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1 | INTRODUCTION

| Itaru Hasegawa’ |

Takeshi Watanabe?®

Abstract

Sodium borate is the main component of molten flux for copper alloy produc-
tion. Both B,0O5; and Na,O are recognized as surface-active species, but their
roles in surface ionic coordination have not been clarified. Here, the surface
ionic arrangements of sodium borate melts, where Na,O content is from 0 to
37.5 mol% and temperature is around 1273 K, are characterized by classical
molecular dynamics simulation using a polarizable ion model (PIM-MD), x-ray
absorption spectroscopy, and grazing-incidence x-ray scattering. The results are
summarized below. For pure B,05; melt, the BO; triangles in the surface region
preferentially form ring structures larger than 4.5 A in diameter in the same plane
by structural relaxation. For sodium borate melts, the BO; proportion among BO;
and BO, polymorphs in the surface region is 40% higher than that in the bulk.
The BO; and BO, polymorphs in the surface region form a large ring structure.
These short- and medium-range ionic rearrangements are found to be the main
surface relaxation in borate melts. The estimated surface excess energy of pure
B,0; melt is initially higher than 100 J m~2, but it significantly decreases by the
structural relaxation, resulting in less than 0.3 J m~2 in the equilibrium state.

KEYWORDS
medium-range order, ring structure, sodium borate, surface tension, structural relaxation

both of which are controlled by the surface tension of
molten flux. Therefore, a comprehensive understanding of

The interfacial properties of high-temperature melts are
important in metallurgical processes because interfacial
phenomena often affect the quality and producibility of
materials. For example, local corrosion of refractories by
molten flux in the refining of molten metal often controls
the manufacturing cost of metallic materials. The main
mechanisms of refractory corrosion are Marangoni flow or
capillary flow of molten flux into pores in refractories,'

the surface tension of molten flux, particularly its com-
position dependence, is necessary to suppress refractory
corrosion.

Here, we focus on sodium borate, which is a funda-
mental molten flux system used to refine copper alloy.>*>
Sodium borate is often selected because of its low melt-
ing temperature and low viscosity of melt. On the other
hand, both B,05 and Na, O are recognized as surface-active
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oxide componentsf’9 and thus, sodium borate melts show
quite low surface tensions. It has been reported that the
melt surface tension gradually increases as Na,O is added.®
However, the roles of these components in the surface
ionic structure of the melt, which is essential for estimating
the surface tension, have not been qualified yet.

Sodium borate forms complex ionic coordination in the
melt bulk.!’"'? Pure B,0; represents BO; triangles, which
connect with each other through bridging oxygens to form
boroxol rings. When Na,O is added to the borate melt,
however, a BO, tetrahedron tends to form because of the
charge compensation. The distribution ratio of BO, to BO;
depends on Na,O content. Consequently, they represent
complex three-dimensional connections that satisfy net
charge neutralization. The structural roles of B,O; and
Na,O and these influences on bulk physical properties,
such as melt viscosity and thermal conductivity of glass,
have been examined in many previous studies.'*'°

In contrast, the surface ionic configuration of oxide melt
is mainly determined by structural relaxation to minimize
the surface excess free energy generated by partly unsat-
isfied bonding between ions and charge neutralization in
the surface region.!” The surface excess free energy per unit
area corresponds to the surface tension. As a result, the
ionic coordination in the surface region can deviate sig-
nificantly from that in the bulk region of the melt. Suzuki
et al. comprehensively examined the features of ionic coor-
dination in the surface region of the Al,0;-CaO melt,'®
where the lowest surface tension has been observed for the
intermediate composition. In this system, the main mech-
anism of surface structure relaxation was found to be a
preferential distribution of bridging oxygen ions, which are
formed by the AlO, polymorphs with low oxygen coordina-
tion numbers. In borate melts, however, both BO; and BO4
polymorphs can join to form bridging oxygens that con-
tain strongly covalent bonding. In addition, as they form
three-dimensional networks, both the short-range ionic
coordination and the medium-range ionic arrangement
can be involved in the surface structure relaxation.

