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The effect of alumina addition on the viscosity of silicate melts is strongly
related to the type of non-framework cations; however, the origin of these
interactions is not well understood. In this study, we measured the viscos-
ity change in selected alkali disilicate (R,O-2Si0,, R: Na or Li) melts by
varying the AlO,s/SiO, molar ratio (AlO,s = 0-16.8 mol%) within the
1373-1823 K temperature range. We observed that as the molar ratio
increased, sodium silicate viscosity increased, whereas lithium silicate
viscosity was not affected. Aluminum-27 nuclear magnetic resonance
spectra of the quenched glasses indicated that the aluminum cations in
both types of alkali silicate melts were mostly present as AlO, tetrahedra.
In contrast to sodium-containing systems, the shear strain on the AlO,
tetrahedron was greater for lithium aluminosilicate glass. Our findings
indicated that the degree of shear strain on AlO, plays an essential role in
controlling the viscosity of aluminosilicate systems.
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1 INTRODUCTION

When a silicate melt comes into contact with molten metal containing alumi-
num, the silica (SiO,) in the melt is reduced by aluminum [1, 2], as expressed
by the following equation (1):

4Al 4 3(Si0,) = 4(AlO,5) + 3Si 6]

As aresult of this reaction, the molar ratio of AlO, 5 to SiO, (AlO, 5/Si0,) in the
silicate melts increases. This phenomenon occurs during the continuous casting
process of aluminum-containing molten steel, which uses a silicate melt as a
lubricant between the solidified steel and the mold, that is, mold flux [3]. The
effect of the AlO, 5/SiO, molar ratio on silicate melt viscosity is important for
understanding melt fluidity and lubrication by silicate melts [4—7]. Variations in
viscosity with respect to the Al,O5/SiO, molar ratio have been reported for mul-
ticomponent compositions that are similar to practical mold flux [8—13]. These
studies indicate that the effect of AlO, s/SiO, on viscosity depends on the type
and concentration of non-framework cations (e.g., Ca>*, Mg?*, Li*, Na*) in the
silicate melt; however, the interaction between the “type of non-framework cat-
ions” and “viscosity variation with AlO, 5/SiO, ratio” is not well understood. It
is essential to select simple systems containing only one type of non-frame-
work cation in order to properly understand this interaction.

When aluminum cations are present as AlO, tetrahedra in the silicate net-
work structure, non-framework cations are required to compensate for the
negative charge around the bridging oxygen (BO) between silicon and alumi-
num cations (i.e., Si-Ogo—Al) [14]. The AlO, tetrahedron requires a charge of
+1 to maintain charge neutrality in the vicinity of Si—-Ogo—Al. Therefore,
alkali aluminosilicate (R,0-Al,05-Si0,) compositions can be categorized
into three types depending on the atomic ratio of the alkali and aluminum
cations (R*/AI*"): peralkaline (R*/AI*" > 1), tectosilicate (R*/Al** = 1), and
peraluminous (R*/AP** < 1) [15]. In peralkaline and tectosilicate composi-
tions, aluminum cations tend to adopt four-fold coordination with oxygen
atoms (AlO,), whereas aluminum cations in five- (AlOs) and/or six-fold coor-
dination (AlQy) are also present in peraluminous compositions [15]. In addi-
tion, AlO, species are generally more stable in alkali-silicate melts than in
alkaline-earth aluminosilicate systems [14]. In the peralkaline region, the
simple coordination of aluminum cations (i.e., mainly AlO,) facilitated the
investigation of the influence of the AlO, 5/SiO, molar ratio on the viscosity of
the alkali silicate melts. Mold fluxes usually contain calcium oxide (CaO), but
an alkali oxide-containing system is more suitable for isolating the non-frame-
work cation interactions from the AlO, species, significantly simplifying the
fundamental studying of the viscosity. In the present study, we compared the
effect of the AlO,s/SiO, molar ratio on the viscosity of sodium disilicate
(Na,0-2510,) and lithium disilicate (Li,0-2Si0,) systems in the peralkaline
region (molar content of AlO, 5 = 0-16.8 mol%) and the temperature range of
1372-1823 K.
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2 EXPERIMENTAL

