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Abstract
The surface tensions of molten oxides depend strongly on the structural relax-
ation of the surface region. The mechanism of surface structural relaxation for
molten oxide slags is complex. The surface tension of calcium aluminate slag
is minimal at an intermediate composition, although the critical reason has not
been identified. Here, two novel approaches were used to evaluate the features of
surface ionic structures in themolten state for the range of 25–50mol%Al2O3: (1)
X-ray absorption analysis of oxygen and cationic elements in glass samples after
surface relaxation treatment, and (2) molecular dynamics simulations, based
on a polarizable-ion model, of the ionic distribution in a molten slag with vac-
uum/melt interfaces. The results indicate that bridging oxygen (BO) ions are
preferred to non-BOs in the surface region. In calcium aluminate slag, BOs are
formed by connecting two AlO4 tetrahedrons with charge compensation of two
Al3+ ions with one Ca2+ ion. Additionally, the above approaches were used to
qualify the effect on the surface ionic structure of adding 1–20 mol% SiO2 to the
calcium aluminate slag. The results indicated that the SiO4 tetrahedrons incor-
porate the vertex connection with AlO4 tetrahedrons to form BOs in the surface
region.

KEYWORDS
molecular dynamics, slags, surface modification, X-ray methods

1 INTRODUCTION

The surface tension ofmolten slag is an important physical
property that controls surface phenomena in metallur-
gical processes, the glass industry, and waste-melting
processes. For example, the Marangoni flow of slag,
which is driven by local changes in the surface tension
is the main cause of local dissolution loss of refractory
materials.1,2 Slag-forming behavior in refining processes3
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provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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and the shapes of weld beads4 are strongly affected by
the surface tension of the molten slag. Control of these
phenomena is important because they significantly affect
the produced amounts and qualities of materials, and
the maintenance costs of refractory materials. Control of
these phenomena then requires an understanding and
modeling of the surface properties, particularly their
composition dependencies. There have been several
literatures that evaluated the surface properties and other
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physical properties of molten slag and discussed their
relations to slag structure.5–8
The surface tension of a liquid is often related to the

surface free energy per unit area, which is understood as
excess energy generated by incomplete bonding of sur-
face atoms.9 It generally follows that the surface tension
increases with increasing strength of the bonds between
atoms. However, this simple rule cannot be applied to the
surface tensions of molten oxides. For example, although
ionic bonding energies are higher than those of metallic
bonds, the surface tensions of molten unary oxides are
often much lower than those of molten pure metals. Use
of the relationship between the surface tension of amolten
pure oxide at its melting point and the cationic potential
(U = Z/r; Z: chemical valence of cation, r: ionic radius
of cation) as a measure of the ionic bonding strength10
does not show a simple trend; MnO, which has a medium
cationic potential, has the highest surface tension among
molten pure oxides, whereas SiO2, which has a high
cationic potential, has low surface tension.
The effect of surface structural relaxation must be taken

into account to explain these complicated trends in the
surface tensions of molten oxides.9,11–12 In unary oxides, it
is considered that oxygen ions occupy the surface region
because they are larger than the cations and that the elec-
tronic state or coordination state between oxygen and the
cations can be modified at the surface to decrease the
excess surface energy.13
For binary or multicomponent oxide systems, surface

structural relaxation is much more complicated. For ionic
liquids such as molten salts, Tanaka et al. modified the
Butler equation to predict the composition dependence
of the surface tension by considering the change in the
ionic distance at the surface to be a specific aspect of sur-
face relaxation.11,12 Tanaka and Nakamoto et al. derived
a simple semi-empirical model for predicting the surface
tension of a molten alkali-metal halide solution by taking
account of the ionic radius ratio of the cations and anions,
and successfully applied it to silicate systems.14–16 How-
ever, for some oxide systems, the composition dependence
of the surface tension is still unpredictable.
We focused on the Al2O3–CaO system, which is the fun-

damental slag system in the secondary refining process in
steelmaking, as a typical example of the non-monotonous
composition dependence of surface tension. Themeasured
and estimated values of surface tension of the calcium
aluminate slag together with those for pure Al2O3 and
CaO melts are shown in Figure 1. The surface tension
of pure Al2O3 and CaO melts is measured or estimated
as between 600–700 mN ∕ m at their melting points.21–22
Taking account of its negative temperature dependence, it
is interpreted that the surface tension of the Al2O3–CaO
mixture17–20 is lower than those of pure Al2O3 and CaO

F IGURE 1 The measured and estimated surface tension of
Al2O3-CaO melt.

