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Abstract

The uncontrolled growth of nepheline (NaAISiO,) crystals during the manufacturing of sodium
aluminosilicate glasses via the fusion draw or float techniques and during the vitrification of some of
the sodium- and alumina-rich nuclear waste glasses is a well-known problem. The addition of B,Oj; to
suppress the crystallization in these glasses is well documented in the literature. Other advantages of
B,0; is that it lowers the viscosity of the glass melt and, if incorporated in its trigonal coordination
state, will improve the intrinsic damage resistance of the final glass product. Hence, B,O; has been an
integral component of glass compositions for advanced industrial applications and for nuclear waste
vitrification. However, one major disadvantage of adding B,0; to alkali aluminosilicate based glasses
is its adverse impact on their chemical durability due to the rapid hydrolysis of BI3#-O-B[34bonds in
comparison to (Si, Al)-O—(Si, Al) bonds. Therefore, designing a boron-containing alkali
aluminosilicate based functional glass with minimal tendency towards crystallization and high
chemical durability requires an in-depth fundamental understanding of the mechanism through which
B,0O; tends to suppress crystallization in these glasses. There is no current consensus on the
fundamental mechanism through which B,0O; tends to suppress nepheline crystallization in these
glasses. Based on the mechanisms described and the questions raised in the preceding literature, the
present study focuses on addressing the ongoing debate through a detailed structural and thermo-
kinetic investigation of glasses designed in the Na,0—Al,03;—B,03;—Si10, based quaternary system over
a broad composition space. Using a combination of Raman and (1D and 2D) nuclear magnetic
resonance spectroscopies along with equilibrium and non-equilibrium viscosity, and liquidus
temperature measurements, it has been shown that the substitution of Si—O—Al by Si—O-B linkages in
the glass structure results in a significant increase in the glass forming ability as well as an increase in

the liquidus viscosity (slower diffusivity), thereby suppressing the nepheline crystallization.
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1. Introduction

Nepheline (NagK,AlgSig03;) is a rock-forming tectosilicate mineral which has been studied by
geologists for more than a century.! In the field of materials science, nepheline based glass-
ceramics gained attention during the 1960s when a tableware based upon glazed nepheline-based
glass-ceramic formulation was commercially sold by Corning Glass Works under the brand-name
Centura®? Since then, nepheline based glass-ceramics have been explored for several
technological applications including dental materials,> 4 microwave compatible glass-ceramics
(due to their low absorption of microwave energy),> ¢ and transparent and opaque glass-ceramics
for electronic packaging (owing to their ability to be chemically strengthened by ion-exchange).”
8 While a controlled crystal growth is desirable in the abovementioned technological applications,
there are other applications where nepheline crystallization is undesirable. For example, the
crystallization of nepheline during the cooling of some of the sodium and alumina-rich "waste
glass (in steel canisters) at Hanford Site in Washington state is considered to be detrimental for the
long-term performance (chemical durability) of the vitrified waste form.% 1% 11 Similarly, nepheline
crystallization is a problem during the manufacturing of alkali aluminosilicate based glasses by
fusion draw technique'? aimed for their application as display glass in consumer electronics, for
example, mobile phones, computers, and other displays.!? 1314, 15