To clarify the key mechanism of surface structure relax-
ation of sodium borate melts resulting in low surface
tensions, which has not been investigated elsewhere, this
study conducts the following structural analyses: x-ray
absorption spectroscopy for the short-range ionic coordi-
nation, grazing-incidence x-ray scattering for the medium-
range ionic arrangement, and molecular dynamics (MD)
simulation of ionic configurations. The differences in ionic
structures between surface and bulk regions are the main
focuses, and the effect of surface structure relaxation on
surface excess free energy is evaluated. The composition
rather than temperature dependence on the surface ionic
structure is mainly focused; thus, the examined tempera-
ture is fixed to 1273 K where most of sodium borates are

TABLE 1 Chemical compositions treated in this study.
Composition (mol%)
Name B,0; Na,O
NB1 87.5 12.5
NB2 75.0 25.0
NB3 62.5 37.5

melted. The examined composition range is limited from
0 to 37.5 mol% Na, O, where the change in boron coordina-
tion from the BO; triangle to the BO, tetrahedron mainly
occurs in the bulk.!?-12

2 | COMPUTATIONAL METHOD FOR
IONIC CONFIGURATION

This study used classical MD based on the polarizable ion
model (PIM-MD) to simulate the short-range ionic coordi-
nation and middle-range ionic arrangement of the surface
region of the sodium borate melt. The PIM takes account
of the ion-ion and dipole-dipole interactions in the poten-
tial function, and the polarizability is determined for each
element to reproduce the force and dipole fields simu-
lated via first-principle molecular dynamics (FPMD) of an
identical system.'”?! Then, PIM-MD enables us to simu-
late the ionic configurations in a large system consisting
of more than 10 000 atoms as accurately as with FPMD,
which is necessary to distinguish the ions on the surface
from those in the bulk. The details of the potential func-
tion are presented elsewhere.””?! The model parameters
were taken from a study by Pacaud et al.?' that simu-
lated the ionic distribution of sodium borosilicate glass.
They adopted PIM to account for many-body polarization
effects and developed one set of parameters that success-
fully reproduces short-range ionic coordination, including
the BO; and BO, distributions in the bulk glass obtained
by nuclear magnetic resonance (NMR) experiments and
neutron diffraction patterns related to medium-range ionic
arrangements for a wide composition range at room tem-
perature. In addition, temperature dependences on boron
coordination and density, including molten state, were rea-
sonably simulated in the low SiO, concentrations. Thus, it
is sufficient to use the above model parameters to repro-
duce at least ionic configurations in the bulk of sodium
borate melts in the composition and temperature ranges
treated in this study.

The calculating procedure is as follows. First, approx-
imately 3000 atoms consisting of pure B,O; and the
B,05;-Na, 0 system were randomly distributed in a cubic
cell. The chemical compositions treated in this study are
listed in Table 1. The Buckingham potential was used to
produce a randomly distributed ionic configuration, which
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was taken as the initial cell structure. Then, the cell was
equilibrated using the potential function without polariza-
tion terms (the rigid ion model, RIM) at 2073 K for 30 000
steps, where 1 fs was taken as the step interval. As the tem-
perature was decreased in 200 K intervals to 1273 K, the
cell was equilibrated in the same way as above. Then, the
PIM was applied to equilibrate the cell at 1273 K for 30 000
steps. Next, the cell was extended by 6 times in an axial
direction and equilibrated again using the RIM and PIM,
each at 1273 K for more than 30 000 steps. Then, the vac-
uum spaces with an extended cell of the same size were
inserted into the top and bottom of the cell to introduce the
liquid-vapor interfaces. The influence of gas molecules on
the ionic configuration in the surface region was regarded
as negligible because the density of the gaseous phase was
much lower than that of the melt. Finally, the cell with
the liquid—vapor interfaces was equilibrated again using
the RIM and PIM, each at 1273 K for more than 30 000
steps. All the MD calculations were performed with the
NTV ensemble, where N is the number of atoms, P is the
pressure, and T is the system temperature.

The pair distribution function (PDF) g(r), where r repre-
sents the atomic distance, mostly reflects the ionic distri-
bution in the bulk region. The partial PDFs g;(r), where ij
denotes ion pair, were calculated for the equilibrated cell
with liquid-vapor interfaces. Then, the partial structural
factors S;(Q) of each ion pair, where Q is the scattering
vector, were calculated using the following equation:

Q {S;j(@-1} = /471'}’p0 {gij(r)—1} sinQrdr, (1)
0

where p, represents the average density of atoms in the
system. Then, the total x-ray structural factor S(Q) was cal-
culated by the sum of the multiply of the pair weighing
factor Wj;(Q) and S;;(Q) as follows:

SQ-1=) W;Q{S;@Q-1}, ©)
i<j
icifi(Q) f;Q
w, (@ =2/ QL 3)
(X cifi(Q)
4
fi (@ =) (age b +c), @

k=1

In Equation (3), ¢; is the atomic fraction of element i and
fi(Q) is the atomic scattering factor. f;(Q) is calculated by
Equation (4), where ay ;, by ;, and c are the given constants
for each element i. These constant parameters in Equa-
tion (4) were taken to be the values determined by Hadju
et al.”?