melts (estimated as 700–800 mN/m at 1873 K, and there-
fore shows a minimum at an intermediate composition.19
Additionally, it has been reported that the surface ten-
sion of the Al2O3-CaO-MgO melts with fixed MgO mass
content shows the minimum at an intermediate compo-
sition against the Al2O3/CaO mass ratio.23 In contrast,
the calculated results15 show a monotonous composition
dependence and therefore cannot reproduce the mini-
mum. The special trend in the measured surface tension
can be attributed to surface structural relaxation. However,
the mechanism of surface structure modification, and the
difference between the ionic structure at the surface and in
the bulk region, have not been clarified. The effect of the
CaO /Al2O3 ratio on the surface properties ofmolten CaO-
Al2O3-based slag has been investigated in several previous
studies,5,6 but the structural features in the surface region
are still not fully understood.
In addition, the effect of SiO2 addition as a minor

component on the surface ionic structure has not been
clarified. Although it is known that SiO2 acts as a sur-
face active component in a molten slag and significantly
decreases the surface tension,24 it is unclear how the ionic
structure is modified in the surface region by the addition
of a small amount of SiO2; surface segregation is a possible
mechanism.
The purpose of this study was to clarify the fea-

tures of the surface ionic structures of Al2O3–CaO and
Al2O3–CaO–SiO2 slags that could be the key factors that
explain the composition dependence of surface tension.
Two novel approaches were used to examine the surface
ionic structure of the slag: (i) X-ray absorption spec-
troscopy investigation of oxygen and the cationic elements
by using electron and fluorescence yields, and (ii) molec-
ular dynamics (MD) simulations of systems including
vacuum/liquid interfaces.
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SUZUKI et al. 3

2 EXPERIMENTAL PROCEDURE

In this study, X-ray absorption spectroscopy was used
to examine the local coordination states of oxygen and
cationic elements at the surface region of an oxide glass
after surface ionic structural relaxation. X-ray absorption
near edge structure (XANES) spectroscopy is used to deter-
mine the chemical valence and coordination state of a
target element.25 Soft X-ray absorption spectroscopy pro-
vides different methods for recording XANES spectra. The
electron yield detects the amount of surface electrons
as an electrical current and is surface-dependent (up to
several to 10 nm in depth from the top surface). The
fluorescence yield detects the fluorescence X-ray inten-
sity and is bulk-dependent (deeper than several tens of
micrometers from the top surface).26 The advantage of
electron-yield XANES is that the given structural infor-
mation is more detailed than that obtained with X-ray
photoelectron spectroscopy (XPS) because electron-yield
XANES reflects both auger and photoelectrons, whereas
XPS reflects only photoelectrons.27 In this study, we used
XANES spectroscopy to study an oxide glass instead of
a high-temperature melt, under the assumption that the
surface ionic structure of the glass after structural relax-
ation is similar to that of the melt. When annealing the
crushed oxide glass sample, the relaxation of the surface
ionic structure proceeds to reduce surface excess energy
caused by partially incomplete ionic bonding, which is
similar to the proposed mechanism of surface relaxation
for ionic melt.11,12 If the glassy state is kept in the sur-
face region, we could consult the surface ionic structure
of the annealed glass sample as the first approximation to
understand the surface structure relaxation of the oxide
melt.
Two composition ranges were selected for glass prepa-

ration. Series A contained 30–50 mol% Al2O3 in the
Al2O3–CaO system; this includes the composition that
potentially gives the minimum surface tension in the
molten state. In series B, 1–20 mol% SiO2 was added to an
Al2O3–CaO system with a fixed Al2O3/CaO molar ratio of
7/12. Table 1 lists the chemical compositions of the glass
samples.
The glass samples were prepared as follows. First, cal-

cium carbonate (special grade, Fujifilm Wako Chemicals
Co., Ltd.) was calcined at 1223 K in air overnight to form
CaO. Then Al2O3 and SiO2 (both special grade, Fujifilm
Wako Chemicals Co., Ltd., Tokyo, Japan) and the CaO
were mixed in the powdered state and pressed into a pel-
let at 10 MPa for 15 min. The pellet was cut into pieces
of diameter 1–2 mm and then melted by using laser irra-
diation. The aerodynamic-levitation and laser-irradiation
technique enables the effective melting of oxide samples

TABLE 1 Chemical compositions of glass samples used in this
study.

Sample name

Composition (mol%)
Al2O3 CaO SiO2

A1 30 70 0
A2 36.8 63.2 0
A3 50 50 0
B1 36.5 62.5 1
B2 35 60 5
B3 33.2 56.8 10
B4 29.5 50.5 20

with high liquidus temperatures, without contamination
from the container, and quenching into a glassy state by
rapid cooling.28–30 The sample was aerodynamically levi-
tated by an Ar gas flow (99.999% purity) from a nozzle at
the bottom of the chamber and heated by a 100 W CO2 gas
laser (Firestar ti100, Synrad Co. Ltd.; wavelength 1.6 µm,
laser diameter 2 mm) up to 2273 K in air. The sample tem-
perature was measured by a pyrometer and the emissivity
was calibrated to reproduce the melting point of Al2O3.
The levitated slag sample was melted at 2073–2273 K, held
at 1873–1973 K for 10 min, and then quenched by turning
the laser power off. In this case, the cooling rate was higher
than −500 K/s. Next, the glass samples were annealed at
873K for 24 h in air to adjust structural distortion. The glass
sample was then crushed into a powder in the air, which
induced the formation of a large surface area with incom-
plete surface relaxation. Surface structural relaxation was
promoted by annealing the powder sample at 873 K for
48 h. This annealing temperature was determined to be
lower than the glass-transition temperature estimated by
using Sakka’s relation31 (Tg/TL = 2/3, whereTg is the glass-
transition temperature and TL is the liquidus temperature)
to avoid crystallization.
The soft X-ray absorption measurements were per-

