs from the glass slabs. The for-
mation of new peaks on the RDF O-O and the RDF
Si-Si of the broken glass at 2.2 A and 2.5 A, respecti-
vely, corresponding to the generation of a shared edge
between two SiO, tetrahedra, can be observed. CRN
(Si-O) (Table 1) slightly exceeds four atoms due to the
presence of five-coordinated silicon atoms. A small
number of such defects is typical for MD simulations of
Si0, glass using the BKS potential [5]. CRN(O-O) and

Table 1. Average coordination numbers for the SiO, bulk glass,
the broken glass, and the moulded glass relaxed at 3000 K.
Average values of three independent simulations, including the
standard deviations.

Cut-off Bulk Broken Moulded
[A] glass glass glass
Si-O 22 4.03+£0.01 4.02+0.01 4.02+0.01
0-0 3 6.67 £0.02 6.50 £ 0.04 6.49 +0.03
Si-Si 3.4 4.12+0.01 4.07 £0.03 4.07£0.02
Table 2. Average number of shared edges.
Bulk Unrelaxed Broken Moulded
glass moulded glass glass glass
1000K 3+1 7+3 364 6+3
2000 K 24+5 7+3
3000 K 20+2 11+3
6
—bulk
5 ---1000K
/\ 2000K
4] \ < 3000K
'l \
2 4 |
i
15 20 25 3.0 35 40 45 5.0

r[A)
b) broken SiO, - O-0O pair

Figure 4. Comparison of the partial radial distribution functions of the broken and moulded glass relaxed at 1000 K, 2000 K, and
3000 K. The bulk SiO, MD glass is included as a reference. (Continue on next page)
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Figure 4. Comparison of the partial radial distribution functions of the broken and moulded glass relaxed at 1000 K, 2000 K, and

3000 K. The bulk SiO, MD glass is included as a reference.

CRN(Si-Si) are significantly lower for the glass slabs.
This can be attributed to the presence of the surfaces.
Figure 5 shows the RDFs of the Na—O, O—O and Na—Na
pairs for the simulated Na,0-3Si0, glass. Again, the bulk
glass differs from the glass slabs. The other RDFs of the
simulated Na,0-3Si0, glass, i.e., Si—O, O-0, and Si-Si,
are similar to those of the SiO, glass.
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Density of atoms along the Z-axis

Figures 6 and 7 show the number of silicon, oxygen,
and sodium atoms along the z-axis for the simulated
glasses. Figure 6a shows concentration fluctuations in
the unrelaxed broken SiO, glass (the same as for the
bulk glass). The unrelaxed moulded glass (Figure 6d)
as well as the broken and moulded glasses relaxed at

6
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b) broken Na,O-3SiO, - Na—Na pair

Figure 5. Comparison of the radial distribution functions of the broken and moulded Na,0-3Si0, glass relaxed at 1000 K, 2000 K,
and 3000 K. The bulk Na,0-3Si0, glass is included as a reference. (Continue on next page)

Ceramics — Silikaty 66 (1) 43-53 (2022)

47



Machacek J., Gedeon O., Liska M.

6 6
—bulk —bulk
5 1 —1000K 5 —1000K
2000K 2000K
4] 3000K 4] 3000K
w w
53 g3
2 4 21
’%;:“Q‘_‘(_
",
1 4 14 \\‘Qx':;\;f%“wm
=
15 2 1 15 20 25 3.0 35 4.0 45 5.0
Al r[A]
¢) moulded Na,0-3SiO, - Na—O pair d) moulded Na,0-38Si0O, - Na—Na pair

Figure 5. Comparison of the radial distribution functions of the broken and moulded Na,O-3Si0, glass relaxed at 1000 K, 2000 K,
and 3000 K. The bulk Na,0-3Si0, glass is included as a reference.

1000 K (Figure 6b,e) show significantly higher num-  of the Na,0.3SiO, glass, no such phenomenon is visible
bers of silicon atoms in the surface layer. This can be (Figure 9). In Figure 7, it can be clearly seen that the
attributed to the reorientation of silicon tetrahedra to  gyrface layer is enriched in sodium atoms. The glasses
face the interior of the glass to minimise the number of

. ; ' relaxed at 3000 K show a broad surface layer.
dangling bonds (Figure 8). On the other hand, in the case
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Figure 6. Number of atoms along the z-axis in the broken and moulded SiO, glass. The unrelaxed and relaxed systems at 1000 K
and 3000 K are shown. The thick solid lines are the average values for the bulk glass. The error bars are the standard deviations.
The thin dotted lines serve as a guide for the eyes. (Continue on next page)
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Figure 6. Number of atoms along the z-axis in the broken and moulded SiO, glass. The unrelaxed and relaxed systems at 1000 K
and 3000 K are shown. The thick solid lines are the average values for the bulk glass. The error bars are the standard deviations.

The thin dotted lines serve as a guide for the eyes.

Figure 10 shows the oxygen coordination number
along the z-axis in the broken and moulded Na,0-3Si0,
glass relaxed at 1000 K. It can be seen that the surface
layers are significantly enriched in non-bridging oxygen
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atoms, and the adjacent sublayer below is enriched in with
bridging oxygen atoms. The enrichment of the surface
layer from the non-bridging oxygen affects the distribu-
tion of the Q" units. Figure 11 shows Q" fractions along
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Figure 7. Number of atoms along the z-axis in the broken and moulded Na,O-3Si0, glass. Only the relaxed and unrelaxed systems
at 1000 K and 3000 K are shown. The error bars are the standard deviations. The thin dotted lines serve as a guide for the eyes.
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Figure 7. Number of atoms along the z-axis in the broken and moulded Na,O-3Si0, glass. Only the relaxed and unrelaxed systems
at 1000 K and 3000 K are shown. The error bars are the standard deviations. The thin dotted lines serve as a guide for the eyes.

the z-axis in the broken and the moulded Na,O-3SiO,
glass relaxed at 1000 K. Although the abundance of
the Q" units is lower, the increased proportion of Q?
and Q' on the surface is obvious. At the same time, the
number of Q* units located below the surface of the glass
increased. This effect is even more pronounced in the
moulded Na,0-3Si0, glass.