2.1 Sample synthesis

The nominal compositions of the samples are listed in Table 1. The parent
compositions of the samples are similar to those of lithium disilicate
(Li,0-2Si10,) and sodium disilicate (Na,0O-2Si0,). SiO, in these alkali silicates
was partially replaced by AlO, s. The samples were labeled as LASx for the
lithium-containing system and NASx for the sodium-containing system, where
x represented the molar content of AlO, 5 (mol%). The parent alkali silicate
contained 33 mol% Li,O or Na,O. The reagent powders of Na,CO; (Sigma-
Aldrich Co. LLC), Li,CO; (Sigma-Aldrich Co. LLC), AL,O; (Sigma-Aldrich
Co. LLC), and SiO, (FUJIFILM Wako Pure Chemical Corporation) were
carefully weighed and mixed using a mullite mortar and pestle. The powder
mixtures were melted in a 30 ml platinum crucible in air at temperatures above
their liquidus. The molten samples were then quenched using a Cu plate. The
glassy samples obtained were used for viscosity measurements.

TABLE 1
Nominal compositions of the samples. The analyzed compositions after viscosity measurements
are shown in parentheses.

Composition (mol %) AlO, 5/SiO, TJ/K

Sample - , ratio
Li,O Na,O AlO, 5 SiO,

NASO - 33 (33.0) - 67.0 (67.0) 0 721
NASI1.2 - 33(32.7) 11.2(11.7)  55.8(55.7) 0.20 (0.21) 750
NAS16.8 - 33(33.2) 16.8(17.1) 50.2(49.7) 0.33 (0.34) 780
LASO 33 (32.4) - - 67.0 (67.6) 0 731
LAS11.2  33(33.3) - 11.2(11.4)  55.8(55.3) 0.20 (0.21) 738
LAS16.8  33(32.5) - 16.8 (17.0)  50.2 (50.5) 0.33 (0.34) 742

2.2 Viscosity measurements

The selection of the measurement techniques for melt viscosity depends on
the viscosity range of the sample [16]. Herein, the rotating crucible method
was employed to evaluate the viscosity of the samples in the range of
0.1-30 Pa-s. Detailed information regarding the viscometer has been pro-
vided in previous works [17-19]. The samples (~40 g) were placed in a
Pt—20mass%Rh crucible (inner diameter: 30 mm, height: 27 mm) and heated
to 1833 K in air. Then, a bob (diameter: 15 mm, height: 8 mm) made of a
Pt—20mass%Rh alloy was immersed in the melt to an immersion depth of
10 mm. The samples were melted for 60 min at 1833 K to ensure composi-
tional homogeneity. After melting, the viscosity was measured at a crucible
rotation speed of 60 rpm during the cooling process in the temperature range
of 1823-1373 K at 50 K increments. At each temperature, the samples were
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melted for more than 30 min to ensure the temperature homogeneity of the
melt. It is well known that alkali species evaporate easily from melts.
Therefore, the compositions of the quenched samples after the viscosity
measurements were also analyzed. The concentrations of SiO, and AlO, 5
were determined using inductively coupled plasma atomic emission spec-
trometry, and the concentrations of the alkali oxides were evaluated using
atomic absorption spectrometry. The difference between the nominal and
analyzed compositions was negligible (See Table 1). In addition, the crystal-
linity of the quenched samples was evaluated from the X-ray diffraction
(XRD) patterns obtained using Cu Ko radiation. Glass transition tempera-
ture measurements and structural characterizations were performed on non-
crystalline samples.

2.3 Measurement of glass transition temperature

The glass transition temperature (7,) is a structure-sensitive characteristic
temperature where the viscosity is close to 10'? Pa-s. Herein, the glass transi-
tion temperatures of quenched glasses after viscosity measurements were
determined via differential thermal analysis (DTA) using a Thermo Plus Evo
TG8120 instrument (Rigaku Corporation). The powdered samples (15 mg)
were placed in a platinum cell and heated at 20 K/min in air. The obtained
DTA curves were analyzed to determine 7, values.