One long-known solution to suppress nepheline crystallization in glass melts is the addition of
B,0; to the batch.!® 17- 18 The added advantage of B,Oj is that it lowers the viscosity of the glass
melt as well as improves the intrinsic damage resistance of the glass by reducing its Young’s and
shear modulus (when present in three-fold coordination).!® 29 Due to these reasons, B,0Os has been
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an integral component of glass compositions either intended for forming by fusion draw or nuclear
waste vitrification. On the other hand, one major disadvantage of adding B,0O; to alkali
aluminosilicate based glasses is its adverse impact on their chemical durability due to the rapid
hydrolysis of BI34-0O-BB4 bonds in comparison to (Si, Al1)-O—(Si, Al) bonds.?!-22 23 Therefore,
designing a boron-containing alkali aluminosilicate based functional glass with minimal tendency
towards crystallization and high chemical durability requires an in-depth fundamental
understanding of the mechanism through which B,0O; tends to suppress crystallization in these
glasses. The literature on this topic reveals an ongoing debate with various researchers presenting
diverging viewpoints. According to Marcial et al.,?* it is the coordination number of alkali cations
in the sodium aluminoborosilicate glass that controls the propensity of nepheline crystallization.
While the coordination number (CN) of sodium in carnegieite (an orthorhombic polymorph of
nepheline) crystal is 6, according to the researchers, an increase in B/Al ratio in glasses in the
system NaAl(;1B,SiO4 results in an increase in its CN from 6 to 6.4, thus resulting in the
suppression of crystallization.>* However, the validity of this hypothesis needs to be verified over
a broader composition space. According to Li et al.,'® B3* effectively competes with AI3* for Na*
as charge compensation of BO,™ units, thus reducing the activity or concentration of [AlOy4,]—Na*
resulting in suppression of nepheline crystallization. Further, according to a recent study by Lee
and Lee,?° there exists a non-negligible concentration of AI-O-Al linkages in the glass with
composition 25 Na,O — 25 Al,O3 — 50 SiO; (mol.%) resulting in imperfect aluminum avoidance.
An increase in Al/B ratio leads to a decrease in AI-O—Al and Si—O-Al linkages and an increase in
the proportion of Si—-O-B linkages in the glasses. Although not mentioned by Lee and Lee,?®
connecting their results about the structure of NaAl(;.,\B,Si0,4 glasses with the crystallization
behavior of the same series of glasses reported by Marcial et al.,>* another possible explanation for

4
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suppressed crystallization may be an increased thermal stability (due to reduction in AI-O—Al and
an increase in Si—O-B linkages) with increasing B/Al ratio. These diverging schools of thought do
not allow for development of a holistic understanding of the fundamental mechanism through
which B,0j3 tends to suppress nepheline crystallization.

In the present study, an attempt has been made to address this debate and present a mechanism
for suppression of nepheline crystallization (as a function of B,O3) based on the structure and
kinetics of crystallization in sodium aluminoborosilicate glasses. Accordingly, glasses with
varying Al,03/B,03 and Si0,/B,0j; ratios have been designed in the quaternary system Na,O—
Al,03-B,03-Si10; in the primary crystallization field of nepheline (NaAlSiO,4) and its polymorphs.
The concentration of B,0; in both series of glasses has been varied between 0 — 20 mol.% at an
increment of 5 mol.% to compare the impact of changing Al,03/B,0j5 ratio with Si0,/B,0; ratio
on the structure, viscosity, and crystallization tendency of the glasses. Raman and magic angle
spinning — nuclear magnetic resonance (MAS NMR) spectroscopies have been used to study the
structure of glasses and partitioning of boron in resultant glass-ceramics. Further, from the
standpoint of classical nucleation and crystal growth theory, nucleation and crystal growth rates
are governed by overall diffusivities of constituent atoms,?* 2¢ which are further dependent on the
viscosity and temperature as per the Stokes-Einstein (SE) equation. It is therefore anticipated that
probing the viscosity at the liquidus temperatures of the aluminoborosilicate glasses and melts
under investigation will aid in developing an understanding of the role of boron in the suppression
of nepheline crystallization. Therefore, a combination of isothermal and non-isothermal
crystallization studies in conjunction with beam-bending and rotational viscometer and liquidus
temperature measurements have been utilized to understand the structural and thermodynamic
drivers controlling the nepheline crystallization in sodium boroaluminosilicate glasses.
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2.1 Glass synthesis

Glasses with varying B,03/SiO; (labeled as SB—x) and B,03/Al,05 ratios (labeled as BA—x),
where x represents the batched B,O; content in mol.%, were synthesized using the melt-quench
technique. The boron-free baseline glass is designated as BL, which represents the stoichiometric
nepheline (Na,O+Al,032S10,) composition. Homogeneous mixtures of batches (corresponding
to 70 g oxide glass), comprising SiO, (Alfa Aesar; >99.5%), Na,SiO; (Alfa Aesar; anhydrous,
tech.), ALO; (ACROS Organics; extra pure; 99%) and H;BO; (ACROS Organics; extra pure,
99+%) were melted in 90%Pt—10%Rh crucibles in an electric furnace at temperatures varying from
1450-1650 °C for 2 h. The melts were quenched on a copper plate followed by annealing for 1 h
and then slowly cooling to room temperature. The annealing temperatures were determined from
the estimated values of glass transition temperature (7;) using the SciGlass database, as Ty — 50
°C. The amorphous nature of the samples was confirmed by using X-ray diffraction (XRD;
PANalytical — X’Pert Pro; Cu K, radiation; 20 range: 10°-90° step size: 0.013° s!). The
experimental composition of glasses was analyzed by inductively coupled plasma — optical
emission spectroscopy (ICP-OES; PerkinElmer Optima 7300 V) and flame emission spectroscopy
(for sodium; PerkinElmer Flame Emission Analyst 200). Table 1 presents the batched and

experimental compositions of the studied glasses.