Roughness

Figures 12 and 13 show the surface roughness of
the SiO, and Na,0-3Si0O, glass as a function of the re-
laxation temperature. For comparison, the roughness of
the unrelaxed broken and moulded glasses is also given.
In the case of the SiO, glass, at a relaxation temperature
of 1000 K, the roughness of the glass prepared by

Figure 8. Surface of the unrelaxed moulded SiO, glass. The
length of the cell edge is 44.87 A. The layer thickness is 3 A.
Most of the tetrahedra point to the interior of the glass.

breaking and moulding is similar and corresponds to
the unrelaxed moulded glass. At higher relaxation tem-
peratures, the roughness increases and is higher for
the broken glass. Similar trends can be seen for the
Na,0-38Si0, glass (Figure 13). At 1000 K, the roughness
(excluding the broken glass) is similar to that of SiO,
glass. However, at higher relaxation temperatures, the
increase in the roughness is accelerated.

DISCUSSION

The purpose of this paper is to compare two ap-
proaches to glass surface formation using an MD simu-
lation. The process of breaking glass creates a surface
that has a high energy and must be allowed to relax to
saturate the broken bonds. In the case of the pure MD

A

N

Figure 9. Surface of the unrelaxed moulded Na,0-3Si0, glass.
The length of the cell edge is 46.16 A. The layer thickness is
3A.
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Figure 12. Arithmetic average roughness, S,, of the broken SiO,
glass (blue discs) and the moulded SiO, glass (red diamonds).
For comparison, the unrelaxed moulded glass (green squares)
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are also shown. The error bars are the standard deviations. The
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Si0, glass, shared edges of SiO, tetrahedra are formed
[9]. In a real situation, for example, in the presence of
moisture, OH groups would be attached in these places
[12].

On the other hand, the surface formed by moulding
has a surface energy that is interestingly in agreement
with the experiment, not so much for the SiO, glass, but
for the glass containing a sodium modifier. A similar
good agreement was also observed for the other alkaline
modifiers, including agreement in the surface activity.
For the potassium modifier, a significant reduction in
the surface energy was observed for the simulated
K,0-38Si0, glass compared to the SiO, glass. The sodium
modifier was not surface active and the lithium modifier,
on the other hand, significantly increased the surface
energy [8]. This is in line with the experimental data
available [9].

The surface formation can also be seen in the struc-
tural indicators, such as RDF. Basically, it is mainly
about the narrowing and widening peaks. However,
the formation of the shared edges between the SiO,
tetrahedra can be clearly seen in the RDF Si—Si. These
findings are consistent with previous published articles,
most recently with a paper that examined a significantly
larger MD system Na,O-SiO, with 23 000 000 atoms
[10].

A much better idea of the surface structure is pro-
vided by the density of the atoms or other structural
groupings along the z-axis (i.e., perpendicular to the
surface plane). In the case of the broken SiO, glass
relaxed at 1000 K, there is a significant increase in the
silicon in the relaxed and non-relaxed moulded glass.
This can be explained by the 2D relaxation of the SiO,
tetrahedra that points one of the vertices towards the bulk
of the glass. If, for example, OH groups are not available,
this is actually quite an effective way to saturate the
broken bonds (dangling oxygen) of the tetrahedra.

The reorientation of the Si tetrahedra is not ne-
cessary for the sodium-modified glasses. An increased
proportion of sodium on the surface is observed [10].
This is related to the higher proportion of non-bridging
oxygen, and lastly, a higher proportion of Q" units with a
lower number of bridging oxygens, namely Q* a Q'.

The two methods of preparing the glass surface
compared here give surfaces that are relatively smooth,
for example, in contrast to the paper [10], where glass
surfaces were formed freely in a vacuum or broken by
tensile stress. The Na,0-3Si0, glass was found to be
rougher than the glass SiO,, because the surface structure
is significantly modified by sodium ions. At higher re-
laxation temperatures, the roughness increases further.

CONCLUSIONS

Na,0-3Si0, and SiO, glass surfaces were prepa-
red in two ways using molecular dynamics. In the first
rather traditional method, the surface of the glass was

formed by dividing the bulk sample by a plane and in-
serting a sufficiently thick vacuum layer. The system was
then relaxed at elevated temperatures (up to 3000 K).
This situation roughly corresponded to the glass-brea-
king process. In the second method, the surface was
present from the very beginning and was maintained by
an external force field that mimics the wall of the mould.
The moulded surface was again relaxed at elevated
temperatures (up to 3000 K). This situation roughly
corresponds to the glass-forming process.

The structure of the glass surface prepared by
both methods was compared with that of bulk glass
using radial distribution functions, distributions of the
coordination number of the atom species and Q" units
depending on the z-coordinate.

It is clear from the comparison that the moulding
method generates significantly less surface defects, such
as shared edges of SiO, tetrahedra, while giving a rela-
tively smoother surface. This study is the first part of
extensive research activities on the theme of functional
modifications of glass surfaces.
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