2.4 Structural characterization

The local structures around the aluminum and silicon cations are important
parameters for understanding the viscosity of aluminosilicate melts.
This study characterizes this type of structural information for quenched
glasses using aluminum-27 magic angle spinning nuclear magnetic reso-
nance (*’Al MAS NMR) and Raman spectroscopy. Al MAS NMR spectra
were collected for the glass samples in powder form. The measurements
were conducted using a Bruker Avance III 600 spectrometer (magnetic
field: 14 T) equipped with a Bruker 4 mm MAS probe. The samples were
packed in a 4 mm ZrO, container and spun at 11 kHz. Because *’Al is a
quadrupolar nucleus, a small tip angle (18° pulse) was used to obtain quan-
titative spectra in the single-pulse experiments [20]. The number of scans
was set to 1024 with a relaxation delay of 3.5 s, which was sufficient to
achieve full relaxation. The *’Al chemical shifts were referenced against
1M AI(NO;); solution. Raman spectra were recorded using an XploRA con-
focal Raman microscope (Horiba Jobin Yvon). The samples were excited
using a 532 nm Nd:YAG laser with an acquisition time of 50 s, and four
scans were recorded for each measurement. The intensity of the obtained
spectra was normalized by the integrated intensity of the spectrum (i.e.,
peak area) in the range of 25-2000 cm™' [21].



ALQO, 5/S10, SUBSTITUTION EFFECT ON THE VISCOSITY OF ALKALI SILICATE MELTS 199
3 RESULTS AND DISCUSSION

3.1 Viscosity

Figures 1 (a) and (b) compare the viscosities measured for the binary sodium
and lithium silicate compositions in this study with reported values [17,
22-28]. As shown in Figure 1 (a), the reported data for compositions similar
to NASO have an approximately +40% scatter. Our data for the viscosities of
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FIGURE 1

Viscosity of (a) NASO and (b) LASO melts, compared with the reported viscosities of sodium
disilicate and lithium disilicate compositions. Dashed lines indicate the scatter range of £40%
from the viscosity measured in the present study.
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the NASO and LASO melts were within the scatter range. The viscosities mea-
sured in this study are listed in Table 2. Figure 2 shows the temperature
dependence of the logarithmic viscosity of alkali aluminosilicate melts. The
logarithmic viscosity of these ternary aluminosilicate melts increased linearly
with reciprocal temperature. The temperature dependence fitted well with a
linear function. The slope of the NASO melt increased with an increase in the
AlO, 5/Si0, molar ratio, whereas the slopes of the lithium aluminosilicate
melts (i.e., LAS11.2 and LAS16.8) were smaller than those of the binary
lithium silicate melts (i.e., LASO). Figure 3 shows the evolution of viscosity
with respect to the molar content of AlO,;s at 1623 K. The viscosity of the
sodium silicate system increased upon replacing SiO, with AlO, 5, whereas
the viscosity of lithium silicate melts was insensitive to the AlO, 5 content.

TABLE 2
Viscosities of the samples measured at different temperatures.

Viscosity, n/Pa-s

T/K NASO NAS11.2 NAS16.8 LASO LAS11.2 LAS16.8
1823 1.38 1.44 1.56 0.516 0.639 0.544
1773 1.78 1.96 2.15 0.636 0.771 0.711
1723 2.32 2.73 3.10 0.891 0.963 0.936
1673 3.20 4.07 4.67 1.22 1.25 1.20
1623 4.58 6.40 7.31 1.80 1.65 1.72
1573 6.80 10.4 11.6 2.55 2.25 2.47
1523 10.1 16.4 20.1 3.83 3.15 3.35
1473 16.0 26.5 37.6 5.93 4.67 5.04
1423 255 - - 9.11 7.36 7.71
1373 - - 14.6 12.5 12.2