2.2 Thermal characterization of glasses
2.2.1 Differential Scanning Calorimetry

The glasses were crushed to produce coarse glass grains in the particle size range of 0.85 to 1
mm. Differential scanning calorimetry (DSC) data were collected using a Simultaneous Thermal

Analyzer (NETZSCH 449 F5 Jupiter, Burlington, MA) in the temperature range of 30 °C — 1600

6
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°C at a heating rate (B) of 10 °C min'! under a constant flow of nitrogen gas. The temperatures,
corresponding to the onset of glass transition (7}), onset (7), and peak (7}) of crystallization and
melting (7},), were obtained from DSC scans. The DSC data reported for any glass composition
are the average of at least three thermal scans.
2.2.2  Viscosity measurements

An Orton RSV-1700 rotating spindle viscometer equipment (Westerville, OH) comprising a
Brookfield HB-DV2T viscometer head fitted with a platinum spindle was used to measure the
viscosity of five glasses, i.e., BL, SB-10, SB-20, BA-10, and BA-20, upon cooling from the melt
stage. The high-temperature calibration of the viscometer as well as the establishment of the
spindle measurement constant?’ over the temperature range of interest were performed using the
National Institute of Standards and Technology (NIST) 710 soda-lime silica standard reference
glass.?® Approximately 400 grams of glass frit was placed inside a 200 mL 90%Pt-10%Rh crucible.
The crucible was then loaded in the viscometer furnace set at a temperature varying between 1000
— 1500 °C depending on the B,O; content in the glass and heated for ~ 10 hours to remove bubbles
and to ensure a homogenous melt while avoiding volatilization of components. The melt was then
further heated to its maximum temperature and held for ~30 minutes to ensure that the temperature
reached steady state. The rotating platinum spindle was lowered into the melt and rotated at a speed
varying between 1 rpm to 80 rpm, where the speed was reduced as the viscosity increased. The
viscosity measurements were made by gradually decreasing the temperature of the melt until the
spindle torque became too high to prevent it from rotating in the melt. At any given temperature,
once the viscosity value stabilized (as a function of time), it was recorded along with the
temperature readings using the Molten Glass and Molten Ash Viscometer software provided by

Orton Ceramics.
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Three-point equilibrium beam-bending method?® was utilized to measure the viscosity of
glasses near the glass transition temperature, 7,. Each reported data point corresponds to a
viscosity measurement after an isothermal hold. At each temperature, viscosity was observed
during the isothermal hold until the viscosity reached a plateau as a function of time. Therefore,
these viscosity values correspond to the thermodynamic equilibrium state independent of thermal

history, and they are only a function of the glass/melt composition.

2.2.3  Liquidus temperature measurements

Liquidus temperature (71) measurements were performed on five glass compositions, namely,
BL, SB-10, SB-20, BA-10, and BA-20, by following ASTM C829 — 81 standard using gradient
furnace method. Accordingly, the samples were crushed in a metallic pestle-mortar to obtain ~35
grams of powdered glass in a particle size range of 300 to 425 um. The powders were washed
using ethanol, followed by acetone, and dried overnight in an oven at 100 °C. The dried powdered
samples were placed in Pt-Rh boats (15 cm x 0.5 cm base; 0.6 cm height; 16.2 cm x 0.8 cm top)
and inserted in the muffle tube of the gradient furnace. Using calorimetric data obtained from DSC,
a tentative range of liquidus temperature was determined by locating the end of the melting curve
of each composition. Accordingly, the gradient furnace (Orton GTF — 1616STD — G) was heated
to a temperature so that the glass at the hot-end of the platinum boat was completely melted, while
the remaining part of the boat fall in the expected range of liquidus temperature. The platinum boat
was allowed to heat inside the furnace for a duration varying between 1 — 7 days depending on the
crystallization tendency of the glass. After the completion of the heating cycle, the boat was
removed from the furnace and allowed to cool on a steel plate. After confirming the amorphous
nature of the hot-end and the crystalline nature of cold-end by XRD, the sample was observed

under an optical microscope (moving from the hot-end to cold-end) to determine the point where
8
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the first crystal in the melt was formed. By measuring the length of this point from the hot-end and
correlating that value with the temperature vs. length curve of the gradient furnace, the liquidus
temperature (71) of the sample was determined. Further, XRD (PANalytical — X’Pert Pro; Cu K
radiation) was used to determine the identity of the crystalline phase.