The equilibrated cell, which was approximately 105 A
thick, was divided into 35 layers, where the top and bot-
tom layers were regarded as the surface regions, whereas
the middle layer was treated as the bulk region. The dis-
tributions of the O-B-O and B-O-B bond angles were
examined for each layer, the former of which corresponds
to the short-range B-O coordination, and the latter of
which corresponds to the connecting state of each BO,
polymorph. It was assumed that the BO; and BO, are
the main B-O coordination, and the proportions of BO;
and BO, among all BO, polymorphs were calculated as
follows. The O-B-O bond angle distribution was decon-
voluted into two peaks, where one corresponds to the BO;
triangle with 120° as the peak center, and the other corre-
sponds to the BO, tetrahedron with 109° as peak center.
The following Lorentz function was applied to describe
these two peaks, and the proportion of each polymorph,
which is defined as p(BOs3) or p(BO,), was calculated by
the ratio of amplitudes:

A6
()

omar=(2)

Fr(®)=A- ©)

where A is an amplitude, 8, denotes the peak center, and
AB represents the full width at half maximum.

The local ionic configuration in each layer was extracted
using the graphic software Ovito, and a persistent homol-
ogy technique provided by the HomCloud package’® was
applied to analyze the geometrical features of the middle-
range ionic arrangements in these layers such as ring
structure distribution. The persistent homology diagram
allows us to extract the information on number density
of atoms in a closed ring as a birth-time and radius of
closed ring as a death-time (both are described in A?).
Thus, lifetime, defined as the deviation between death and
birth-time, reflects the ring size distribution in an atomic
configuration. Firooz et al.>* applied the above method to
analyze the bulk medium-range order structure of binary
silicate glass.

3 | EXPERIMENTAL PROCEDURE FOR
STRUCTURAL ANALYSIS

3.1 | O K-edge x-ray absorption
spectroscopy of borate glass

For the short-range structure analysis, the oxygen x-ray
absorption near edge structure (XANES) spectrum was
measured to evaluate the coordination and electronic
states of oxygen ions in the surface and bulk regions of
a material. In O K-edge XANES, the x-ray energy of an
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absorption peak is proportional to the bonding energy
between a cationic element and oxygen ion.”>?° Therefore,
various kinds of bridging and non-bridging oxygens can
be separately detected. The structural features in the sur-
face and bulk regions can be distinguished according to
the following two measuring modes. The electron yield
mode, which measures the currents of Auger and pho-
ton electrons generated by x-ray radiation, reflects the
surface ionic coordination within a depth of several or
several tens of nanometers from the top surface.”’ The flu-
orescence yield mode, which detects fluorescence x-rays
using a semiconductor detector, reflects the structure in
the bulk region to a depth of several hundred nanometers.
However, XANES measurements are normally performed
at room temperature and under a high vacuum, where
it is difficult to treat a high-temperature melt directly.
Therefore, the glassy state samples, which were annealed
for surface structure relaxation, were used as alternative
materials. We assumed that the structural features in the
annealed glass samples are similar to those at a melted
temperature.

In this study, the chemical compositions NB1, NB2, and
NB3 in Table 1 were selected. The glass samples were
prepared as follows. First, special-grade sodium carbon-
ate (Fujifilm Wako Chemicals Corporation) and boron
sesquioxide (Kanto Chemicals Co., Inc) powders were
mixed to match the desired compositions. The mixed pow-
der was inserted into a Pt-Rh crucible and melted at 1273 K
in air in a muffle furnace. The melt was poured on a
thick copper plate at room temperature to be quenched to
the glassy state. Then, a piece of each glass sample was
annealed at 723 K for 24 h to remove the structural dis-
tortion in the bulk. Next, each sample was crushed into
powder to introduce surfaces and annealed again at 723 K
for 48 h to promote surface relaxation. The annealing tem-
perature was selected to be lower than the glass transition
temperature estimated using Sakka’s empirical formula®®
(Ty/Ty, = 2/3, where T, is the glass transition tempera-
ture and T, is the liquidus). The resulting samples were
subjected to x-ray diffraction analysis, and the glassy state
was verified. Then, the samples were set on a 99.9% pure
indium plate to assist electron conductivity, and the plates
were inserted into the transferring vessel in an Ar-flowing
glove box. The vessel was set into the soft x-ray absorption
instrument of the BL-11 beamline at the Ritsumeikan Uni-
versity SR center to measure the O K-edge XANES spectra
of each sample under a high vacuum (<10~° Pa) through
partial electron yield (PEY) and partial fluorescence yield
(PFY) modes. In this facility, the x-ray energy resolution
(E/AE) is higher than 5000. The Athena program in the
Demeter system was used to remove the background noise
and to normalize the XANES spectra.