formed at the BL-10 and BL-11 beamlines at the Rit-
sumeikan University SR Center (Shiga, Japan). The pow-
dered glass samples and SiO2 glass, and α-Al2O3 and
Mayenite (Ca7Al12O33) crystals as reference materials,
were individually attached to a pure indium plate on the
sample holder to support electrical conduction, and these
holders were placed in the sealing vessel. These prepara-
tions were performed in a glovebox in a dry Ar atmosphere
to avoid moisture absorption. The vessel with the sam-
ples was attached to the soft X-ray absorption spectroscopy
facility and absorption measurements were performed
under a high vacuum (less than 10−6 Pa). The O K-edge
XANES spectrum was obtained at BL-11 in both partial
electron yield (PEY) and partial fluorescence yield (PFY)
modes using a diffraction grating with 1200 lines/mm. The
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4 SUZUKI et al.

Al and Si K-edge XANES spectra were obtained at BL-10
in the total electron yield (TEY) and PFY modes by using
KTiOPO4 (011) and InSb (111) dispersive crystals. The lat-
est version of the Athena program32 was used to draw the
background lines using a spline function and to normalize
the recorded spectra.

3 COMPUTATIONALMETHODOLOGY

In this study, classical MD calculations based on a
polarizable-ionmodel (PIM-MD) were performed to simu-
late the ionic distributions inAl2O3–CaOandAl2O3–CaO–
SiO2 melts with included vacuum/liquid interfaces. The
PIM evaluates the dipole moment between each ion, µi,
from themultiple of the polarization parameter, αi, and the
electric field, Ei, generated at the position of the focused
ion by the whole set of charges and induced dipoles (𝝁𝑖 =
𝛼𝑖 ⋅ 𝑬𝑖).33–37 The potential energy function is decomposed
into four parts, and expressed as:

𝜙Total = 𝜙Charge + 𝜙Dispersion + 𝜙Repulsion + 𝜙Polarization
(1)

The charge term corresponds to the coulombic interac-
tion between two ions i and j, that is,

𝜙Charge =
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
(2)

where 𝑞𝑖 is the charge on each ion i and 𝑟𝑖𝑗 represents
the distance between the two ions. The dispersion term,
𝜙Dispersion, which corresponds to the instantaneous corre-
lations of density fluctuations between electron clouds is
expressed as

𝜙Dispersion = −
∑
𝑖<𝑗

⎡⎢⎢⎣𝑓𝑖𝑗6
𝐶
𝑖𝑗

6(
𝑟𝑖𝑗

)6 + 𝑓
𝑖𝑗

8

𝐶
𝑖𝑗

8(
𝑟𝑖𝑗

)8 ⎤⎥⎥⎦ (3)

where 𝐶𝑖𝑗
6
and 𝐶𝑖𝑗

8
represent the dipole–dipole and dipole–

quadrupole dispersion coefficients.
The term 𝑓

𝑖𝑗
𝑛 represents the damping functions that

correct the short-range interactions:

𝑓
𝑖𝑗
𝑛 = 1 − 𝑐

𝑖𝑗
𝑛 𝑒

−𝑏
𝑖𝑗
𝑛 𝑟𝑖𝑗

𝑛∑
𝑘 = 0

(
𝑏
𝑖𝑗
𝑛 𝑟𝑖𝑗

)𝑘
𝑘!

(4)

where the inverse of 𝑏𝑖𝑗𝑛 corresponds to the damping range.
The repulsion term, 𝜙Repulsion, is expressed by the decay
functions as

𝜙Repulsion =
∑
𝑖<𝑗

𝐴𝑖𝑗𝑒
−𝐵𝑖𝑗𝑟𝑖𝑗 (5)

where𝐴𝑖𝑗 and 𝐵𝑖𝑗 are parameters determined between two
types of ions i and j. The polarization term, 𝜙Polarization,
consists of charge–dipole and dipole–dipole interactions,
and the energy cost for deforming the electric fields of
ions:

𝜙Polarization =
∑
𝑖<𝑗

[
𝑞𝑖𝒓𝒊𝒋 ⋅ 𝝁𝒋

𝑟3
𝑖𝑗

𝑓
𝑖𝑗

4
−
𝝁𝒊 ⋅ 𝑞𝑗𝒓𝒊𝒋

𝑟3
𝑖𝑗

𝑓
𝑖𝑗

4

+
𝝁𝒊 ⋅ 𝝁𝒋

𝑟3
𝑖𝑗

−
3
(
𝒓𝒊𝒋 ⋅ 𝝁𝒊

)
⋅
(
𝒓𝒊𝒋 ⋅ 𝝁𝒋

)
𝑟5
𝑖𝑗

]
+

|𝝁𝒊|2
2𝛼𝑖

(6)