2.2.4 Crystalline phase evolution in glasses

To understand the non-isothermal crystalline phase evolution in glasses as a function of their
composition, glass pieces (~2-3 gram) were heated (in Al,O; crucibles) to different temperatures
(Carbolite BLF 1800 furnace) in the crystallization region (per DSC data) at 10 °C min™! and were
air quenched as soon as the desired temperatures were reached. All the heat-treated samples were
characterized qualitatively by powder XRD (PANalytical — X’Pert Pro; Cu K, radiation).

The crystalline phase evolution in the glasses under isothermal conditions was studied by
heating the glasses at 950 °C for 24 hours (B = 10°C min') in a muffle furnace (Thermo Fisher
Scientific; Thermolyne F47925-80) in ambient atmosphere. The heat-treated glass samples were
allowed to cool to room temperature in the furnace. The resulting glass-ceramics were divided into
two parts. The first part of the sample was crushed to powder with particle size <45 pm and mixed
with 10 wt.% Al,O; as an internal standard for quantitative crystalline phase analysis by XRD
using the Rietveld analysis method (JADE). The crystalline phase evolution data for qualitative
analysis was obtained using the XRD parameters described in section 2.1. The data for quantitative
phase analysis was obtained using PANalytical X Pert Pro XRD with a Cu-K, tube, 45 kV, and

40 mA, in the 20 range of 10 — 90° with 0.006565° 20 step size, and dwell time of 23.97 s.

2.3 Structural characterization of glasses

2.3.1 Raman spectroscopy
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Raman spectra of glasses were obtained using a Renishaw inVia Raman spectrometer equipped
confocal microscope system using a 532 nm wavelength laser, operating at 500 mW power.
Unpolarized Raman spectra were acquired in the range of 100 to 1700 cm™' wavenumbers on pieces
of glasses focused at a 20x magnification. Ten accumulations were taken for each scan with a
spectral resolution of 1 cm!, with an exposure time of 10 s cm!. All of the recorded spectra were
subjected to baseline correction followed by intensity normalization by dividing the values on the

y-axis by the maximum value on the y-axis.

2.3.2  Nuclear magnetic resonance (NMR) spectroscopy

The structure of selected glasses and glass-ceramics has been studied using multi-nuclear
magic-angle spinning (MAS) and multiple quantum magic angle spinning (MQMAS) NMR
spectroscopy. The MAS NMR spectra of "B and ?*Na were acquired using commercial
spectrometers (DD2, Agilent) and MAS NMR probes (Agilent). The samples were powdered in
an agate mortar, packed into 3.2 mm zirconia rotors, and spun at 20 kHz for ''B MAS NMR and
22 kHz for 2Na MAS NMR. 2*Na MAS NMR data was collected at 16.4 T (185.10 MHz resonance
frequency), using a 0.6 ps (~m/12 tip angle) pulse width for uniform excitation of the resonances.
A range of 400—-1000 acquisitions were co-added, and the recycle delay between scans was 2 s.
"B MAS NMR experiments were conducted at 16.4 T (224.52 MHz resonance frequency),
incorporating a 4 s recycle delay, short rf pulses (0.6 us) corresponding to a n/12 tip angle, and
signal averaging of 400 to 1000 scans. The acquired spectra were processed with minimal
apodization and referenced to aqueous boric acid (19.6 ppm) and aqueous NaCl (0 ppm). Fitting
of the MAS NMR spectra was performed using DMFit3° and, accounting for distributions in the
quadrupolar coupling constant, the CzSimple model was utilized for 2>Na MAS NMR spectra. The

““Q MAS 2" and Gaus/Lor functions were used to fit 3- and 4-fold coordinated boron resonances
10
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in the '"B MAS NMR data, respectively, and N4 was calculated from the relative areas of these
peaks, with a small correction due to the overlapping satellite transition of the 4-fold coordinated
boron peak.3!