3.2 | Grazing-incidence x-ray scattering
of borate melt

The grazing-incidence x-ray scattering profile was mea-
sured to directly detect the structural information in the
surface region of sodium borate melt, particularly the
medium-range ionic arrangements. When x-rays are radi-
ated to the flat plane of a sample with an angle of incidence
small enough to satisfy total reflection, the scattering pro-
file reflects the atomic configuration in a depth range of
several nanometers.”’>’ However, applying this method to
analyze the surface structure of a high-temperature melt
requires high-luminance and high-intensity light such as
synchrotron radiation. In addition, it is necessary to pre-
pare a very flat plane of the melt over a wide free-surface
area.

In this study, the grazing-incidence x-ray scattering pro-
file was measured using the BL46XU beamline at the
SPring-8 synchrotron radiation facility. The optimum con-
dition for the optical system to satisfy total reflection of
incident x-rays was determined in our previous work>!
using a sodium borate glass widely spread over a platinum
plate as a reference sample. The samples selected for mea-
surements were pure B,O; and NB2 (B,05;-Na,0, where
the molar ratio B,03:Na,O is 75:25) in Table 1. These sam-
ples were prepared in the following way. First, a 99.99%
pure 20 mm X 20 mm X 1 mm platinum plate was used
as the substrate. The substrate was irradiated using an
yttrium aluminum garnet (YAG) laser with a 6.0 kHz pulse
(Miyachi Corporation, ML-7062A) to prepare the surface
micro-crevice structure over one side of the substrate. The
treatment conditions are detailed elsewhere,>? where one
of the authors found that a liquid droplet with good wet-
tability with the substrate material shows super-spreading
behavior on the surface micro-crevice structure, resulting
in a widely spread area with a very flat surface. Then,
crushed glass flakes of pure B,05; and sodium borate were
placed on the surface micro-crevice structure and melted at
1173 K in a furnace with a horizontal stage in air. When the
melt widely spread over the surface micro-crevice struc-
ture on the platinum substrate, the substrate was removed
from the heating area and quenched to room temperature.

In the x-ray scattering measurement, the substrate with
the glass material was set on the heating device on the
automatic XYZ stage and heated to 1073 K to prepare the
melt with a flat surface. To avoid the melt spreading over
the substrate due to its low viscosity at high tempera-
tures, the sample temperature was fixed at 1073 K. Here,
we assumed that temperature dependence on the struc-
tural features in the range of 1073 and 1273 K is negligible.
With a Ge(100) single crystal as the reflecting mirror, the
x-rays were radiated onto the melt surface with an angle of
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approximately 0.1°. The x-ray beam was 10 mm wide and
15 pm high with an energy of 12.4 keV. The x-ray scattering
profile was obtained using a point detector with a 26 range
of 2°-160°, where 26 denotes the angle between the inci-
dent and scattered x-rays. The height of the sample stage
(Z axis) was controlled to obtain the surface profile. The
sample height with the highest scattered x-ray intensity
was recognized as the surface position of the melt, because
those heights that produced total reflection were included
in the profile. However, because the free surface of the melt
was not completely smooth over the radiated area, part of
the incident x-ray beam may not satisfy total reflection and
penetrates the bulk region of the melt; thus, the scattered
x-ray profile may partly reflect the bulk structure.

The scattered x-ray intensity was transformed into the
structure factor S(Q) through the following procedure.
First, it should be noted that, in grazing-incidence x-
ray scattering, the detected x-ray intensity decreases as Q
increases”" because the solid angle for reflection in a
reciprocal lattice space decreases. Therefore, a background
function I; was introduced, and S(Q) was determined
using the following equations:

ﬁ ) I((:)(l))rs - (Icoh +ta- Iinc + Id)

S(Q)_l - Icoh+a'Iinc +Id ’ (6)
47rsinf

Q=" Q)

Lon = Y, 6if} (), ®)

1
e =3 (P22 ) (1= M (eSO -eh0)) )
1
Ij=y-e, (10)

where I2% denotes the measured x-ray intensity; I, is the
elastic scattering function; Iy, is the Compton scattering
function; and a, 3, ¥, and § are constants. In Equation (7),
A is the x-ray wavelength. In Equation (9), P;, M;, K;, and L;
are the given constants for each element i. These constant
parameters in Equation (9) were taken to be the values
determined by Hadju et al.??> The S(Q) profile obtained
experimentally was compared with that calculated using
the MD method described in Section 2.