In practice, the instantaneous dipolemoments are deter-
mined at each time step byminimization of the total energy
by using the conjugate gradient method.
The parameters for the PIM force field in Equa-

tions (1)–(6) are listed in Tables S1 and S2; they were
determined to reproduce the force and dipole moment
calculated by using first-principles MD calculations
for identical oxide systems in the glassy and molten
states.
The calculations were performed as follows to simulate

the distributions of ions induced by surface relaxation in
oxide melts. First, a cubic cell containing around 3000
atoms was held at 2273 K for 30 ps and equilibrated at
2073 K for 30 ps, by using a rigid-ion model (RIM) that
neglected the polarization term for the potential energy in
Equation (1), and then for 100 ps by using PIM to achieve a
steady value of the cell total energy. Next, the equilibrated
ionic configuration was extended 3–6 times in a uniaxial
direction and then equilibrated again at 2073 K in the same
way as above. Vacuum spaces were inserted in the upper
and lower sides of the rectangular cell to introduce vac-
uum/liquid interfaces, and the cell was equilibrated using
a RIM and PIM. All these calculations were performed in
theNVT ensemble, whereN is the number of particles,V is
the volume, and T is the temperature. In the realistic phe-
nomena, gas molecules existing in the vapor phase may
also involve surface properties in the oxide melts.7 How-
ever, when comparing the number of molecules included
in melting and vapor phases, the relative number of gas
molecules is small and almost zero in the present simu-
lation size. In addition, representative gas molecules do
not have molecular charges, and they are light as weight.
Therefore, in the present MD simulation, the effect of gas
molecules on the surface structure of the oxide melt was
recognized as trivial.
The ionic coordination between oxygen and cations in

the equilibrated cell was analyzed by using the tetrahedral
order parameter q,37,38 which describes the polymorphic
distribution based on the tetrahedral state, by using the
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SUZUKI et al. 5

bond angles:

𝑞 = 1 −
3

8

n−1∑
𝑗 = 1

n∑
𝑘 = 𝑗+1

(
cos𝜃𝑖𝑗𝑘 +

1

3

)2

(7)

where 𝜃𝑖𝑗𝑘 represents the angle formed between the cen-
tral Si or Al atom, denoted by j, and its neighboring oxygen
atoms, denoted by i and k. The distribution of the bond
angle M–O–N (M and N are either a Si or Al atom) was
analyzed to examine the connecting states between the
polymorphs. The equilibrated rectangular cell was divided
into several layers of thickness approximately 20 Å, and
the distributions of Si- or Al-centered polymorphs and
the M–O–N bond angles were separately analyzed for the
upper and lower (corresponding to the surface region), and
middle (corresponding to the bulk region) layers.

4 RESULTS AND DISCUSSION

4.1 XANES spectroscopic examination
of glass after surface relaxation

A. Al2O3–CaO system
First, the observed O K-edge XANES spectra of the A2

glass powder before and after the annealing are shown in
Figure S1 in supplementary materials, to verify the effect
of the annealing for the surface relaxation of the glass on
the ionic structure. The PFY spectra did not change dur-
ing the annealing, indicating that bulk structural distortion
was already removed before the crushing. In contrast, the
PEY spectra reflecting surface structure clearly changed by
the annealing,where the intensity of the absorption peak a’
increased relatively to peak b. This result indicated that the
annealing contributed to the surface structure relaxation of
the glass powder.
Figure 2 shows the O K-edge XANES spectra of Al2O3–

CaO glasses of different compositions after surface relax-
ation. All the spectra show two broad absorption peaks
(a or a’, and b). Peaks a and a’ correspond to Al–O–Ca
non-bridging oxygen (Al-NBO) and peak b represents Al–
O–Al bridging oxygen (Al-BO).39 Regardless of the glass
composition, the intensity of the Al-BO peak (b) in the sur-
face spectrum was higher than that of the Al-NBO peak
(a’). This trend became more significant with increasing
Al2O3 content in the range of 30–50 mol% Al2O3. In con-
trast, in the bulk spectra, the intensities of the two peaks
were comparable, and its compositional dependence was
not significant. It should be noted that the PFY spectra
may have been flattened because of the self-absorption
effect, but the ratio of the two peak intensities should
be unchanged. Jiang et al.40 reported that the pre-edge

F IGURE 2 O K-edge X-ray absorption near edge structure
(XANES) spectra of the Al2O3-CaO glasses A1-A3 after surface
relaxation.