3.2 Glass transition temperature

Figure 4 shows the XRD patterns of the quenched samples after the viscos-
ity measurements. The XRD patterns of all samples were broad, indicating
that the samples were non-crystalline. These glassy samples were also used
for DTA. Figures 5 (a) and (b) show the DTA curves of the alkali alumino-
silicate glasses. The 7, of the samples was determined using the conven-
tional onset method [29], which defines 7, as the intersection of the two
lines tangential to the curve before and after the initiation of the glass tran-
sition (Figure 5). The observed T, values of the NASO (721 K) and LASO
(731 K) glass samples were close to the reported values (NASO: 726 K [23]
and LASO: 733 K [30]), which validates our methodology. The exothermic
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Temperature dependencies of viscosity for the sodium or lithium aluminosilicate melts.
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FIGURE 4
X-ray diffraction (XRD) pattern of the quenched samples after viscosity measurements.

peak at temperatures higher than 7, indicates the crystallization of the sam-
ples. Figure 6 shows the effect of AlO,s content on the 7, of the samples.
The T, of the sodium silicate glass increased upon the substitution of SiO,
with AlO, 5, whereas the 7, was insensitive to the AlO, 5 content in the lith-
ium silicate glasses. The glass transition temperature exhibited a similar
compositional dependence on the viscosity of the melts at temperatures
above the liquidus.

3.3 Raman Spectra

Figure 7 shows the change in the Raman spectra of the alkali silicate glasses
upon the substitution of SiO, with AlO, 5. The Raman signals of these glasses
were observed in four regions: boson (20-250 cm™), low-frequency (250—
700 cm™), intermediate (750-850 cm™), and high-frequency (850-1300 cm™)
[31]. Raman spectra exhibited significant variations in the low-, intermediate-,
and high-frequency regions. Because little is known about the origin of the
Raman signals in the intermediate-frequency region [31], in this study, we
focused on the low- and high-frequency regions. Signals in the low-frequency
region were assigned to the vibrations of bridging oxygen atoms associated
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DTA curves for the quenched (a) NAS and (b) LAS glassy samples after viscosity measurements.
Arrows indicate the glass transition temperatures.
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FIGURE 6
Effect of the molar content of AlO, son the 7, of the glasses.

with three-, four-, five-, or higher-membered rings of the TO, tetrahedra (T: Si
or Al) present in the silicate network structure [32]. The NASO glass had a
signal at approximately 570 cm™, known as the D, band [33], which indicated
the presence of a three-membered ring. This signal broadened with increasing
the molar content of AlO; s, indicating a variation in the T-O-T bond angle,
which mainly forms a three-membered ring. A similar tendency was observed
for Raman signals in the low-frequency region of the lithium aluminosilicate
system. The band in the high-frequency region was assigned to the Si—-O
stretching vibration [34]. The peak position of this signal varies depending on
the number of bridging and nonbridging oxygen atoms connected to the sili-
con atoms. Typically, silicon atoms in silicate glasses are categorized as Q" (n:
0-4), where n represents the number of bridging oxygen atoms around the sili-
con atom. The major signal of NASO and LASO was located at approximately
1100 cm™, and was assigned to Q® species [35]. The peak at approximately
950 cm™ indicated the presence of Q? species in the binary alkali silicate
glasses [35]. The peak position of the Q* signals shifted to the low-frequency
side with increasing molar content of AlO, s, whereas the position of the Q?
signals did not change with respect to AlO,s content for both sodium- and
lithium-containing systems. Because the force constant of the Si—O bond is
affected by the presence of neighboring aluminum atoms, the peak shift of the
Q’ signal indicates that the aluminum atom exists in the vicinity of the Q3
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silicon species, which have fewer alkali cations than the Q? species. This con-
figuration was consistent with the results of an oxygen-17 nuclear magnetic
resonance study of aluminosilicate glasses, where aluminum was mainly
bonded to bridging oxygens [36, 37]. Overall, the Raman spectra of the glasses
indicated that aluminum cations play the structural role of network formers in
both sodium- and lithium-containing systems.
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FIGURE 7
Raman spectra of the quenched glassy samples after viscosity measurements.
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3.4 YAl MAS NMR