4 | RESULTS AND DISCUSSION

4.1 | Molecular dynamics simulation of
surface ionic configuration

First, we present the ionic configurations in the equili-
brated model, particularly the bond angle distributions in
the short-range structural features.

The results for pure B,05; melt are as follows. Figure 1
presents the ionic configuration and the partial PDFsin the
model. The first-neighbor O-O and B-O distances were
evaluated as 2.38 and 1.37 A, respectively, which are con-
sistent with a previous report for bulk B,0; melt evaluated
through high-energy x-ray diffraction measurement.** The
liquid phase in that model was approximately 105 A thick
and was then divided into 35 layers, each 5 A thick. Figure 2
shows the distributions of the O-B-O and B-O-B bond
angles in the surface and bulk layers. The O-B-O bond
angle exhibits the maximum proportion at 120° for both
the surface and bulk layers, which corresponds to the BO;
triangle as the main B-O coordination. The B-O-B bond
angle exhibits the maximum proportion at approximately
135° for both the surface and bulk layers and represents the
corner connection of the BO; triangles sharing with the
bridging oxygens. No significant differences are observed
between the surface and bulk layers in these distributions,
although the O-B-0 bond angle distributions in the sur-
face layers show a slightly shaper peak than in the bulk
layer.

The results for B,O3;-Na, O melts are as follows. Figure 3
shows the ionic configuration and the partial PDFs of
the NB2 melt. The first-neighbor O-O and O-B distances
were evaluated as 2.40 and 1.39 A, both of which are
slightly longer than those for the B,O53 melt. The evaluated
O-B distance in NB2 melt was in accordance with that
measured by neutron diffraction experiment.***> Figure 4
shows the distributions of O-B-O and B-O-B bond angles
in the surface and bulk layers for the NB1, NB2, and NB3
melts. All these distributions exhibit a single maximum
peak. Figure 4A shows that the peak position in the
O-B-0 bond angle distribution negatively shifts as Na,O
content increases. This indicates the increase in the pro-
portion of BO, tetrahedrons replacing the BO; triangles.
However, the peak positions for the surface layers tend to
be higher than those for the bulk layers. This tendency
becomes more obvious at higher Na,O content. This
implies a preferred distribution of BOj triangles rather
than BO, tetrahedrons in the surface region. Table 2 sum-
marizes the proportions of BO; and BO, polymorphs in
each layer of NB2 and NB3 melts, demonstrating that the
BO; proportion in the surface region is about 40% higher
than that in the bulk layer. Figure 5 shows the proportions
of BO; and BO, polymorphs as a function of distance
from upper surface in NB2 melt. The BO; proportion is
extremely high only within 5 A depth from the surface.
As depth is increased, the BO; proportion decreases
and converges to the value in the bulk, where the BO,
proportion is higher than the BOs. In contrast, Figure 4B
shows that the peaks in the B-O-B bond angle distri-
bution become broader as Na,O content increases. This
implies that the BO; and BO, polymorphs are connected
in different ways. There are no significant differences
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FIGURE 1 Ionic configuration of liquid-vapor model (18 000 atoms) and partial pair distribution functions of pure B,O; melt
equilibrated at 1273 K.
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FIGURE 2 Bond angle distributions of (A) O-B-0 and (B) B-O-B for the liquid-vapor model of pure B,0; melt.
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(NB2) melt equilibrated at 1273 K.

TABLE 2 Proportions of BO; and BO, polymorphs in each
layer.
p(BO;) p(BO,)
NB2
Layer0O1 0.560 0.440
Layer18 0.400 0.600
Layer35 0.544 0.456
NB3
Layer0O1 0.320 0.680
Layer13 0.280 0.720
Layer25 0.462 0.538

Note: Note that p(BO3) + p(BO,) =1 for each layer.

in this distribution between the surface and bulk
layers.

Next, we present the medium-range ionic arrangements
in the surface region of borate melts. Figure 6A presents
the top views of the ionic configuration in the surface
and bulk layers of the B,0O; melt. Unlike the conven-
tional classical MD simulation, which cannot reproduce
boron superstructures such as boroxol ring,*® the present
model simulated by PIM-MD successfully reproduced sev-

. 4 .
Distance, r /A

. 4 ,
Distance, r /A

Ionic configuration of liquid-vapor model (16 800 atoms) and partial pair distribution functions of 75 B,05-25 mol% Na,O

eral boroxol rings. The main difference between the bulk
and surface layers are as follows: In the bulk layer, the
BO; triangles are distributed in different directions and
connected to form small ring structures. In the surface
layer, however, most of the BO; triangles are coplanar and
connected with each other to form large ring structure.
Persistent homology was applied to extract the large ring
structures in oxygen atom distributions in the surface and
bulk layers. In Figure 6B, ring structures larger than 4.5 A
in diameter are identified. The population of such large
ring structures in the surface layer is greater than in the
bulk layer.