peak at 528 eV was observed in the O K-edge electron
energy-loss spectroscopy of some oxide minerals contain-
ing alkaline elements by using the high voltage electron
microscopy, which was attributed to the formation of free
O2 gas by radiation damage. Then, Henderson et al.39 pre-
viously discussed the effect of radiation damage on the
intensity ratio of the TEY spectra of the calcium alumi-
nate mineral. Because in the case of electron microscopy,
the high energy electron beam is irradiated to the localized
area of the sample, such radiation damage would occur.
However, the surface spectra in this study did not show
the pre-edge peak corresponding to the radiation dam-
age. The soft X-ray is irradiated broadly to the sample,
and in the PEY spectrum, the effect of the radiation dam-
age would have been small because the electron spectrum
with higher energies than blocking voltage was extracted.
Consequently, these spectra results indicate that Al-BO
is preferentially distributed in the surface rather than in
the bulk of the glass. In addition, for glasses A1 and A2,
the peak energies for Al–NBO coordination in the surface
spectra were negatively shifted relative to those in the bulk
spectra. As previously reported,41 such deviations in the
peak positions may result from differences between the
Ca-fold structures in each region.
Figure 3 shows the Al K-edge XANES spectra of the

Al2O3–CaO glasses after surface relaxation. All the spectra
show two absorption peaks (c and d), which correspond
to Al3+ cations that are tetrahedrally (c: 1565 eV by Kato
et al.42) or octahedrally coordinated (d: 1568 eV by Kato,
McKeown and Cabaret42–44) with oxygen anions. In the
bulk spectra, while Al2O3 content increased, the ratio of
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6 SUZUKI et al.

F IGURE 3 Al K-edge X-ray absorption near edge structure
(XANES) spectra of the Al2O3-CaO glasses A1-A3 after surface
relaxation.

the c and d peak intensities did not change much. How-
ever, in the surface spectra, the intensity of the c peak
increased significantly compared with that of the d peak.
This trend indicates that AlO4 coordination is preferred in
the surface region, particularly with increasing Al2O3 con-
tent, where Al-BO could be formed by the connection of
two AlO4 tetrahedrons.
These results suggest that in the surface regions of the

Al2O3–CaO glasses, the formation of the Al-BO structure
occurs preferentially after surface relaxation. It should
be noted that one Ca2+ cation must be supplied for
charge compensation to form two AlO4 tetrahedrons.45–47
Thus, this structure can be formed only at intermediate
compositions of the Al2O3–CaO system.
B. Al2O3–CaO–SiO2 system
Figure 4 shows the O K-edge XANES spectra of the

Al2O3–CaO–SiO2 glasses after heat treatment for surface
relaxation. In contrast to the case for the bulk spectra, in
the surface spectra, the intensity of the BO absorption peak
(g) was higher than that of the NBO peak (f). In addition,
the peak energy for NBO coordination (f’) in the surface
spectra was lower than that in the bulk spectra (f). With
increasing SiO2 content, the BO peak energy in the sur-
face spectra became slightly lower, and approached that of
the absorption peak corresponding to Si–O–Si BO (g’’) in
the spectrum of silica glass. However, in the bulk spectra,
a shift in the BO peak energy was not clearly observed.
Figure 5 shows the Al K-edge XANES spectra of the

Al2O3–CaO–SiO2 glasses after surface relaxation. The
spectra show two absorption peaks corresponding to AlO4

F IGURE 4 O K-edge X-ray absorption near edge structure
(XANES) spectra of the Al2O3-CaO-SiO2 glasses B1-B4 after surface
relaxation.

(c) and AlO6 (d) coordination states. With increasing SiO2
content, the intensities of the AlO4 peaks in the surface
spectra increased significantly and exceeded those of the
AlO6 peaks. In the bulk spectra, the intensity ratio of these
two peaks did not change much. This may indicate that
in the surface region, selective distribution of the AlO4
coordination state can be achieved by increasing the SiO2
content.
Figure 6 shows the Si K-edge XANES spectra of the

Al2O3–CaO–SiO2 glasses after surface relaxation. When
the SiO2 content was 1 mol%, the spectra of both the sur-
face and bulk regions showed a broad absorption peak. The
main Si-coordination state therefore could not be clearly
determined. However, with increasing SiO2 content, both
spectra showed the specific features of individual coor-
dination states. The bulk spectra clearly showed two
absorption peaks (h and i). The peak energy h corresponds
to that observed for grossular (Ca3Al2[SiO4]3),48 in which
a Si cation is tetrahedrally coordinated with neighboring
oxygen anions, and the SiO4 tetrahedron is surrounded by
anAlO6 octahedron throughNBO ions in the crystal struc-
ture (SiIV–O–AlVI). The other peak, i, corresponds to an
octahedrally coordinated Si cation (SiO6), which has been
found in the silicon phosphate SiP2O7.49 When SiO2 is a
minor component in the glass, Si cations, therefore, show
both tetrahedral and octahedral coordination states in the
bulk region. In contrast, the surface spectrum shows only
one broad absorption peak. When the SiO2 content was
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SUZUKI et al. 7

F IGURE 5 Al K-edge X-ray absorption near edge structure
(XANES) spectra of the Al2O3-CaO-SiO2 glasses B1-B4 after surface
relaxation.

F IGURE 6 Si K-edge X-ray absorption near edge structure
(XANES) spectra of the Al2O3-CaO-SiO2 glasses B1-B4 after surface
relaxation.

increased, the central peak shifted to the one (j) observed
for anorthite (CaAl2Si2O8),47 in which a SiO4 tetrahedron
is connected with four AlO4 (SiIV–O–AlIV) tetrahedrons
through BO ions.