The local structure around the aluminum atoms was investigated using ’Al
MAS NMR spectroscopy to explain the differences between the NAS and
LAS viscosities caused by AlO, 5/SiO, ratios. The 2?’A1 MAS NMR spectra of
alkali aluminosilicate glasses are shown in Figure 8 (a). The signals of all
glasses were mainly located at approximately 65 ppm and were assigned to
tetrahedrally coordinated aluminum atoms (AlOy) [15]. The small shoulder
at approximately 30 ppm for the LAS11.2 and LAS16.8 glasses indicated
that a small fraction of the aluminum atoms were coordinated to five oxygen
atoms (AlOs) [15]. In addition, the line widths of the LAS glasses were
greater than those of the NAS glasses. Because ’Al is a quadrupolar nucleus,
the signals had an asymmetric line shape, mainly due to the quadrupolar
interactions, which could be characterized using a quadrupole coupling con-
stant (Cgq) [38]. The DMFIT program [39] was used to simulate the asym-
metric line shapes of the signals (see Figures 8 (b) and (c)). The fitting
parameters are listed in Table 3. The content of AlOs species was less than
2%, and aluminum cations were mostly present as AlO, tetrahedra in all the
glasses. Moreover, the LAS glasses had a larger C, than the NAS glasses.
It has been reported that the Cq of AlO, increases with the shear strain
parameter, ||, of the AlO, tetrahedron, which is defined by the following
equation (2) [40]:

|¢|:Zz|mn(91 - 0i:1eal)| (2)

where the sum runs over the six O-Al-O bond angles 6; [41] and 6,4, is the
ideal O—AI-O bond angle (109.5°), as illustrated in Figure 9. The derived Cq
values of the NAS and LAS glasses indicated that the shear strain was larger
in the LAS system. High-temperature in-situ Si NMR studies of alkali sili-
cate melts [42] suggested that the breaking and reforming of Si—O bonds con-
trolled the viscous flow. Similarly, it has been reported that the breaking and
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FIGURE 8
(a) ’Al MAS NMR spectra of the NAS and LAS glasses. Fitting results for the Al MAS NMR
spectra of (b) LAS16.8 and (c) NAS16.8 glasses, as examples.

TABLE 3
Fitting parameters for A1 MAS NMR spectra of the glasses.

AlO, AlO;
Sample Area (%)  §;,/ppm Co/MHz  Area (%)  §;,/ppm Cyo/MHz
NASI11.2 100 64.2 4.0 - - -
NAS16.8 100 65.0 4.0 - - -
LAS11.2 98.3 64.2 5.1 1.7 28.4 5.1%
LAS16.8 98.2 65.1 52 1.8 29.3 5.2%

*Fixed parameter

reformation of T-O (T: Si or Al) is a rate-controlling step in the viscous flow
of aluminosilicate melts [43]. Behrens and Schultz [44] proposed that the dis-
tortion of the O-T-O bond reduces the energy required to break the T-O
bond. The observed Cqof AlO, in the alkali aluminosilicate glasses indicated
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FIGURE 9
Schematic of local structure around an AlO, tetrahedron.

that the breaking and reformation of Al-O bonds in the lithium-containing
system should be more pronounced than those in the sodium-containing sys-
tem. Thus, the viscosity increased with an increase in the AlO, 5/SiO, ratio and
was greater for the NAS system than for the LAS system.

4 CONCLUSIONS

The AlO,5/SiO, molar ratio-induced changes in the viscosity of the alkali
silicate systems were investigated using the rotating crucible method and
DTA. The viscosity of the sodium silicate system drastically increased with
increasing the ratio, whereas that of the lithium-containing system was not
sensitive to this ratio. These results indicated that lithium-containing sys-
tems had the advantage of suppressing the viscosity increase due to the reac-
tion between silicate melts and aluminum-containing steel in their continuous
casting process. Moreover, structural characterization using Raman and ?’Al
MAS NMR spectroscopy indicated that the aluminum cations in the selected
silicate melts acted as network formers; however, the shear strain of the A1O,
tetrahedron depended on the type of alkali cation present in the system.
These results indicate that the degree of shear strain of the AlO, tetrahedron
plays an important role in controlling the viscosity of aluminosilicate
systems.
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