A similar tendency is more clearly observed in the B,O5—
Na, O melt. The network structures in the surface and bulk
layers at equilibrium are compared in Figure 7. In the bulk
layer, the BO; and BO, polymorphs are densely dispersed
and connected with each other. However, the surface layer
includes many more large ring structures than the bulk
layer, most of which involve Nat isolated ions.

The comparisons of lifetime distributions in the persis-
tent homology of oxygen atoms between surface and bulk
layer, which correspond to the ring size distributions, are
shown in Figure SI. In these diagrams, the ring size is pro-
portional to the lifetime. We can recognize the plots in the
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persistent homology diagram with lower birth time than
2.0 A? as closed rings. Then, those with higher lifetime

than 3.0 A2, corresponding to larger death time than 5.0 A2
and thus larger diameter than 4.5 A, are recognized as
large ring structures. Figure S1 indicates that, for both pure
B,03 and B,03-Na,0 melts, the surface layer contains
higher populations of large-sized rings than bulk layer, as
represented in Figures 6B and 7B.

Thus, formation of large ring structures may be a com-
mon feature of the surface ionic structure of borate melts.
The details are discussed in Section 4.4.

4.2 | Local structure of oxygen ions in
borate glass with surface relaxation

To experimentally detect the features of the short-range
coordination of surface oxygen, the O K-edge XANES
spectra were measured for borate glasses with surface
relaxation. Figure 8 shows the results, where the bulk
spectra measured through the PFY mode are plotted with
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layers in the liquid-vapor model of pure B,0;.

dashed lines and the surface spectra obtained through the
PEY mode are represented by solid lines. Regardless of
glass composition, three absorption peaks are identified
in the surface spectra, whereas only two broad peaks are
detected in the bulk spectra. The absorption peaks in the
O K-edge spectrum indicate the coordination states of oxy-
gen ions, and the peak energy should be proportional to
the bond strength between oxygen ions and cations. The
surface spectra of these borate glasses are similar to the cal-
culated spectrum of sodium diborate (Na,B,05) crystal,*’
which involves three kinds of bridging oxygens: B-
o-B"I, BM-0-B", and B'"V-0-B", where B and B'Y
correspond to the boron atoms in the BO; and BO, poly-
morphs, respectively. Because the order of bond strengths
is BV-0-BY < B"-0-B!"V < B"'-0-B'l, the peaks a, b,
and c correspond to these bridging oxygens. In bulk spec-
tra, peak a is not clearly observed for NB1 and NB2 glass,
whereas it is included in the shoulder of the absorption
edge for NB3 glass. The surface spectra, in contrast, exhibit
an increase and then decrease in the intensity of peak a as
Na,O content increases. The intensity of peak c is strong in
the surface spectra compared with the bulk spectra. It fur-
ther increases as Na,O is added. Therefore, this indicates
that the B!'-O-B!!! bridging oxygens are preferentially dis-

(A) Top view of ionic configuration and (B) distribution of oxygen atoms describing large ring structures of surface and bulk

tributed in the surface region of borate glass, which agrees
with the MD results.

4.3 | Medium-range ionic arrangements
of borate melts

Grazing-incidence x-ray scattering was measured to exper-
imentally detect the characteristics of the medium-range
ionic arrangements in the surface region of borate melts.
Figure 9 shows the profiles of the structure factor S(Q) of
pure B,O3 melt, including the measured result of the sur-
face region, as well as the result calculated using PIM-MD.
The calculated S(Q) exhibits four peaks marked as a- d It
should be noted that the inverse of the diffraction peak (—

Q, denotes the Q value of peak center) corresponds to the
sequence of the regular ionic configuration in short and
middle ranges. For example, Kohara®® and Onodera et al.*
mentioned that the first sharp diffraction peak in the S(Q)
profile indirectly reflects the regularity of the medium-
range ionic arrangement. In this study, we recognize that
the peaks a and b with low Q values reflect the features
in the middle-range ionic structures longer than 3.5 A,
whereas the peaks c and d correspond to short-range ionic
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layers in the liquid-vapor model of 75 B,0;-25 mol% Na,O (NB2).

coordination less than 2.0 A in distance. Comparisons with
the partial structure factors multiplied by the pair weigh-
ing factors (see Figure S2) revealed that the O-O and O-B
ion pairs are the main contributions to peaks a and b,
whereas the B-B pair partially contributes to increase the
intensity of peak b relative to peak a. On the other hand,
the observed profile exhibits only one broad peak at a low-
Q range including the peaks a and b, whereas peaks c and
d in a high-Q range are separately detected. This would be
due to relatively low resolutions of the observed profile in
a low-Q range, which is caused when melt surface is not
completely flat.