These XANES spectroscopic results indicate that the
dominant coordination state in the surface region changes
from AlIV–O–AlIV to SiIV–O–AlIV when small amounts of
SiO2 are added; both states involve BO.

4.2 MD simulation of an ionic structure
after surface relaxation

A. Al2O3–CaO system
Figure 7 shows the ionic distribution in a cell of a

25Al2O3−75CaO (mol%) melt with vacuum/liquid inter-
faces after structural relaxation. Figure 7 shows the change
in the total energy of the melt (potential energy + kinetic
energy + polarization energy) per calculation step (1
step = 1 fs). The total energy decreased and achieved a
certain value in 90,000 steps under RIM and PIM, respec-
tively. The results indicate that the cell with vacuum/liquid
interfaces achieved an equilibrium state.
Figure 8 shows the distribution of AlOn polymorphs in

different layers in the equilibrated cell of a 25Al2O3−75CaO
(mol%) melt, based on the q parameter as expressed in
Equation (7). Layers 1 and 9 are those directly exposed
to the vacuum space (surface), and layer 5 represents the
bulk region. Three Al–O coordination states (AlO4, AlO5,
and AlO6) were identified. In the surface layer, the propor-
tion of AlO4 coordination was slightly higher, and those of
AlO5 and AlO6 were lower than average. The bulk region
had a lower proportion of AlO4 and higher proportions
of AlO5 and AlO6 than average. This indicates that AlO4
is the preferred Al–O coordination state in the surface
layer.
Figure 8 shows the distributions of Al–O–Al bond

angles in different layers. Two broad peaks were identi-
fied. Peak θ1 (∼100◦) corresponds to the edge connection
of two polymorphs through two oxygen anions; the other
peak, θ2 (∼125◦), represents a vertex connection of two
tetrahedrons through one BO ion.34 The surface region
(layers 1 and 9) showed a slightly higher proportion
of θ2 but a lower proportion of θ1 compared with the
average and those in the bulk region (layer 5). This indi-
cates that the vertex connection of two AlO4 tetrahedrons
with one BO (AlIV–O–AlIV) is preferred in the surface
region.
Figure 9 shows the ionic structure in the cell of a

50Al2O3−50CaO (mol%) melt with vacuum/liquid inter-
faces after structural relaxation, and Figure 9 shows the
distribution of AlOn polymorphs in the equilibrated cell.
Layers 1 and 7 represent the surface, and layer 4 cor-
responds to the bulk region. The results clearly show
that AlO4 coordination is preferred in the surface layers,
although AlO5 is dominant on average and in the bulk
region.
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8 SUZUKI et al.

F IGURE 7 (A) Ion distribution in the cell of 25 Al2O3-75 mol% CaO melts with vacuum / liquid interfaces after structural relaxation. (B)
Change in total energy by calculation step (1 step = 1 fs).

F IGURE 8 Distributions of (A) AlOn polymorphs and (B) Al-O-Al bond angle, in the cell of 25 Al2O3-75 mol% CaO melt with vacuum /
liquid interfaces after structural relaxation.

Figure 9 shows the distribution of Al–O–Al bond
angles in different layers in the equilibrated cell of a
50Al2O3−50CaO (mol%) melt. At the average distribution,
the proportion of peak θ1 (∼100◦) is highest, and the sec-
ond peak, θ2 (∼125◦), shifted negatively from that in the
25Al2O3−75CaO (mol%) melt. This is attributed to the
increased proportions of AlO5 and AlO6 polymorphs rel-
ative to AlO4, some of which are connected at the vertex
(AlIV–O–AlV or AlV–O–AlV) by lower bond angles than
that of the AlIV–O–AlIV connection. However, in the sur-
face region, a vertex connection of polymorphs is preferred,
whereas the edge connection is declined.

These results indicate that the surface region of the
Al2O3–CaOmelt shows a preferential distribution of AlO4
tetrahedrons, which partially contribute to the formation
of BO ions via vertex connections.
In terms of Ca-O coordination, the CaOn polymorphs

distributions in the equilibrated cells of these Al2O3–CaO
melts (Figure S2: (a) 25 Al2O3-75 mol% CaO, (b) 50 Al2O3-
50 mol% CaO) demonstrate that the polymorphs with low
coordination numbers (e.g., CaO4 or CaO5) are preferred
but those with higher coordination numbers are declined
in the surface region. They support the interpretation
of O K-edge XANES of the Al2O3–CaO glasses, featured

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19818 by O
saka U

niversity, W
iley O

nline L
ibrary on [22/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SUZUKI et al. 9

F IGURE 9 (A) Ion distribution, (B) distribution of AlOn polymorphs, and (C) Al-O-Al bond angle, in the cell of 50 Al2O3-50 mol% CaO
melt with vacuum/liquid interfaces after structural relaxation.

by a negative shift of the Al-NBO peak in the surface
spectra.
For comparison with calcium aluminate melts, the

surface-relaxed structure in pure Al2O3 and CaO melts
near these melting points were evaluated by PIM-MD sim-
ulation. The results are shown in Figures S3 and S4 in
supplementary materials, respectively. The results indi-
cate that the polymorphs of low coordination numbers
become slightly preferred in the surface region (e.g. AlO4
for Al2O3 melt and CaO5 for CaO melt), whereas no
change is observed in the cation-oxygen-cation bond angle
between surface and bulk region. Therefore, the changes
between surface and bulk region in both Al-O coordina-
tion and Al-O-Al bond angle are observed only for calcium
aluminates.
B. Al2O3–CaO–SiO2 system
The results for a 37Al2O3−63CaO (mol%) melt with 5

and 20 mol% SiO2 are presented.
The ionic distributions in cells with vacuum/liquid

interfaces and 5 and 20mol% SiO2 addition after equilibra-
tion are represented in Figure S5A,B. Al, Ca, and Si cations

were homogeneously dispersed in the liquid, therefore Si
segregation was not observed.
Figure 10 shows the distributions of SiOn polymorphs

in different layers for the cases with 5 and 20 mol%
SiO2 addition, respectively. When the SiO2 content was
5 mol%, various Si–O coordination states including octa-
hedral coordination as dominant were observed. In the
surface region, the proportion of SiO4 tetrahedrons was
slightly higher, but those of other polymorphs were lower
than those in the bulk region. When the SiO2 content
increased to 20 mol%, SiO4 tetrahedrons predominated. In
this case, there were no specific differences between the
SiOn distributions in the surface and bulk regions.
Figure 11 shows the distributions of AlOn polymorphs

in the surface and bulk regions. The results for the sur-
face region are presented as the average of the distributions
in the two layers directly exposed to the vacuum/liquid
interfaces. Regardless of the SiO2 content, AlO5 was iden-
tified as the major Al–O coordination state; AlO4 and
AlO6 were also identified. When the SiO2 content was
5 mol%, the AlOn distributions in the surface and bulk
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10 SUZUKI et al.

F IGURE 10 Distribution of SiOn polymorphs in the cells of
Al2O3-CaO-SiO2 melts with vacuum/liquid interfaces after
structural relaxation. (A) B2 (5 mol% SiO2) and (B) B4 (20 mol%
SiO2).

F IGURE 11 Distribution of AlOn polymorphs in the cells of
Al2O3-CaO-SiO2 melts with vacuum/liquid interfaces after
structural relaxation. (A) B2 (5 mol% SiO2) and (B) B4 (20 mol%
SiO2).

regionswere comparable. However, when the SiO2 content
was 20 mol%, compared with the bulk region, the surface
region clearly showed a preferential distribution of AlO4
tetrahedrons rather than AlO5 and AlO6.
The polymorph connectivities were investigated. The

distributions of the Si–O–Si, Al–O–Si, and Al–O–Al bond
angles are shown in Figures S6–S8, respectively, in supple-
mentary materials. Note that the distribution of the Si–O–
Si bond angle for the case of 5 mol% SiO2 could not be ana-
lyzed because most of the SiOn polymorphs were discon-
nected from each other. In the case of 20mol% SiO2, the Si–
O–Si bond angle distributions in both the surface and bulk
regions showed a single broad peak at θ2 (∼130◦), which
corresponds to the vertex connection of two SiO4 tetra-
hedrons through one BO ion (SiIV–O–SiIV).34 The surface
region gave a sharper peak than the bulk region did, which
indicates that the connection between two SiO4 tetrahe-
drons tends to be ordered in the surface region (Figure 11).
The distributions of the Al–O–Si bond angle in the sur-

face and bulk regions differed significantly when the SiO2
content was 5 mol%. The peak at θ1 (∼100◦) corresponds
to the edge connection, and that at θ2 (∼125◦) corresponds
to the vertex connection, of two polymorphs. In particu-
lar, the vertex connection of AlO4 and SiO4 tetrahedrons
(SiIV–O–AlIV) is accompanied by one BO ion. The surface
region showed preferential distribution of vertex connec-
tions. When the SiO2 content increased to 20 mol%, θ1
became the minor peak, and θ2 predominated. This indi-
cates that the SiIV–O–AlIV vertex connection became the
main configuration between AlOn and SiOn polymorphs.
In this case, there were no specific differences between the
surface and bulk regions.
The distribution of the Al–O–Al bond angle for the case

of 5 mol% SiO2 showed two peaks at θ1 (∼100◦) and θ2
(∼120◦). The distributions in the surface and bulk regions
were comparable. When the SiO2 content increased to
20 mol%, the distribution in the surface region showed a
slightly higher proportion at the θ2 peak but a lower pro-
portion at the θ1 peak, than those in the bulk region. These
results indicate that vertex connection between the AlOn
polymorphs is preferred in the surface region.
The above results clearly indicate that SiO2 addition sig-

nificantly affects the distribution of theAlOn in themelt. Si
cations prefer tetrahedral coordination with oxygen ions,
and AlO4 and AlO5 become minor and major coordina-
tion states, respectively. However, in the surface region,
the distribution of tetrahedrons (AlO4 and SiO4) is pre-
ferred, some ofwhich formBO ions via vertex connections,
for example, SiIV–O–SiIV, AlIV–O–SiIV, and AlIV–O–AlIV.
This trend is consistent with the XANES spectroscopic
analysis of the Al2O3–CaO–SiO2 glass structure. In addi-
tion, the PIM-MD simulation enabled the identification
of the categories of Al- or Si-related polymorphs and
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SUZUKI et al. 11

the quantitative evaluation of the proportions of these
polymorphs.