Figure 10 presents the profiles of the structure factor
S(Q) of NB2 melt, including the measured result of the
surface region, as well as the result calculated using PIM-
MD. Compared with the results of the B,O; melt, the
observed profile shows only one broad peak at a low-Q
range and includes both peaks a and b in the calculated
profile. The calculated partial structure factors multiplied
by the pair weighing factors for NB2 melt, as shown in
Figure S3, indicate that O-O and O-Na ion pairs are the
main contribution, whereas O-B and B-B ion pairs are
minor contributions to these peaks. However, peaks ¢ and

Layer 18 (Bulk)

(A) Top view of ionic configuration and (B) distribution of oxygen atoms describing large ring structures of surface and bulk

d in the calculated profile are not clearly observed in the
measured profiles. This may be attributed to the measuring
condition: The grazing-incidence x-ray scattering profile of
the high-Q ranges tends to be less emphasized.

For both pure B,05 and B,05-Na,O melts, the observed
broad peak in the low-Q range involves the peaks a and
b in the calculated S(Q) profile. This indicates that the
medium-range ionic arrangements in the surface regions
of these melts are mainly characterized by the arrange-
ments of O-O ion pair. For B,0;-Na, O melt, O-Naion pair
additionally contributes to the modification of the ionic
arrangement in the surface region.

4.4 | Mechanism of surface relaxation in
borate melts

Here, we focus on the medium-range ionic rearrangement
in the surface region due to structural relaxation, mainly
based on the PIM-MD simulation results. Figure 11 shows
the change in the ionic configurations in the surface layer
of the B,0; melt due to structural relaxation. Just after
the liquid-vapor interface is introduced (a one-step RIM
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region of pure B,0; melt at 1073 K measured by grazing-incidence
x-ray scattering, as compared with calculated result by MD
simulation.

calculation after surface insertion), the BO; triangles are
distributed in different directions and partially discon-
nected. In the equilibrium state, however, most of the BO;
triangles are in the same plane and connected with each
other in ring structures. Several rings exhibit larger diam-
eter than 4.5 A. In addition, larger ring structures than
the above are also found. Figure 12 shows the features of
the ionic connections in the surface region extracted by
applying persistent homology to the oxygen atom distribu-
tions. The equilibrium state diagram shows many points

of lower births and higher deaths, which demonstrates the
formation of large ring structures.

A similar tendency is observed in the B,03;-Na,O sys-
tem as explained below. Figure 13 shows the change in the
ionic configurations in the surface layer of the NB2 melt
due to structural relaxation. The ring structures are formed
in the equilibrated surface layer through connection of the
BO; and BO, polymorphs. Figure 14 shows the persistent
homology diagrams of the oxygen atom distributions in the
surface layer before and after equilibration, demonstrating
that many large ring structures are generated after equili-
bration. Thus, for borate melts, the formation of large ring
structures of BO; and BO, polymorphs is found to be one
of the main mechanism of surface structure relaxation.

For short-range ionic coordination, the BO; triangles
rather than the BO, tetrahedrons are preferentially dis-
tributed in the surface region of the melt or glass. This
is because a low coordination number induces a short
B-O distance and then strongly covalent bonding. Such
coordination can promote reduction in the surface excess
free energy. Although Na ion aggregation to the surface
has been suggested in sodium silicate glass,*” the ele-
mental distributions in NB2 melt as a function of the
distance from the upper surface as shown in Figure S4
indicate that the Na elemental fraction is slightly lower
at the upper and bottom surfaces than bulk. This may
imply that the formation of B-O strong covalent bonding
is preferred rather than Na* ion aggregation to reduce the
surface excess free energy in sodium borate melts. Thus,
for sodium borate melts, the preferential BO; distribution
rather than Na ion aggregation in the surface region is also
recognized as another key mechanism of surface structure
relaxation.

Finally, using the PIM-MD results, we determined the
surface excess free energy per unit area by dividing the
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difference in total energy between the liquid-vapor model
and the bulk liquid model by the apparent surface area.
The result is presented in Figure 15. The initial surface
excess free energy, where the total energy is calculated in
one step after the surface is inserted, is high and decreases
with increasing Na, O content. However, the surface excess
free energy in the equilibrium state is much lower than
that in the initial state. It gradually increases as Na,O con-

Equilibrium
state

Vacuum

Change of ionic configuration of surface layer in liquid-vapor model of pure B,O; melt by structural relaxation. (A) Side

Equilibrium state

10

Death /A2

S SmE =l
0

10°

2 4 8 10

6
Birth /A2

Persistent homology diagrams of oxygen atom distributions in the surface layer of liquid-vapor model of pure B,0; melt,

tent increases, which agrees with the experimental results
for the surface tension of the B,0;-Na,O melt.° Thus,
this reveals that the change in surface excess free energy
due to structural relaxation becomes less significant as
Na,O content increases. Both the preferential distribution
of BO; triangles in the surface region and their connection
to form large ring structures occur in B,05-rich compo-
sitions, which contribute to the proportion of bridging

850807 SUOWILIOD BAIIER.D 8|qed![dde 8Ly Aq pausencb a1e Ssjpie YO SN JO SaINJ 10} A%eid1 78Ul UO A8]IM UO (SUOTHPUOO-PUB-SWLBY W0 A8 | 1M ARIq U UO//:SANY) SUOTIPUOD pue SWe 1 8y 89S ' [5202/20/60] U0 AfeiqiTaulluO A8]IM ©esO JO AIseAluN 8y L A 8900/ 8% /TTTT 0T/I0P/W0D A8 IM AleIq 1 BUI|UO'SOILUe.80//:SONY WO1j pepeoumoa ‘0 ‘9T6ZTSST



SUZUKI ET AL. Journal 13016
 American Ceramic Society

Initial state Equilibrium
(A) Side view state
Vacuum Vacuum
Surface yomeemeeeeeeeeee oo -
layer .:“i: k .. PN ¥ ) '.

oo 9, 2
BO; | Pr % =
triangle [~ o b A
7 S
BO, .

tetrahedron A

Na“

FIGURE 13 Change of ionic configuration of surface layer in liquid—-vapor model of 75 B,0;-25 mol% Na,O (NB2) melt by structural
relaxation. (A) Side view and (B) top view of surface layer.

Initial state Equilibrium state
10 10
9 9 10
ER &
7 v L7
< ..t ) 4 < :
£ 671 g £ 6T, .
& s{™ hom) ’ 8 s{t g
iy 2 ]
3t 3{ k. L
3 Ui
24 2148
14 . . : Y 14— . . : 10°
2 a 6 8 10 2 a 6. 8 10
Birth /A2 Birth/A?

FIGURE 14 Persistent homology diagrams of oxygen atom distributions in the surface layer of liquid-vapor model of B,0;-25 mol%
Na,O (NB2) melt, initial, and equilibrium states.

oxygen ions involved in strong covalent bonding and thus role of B,03; and Na,O on the surface structure relaxation
reduce the surface excess free energy. for the first time ever. The main results are the following:

1. BO; triangles are preferentially distributed in the

5 | CONCLUSIONS surface region of borate melts, which was verified by

the B-O coordination analyses conducted through MD
To qualify critical reason of low surface tensions of sodium simulation of the liquid-vapor model and the x-ray
borate melts, this study comprehensively determined the absorption spectroscopy of the glass after the heat
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treatment for surface relaxation. For sodium borate
melts, the BO; proportion among BO, polymorphs
in the surface region is 40% higher than that in the
bulk.

2. The grazing-incidence x-ray scattering measurements
of borate melts successfully detected first sharp diffrac-
tion peak in the surface profile, which indicated that
the medium-range structure in the surface region is
mainly characterized by O-0 ion pair. The MD simula-
tion indicated that the BO; and BO, polymorphs in the
surface region preferentially connect with each other to
form large ring structures during structural relaxation.
This was revealed by the persistent homology analysis
of oxygen configuration in the simulated liquid—vapor
model. The ring structure formation increases the
population of bridging oxygen ions with strongly cova-
lent bonding, which reduces the surface excess free
energy.

3. The surface excess free energy significantly decreases
under surface structure relaxation. For example, the
surface excess energy of pure B,0O; melt estimated at
1273 K is higher than 100 J] m~2 in the initial state,
but it significantly decreases by the structural relax-
ation, resulting in less than 0.3 J m~2 in the equilibrium
state. As mentioned above, the preferential distribu-
tion of BO; triangles and their connection to form the
large ring structure are recognized as the main mecha-
nism. Particularly, the degree of decrease in the surface
excess free energy becomes significant as B,O3 content
increases. The equilibrium surface excess free energy
per unit area gradually increases by adding Na,O con-
tent, from 0.25 J m~2 for pure B,0; melt to 0.33 J m~—2
for 62.5 B,03-37.5mol% Na, O melt at 1273 K, which suc-
cessfully reproduces the composition dependence of the
surface tension of sodium borate melts.
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