5 SUGGESTED SURFACE IONIC
STRUCTURE IN CALCIUM
ALUMINOSILICATEMELT

The results of XANES spectroscopic analysis of the glass
after surface relaxation and the MD simulation of the melt
structure indicate the preferential formation of BO ions in
the surface region by the selective distribution of tetrahe-
drons such as AlO4 or SiO4, and their vertex connections.
This can be explained as follows. Because they form strong
covalent bonds with the nearest cations, the formation of
BO ions significantly decreases the excess surface energy,
which is related to the surface tension. Therefore, they are
preferentially distributed in the surface region by surface
relaxation of the melt.
For a calcium aluminate slag, AlO4 is preferentially

formed in the surface region, rather than AlO5 or AlO6.
These AlO4 units selectively form vertex connections, with
an accompanying BO ion (AlIV–O–AlIV). However, note
that AlO4 tetrahedron formation requires the presence of
Ca2+ ions for charge compensation. The above mecha-
nism of surface relaxation is therefore likely to occur in
Al2O3–CaO melts with intermediate compositions. Both
the XANES analysis and MD simulations in the range of
25 – 50 mol% Al2O3 indicated that the preferential distri-
butions of the AlO4 tetrahedrons and BOs become more
significant as increasing Al2O3 content.
The ionic configurations in the surface of the Al2O3–

CaO–SiO2 melt are suggested to be as follows. When the
SiO2 content is lower than 5 mol%, the preferential forma-
tion of SiIV–O–AlIV vertex connections provides more BO
ions in the surface area than in the bulk region. When the
SiO2 content is 20 mol%, additional BO ions are supplied
by the preferential formation of SiIV–O–SiIV and AlIV–O–
AlIV connections, and AlIV–O–SiIV connections are also
present. SiO2 addition therefore significantly affects the
surface ionic structure, which directly changes the sur-
face tension of the calcium aluminate slag. Taking account
of the thickness of the actual surface region being even
thinner than several nanometers, the difference in the dis-
tribution of structural species between surface and bulk
would be more significant than observed in this study.
When the fundamental equation by Butler.50 to predict

surface tension of a mixture is taken into account, the
surface tension of the oxide melt could be changed pro-
portionally by the logarithm of the population ratio of the
structural species (e.g., SiIV–O–SiIV or AlIV–O–AlIV) in the
surface and bulk regions, as well as by the differences
of partial interaction energies of these structural species,

relating to their connecting states, between surface and
bulk regions. The partial interaction energies of the struc-
tural species in the surface region of the oxide melt have
not been understood yet. Therefore, the modeling of struc-
tural relaxation on the surface tension of oxidemixture slag
is required for our future study.

6 CONCLUSION

In this study, for the first time, the structural features in the
surface areas of Al2O3–CaO and Al2O3–CaO–SiO2 oxide
melts after surface relaxation were evaluated. Soft X-ray
absorption spectroscopy of glass powders after heat treat-
ment to promote surface relaxation, and the use of a PIM
to perform classical MD simulations of a melt with vac-
uum/liquid interfaces, were used to identify the structural
features of the ionic distribution in the surface region. The
results obtained by the two methods were consistent with
each other and indicated that BO ions are preferentially
formed in the surface region by vertex connections of Al-
or Si-containing polymorphs. The detailed conclusions are
as follows.

1. In the case of the Al2O3–CaO system, Al3+ ions tetrahe-
drally coordinated with oxygen ions are preferentially
distributed in the surface region, some ofwhich connect
to provide BO ions. With increasing Al2O3 content to
50mol%, the preference for AlO4 coordination becomes
significant.

2. In the case of the Al2O3–CaO–SiO2 system, the addi-
tion of a small amount of SiO2 considerably changes
the ionic coordination states in the surface region; Si
cations are not segregated at the surface. Although Si
cations are aminor component, they form various coor-
dination states with oxygen ions, for example, SiO4
and SiO6. The addition of SiO2 causes the proportion
of AlO4 to decline, while those of AlO5 and AlO6 are
enhanced, in the bulk. However, in the surface region,
SiO4 and AlO4 units tend to be segregated. They par-
tially combine with each other at their vertexes to
form BO ions coordinated with either Al or Si cations.
The preferential distribution of these BO ions therefore
contributes to the surface relaxation of the oxide melt.
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