2D 3QMAS NMR experiments were conducted at 16. 4 T (185.1 MHz resonance frequency)
using an Agilent DD2 spectrometer and 3.2 mm MAS NMR probe. Samples were packed into 3.2
mm zirconia rotors and spun at 22 kHz. These data were collected using the hypercomplex shifted-
echo pulse sequence.?? For 2*Na 3QMAS NMR, RF pulses were calibrated to provide optimized signal-to-
noise ratios, typically resulting in hard pulse widths of 5.1 and 1.8 us, and a soft z-filter reading pulse of 20
ps. 24 to 240 acquisitions were collected for each of 32 to 128 t; points, with an isotropic sweep width of
100 kHz and a recycle delay of 2 to 5's. All 3QMAS NMR data were processed (shear transformed and
shift referenced) using commercial software and without any added line broadening in either dimension.
Projections onto the MAS and isotropic shift axes were done by summing the maximum signal to give a

skyline-type projection.

3. Results
3.1 Compositional analysis of glasses

All the glasses synthesized in this study appeared transparent and proved to be non-crystalline
via XRD, as shown in Figure S1. The compositional analysis of these glasses has been conducted
using ICP-OES and flame emission (for sodium oxide) spectroscopy. The concentration of Na,O
has been observed to be 0 — 3% less than the batched Na,O weight fraction, while the amount of
B,0; has been observed to be 0 — 6% less than its batched weight fraction (Table 1). The wt.% of
Si0, content is also observed to be 0 — 5% less than its batched weight fraction. These losses can
be attributed to the volatility of Na,O and B,0O; arising from the relatively high melting

temperatures of these glass batches (1450 °C and above). Nevertheless, these deviations are
11
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unlikely to impact the trends in the compositional dependence of the properties presented in this

study.

3.2 Structure of glasses
3.2.1 Raman spectroscopy

The normalized and baseline-corrected Raman spectra of glasses belonging to SB-series and
BA-series have been presented in Figures 1(a) and 1(b), respectively. For the convenience of the
readers, we have divided the Raman spectra of the studied glasses into the following four regions:
Region I: 250 cm™' — 650 cm’!; Region II: 650 — 850 cm!; Region III: 850 — 1250 cm’!, and
Region IV: 1250 — 1600 cm! and the assignments of all Raman bands have been summarized in
Table 2. In the low-frequency Region I, the Raman spectrum of the baseline glass (BL) shows
bands centered at ~448, 490 and 560 cm™'. These bands have been reported to be related to the
442, 492, and 604 cm’! bands in pure SiO, glass, respectively, and have been attributed to the
mixed stretching-bending vibrational modes of T-O-T (T = Si, Al) in six-membered, four-
membered and three-membered T-O-T rings respectively.33-34 35,36 The band observed at 490 cm™!,
known as the D1 band, indicates the presence of four-membered rings;3”- 38 while the band at 448
cm™!' in BL glass has a tail to lower frequency probably related to five- or six-membered ring
sizes.3® As B,0j is substituted for SiO, (SB-series), the intensity of the 560 cm™! band decreases,
which is attributed to the so-called D2 bands representing breathing vibrations of three-membered
rings with one or more Al atoms.3”-3% 3% The three bands in Region I tend to merge with increasing
B,0; content, resulting in a broad band from 300 to 620 cm! in glass SB-20. The merging of bands
may be attributed to the broader distributions of bond angles and bond distances arising in the glass
network that comprises aluminate and silicate tetrahedra along with trigonal borate entities. Similar

12
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trends are, however, not observed when B,0j is substituted for Al,O3; (BA-series). With increasing
B,0; substitution for Al,O3 to 15 mol.% and above (BA-15 and BA-20), a new band at 630 cm™!
can be observed. This band has been attributed to breathing mode in danburite-like borosilicate
rings or formation of metaborate rings.?!> 40> 41 Danburite is a mineral of composition
Ca0-B,0;:2Si0, where boron exists as BO, tetrahedra, charge compensated by Ca?*. Manara et
al.*? have argued that the 630 cm! band can also be attributed to a similar structure with Na*
instead of Ca?*, thus making the formula of borosilicate rings as Na,O-B,05-2SiO,. Interestingly,
this band is not observed when B,0s is substituted for SiO,, since in SB-series Na/Al = 1, in an
ideal case scenario, it is expected that all the Na* will be consumed in charge compensating the
AlQy tetrahedra. Therefore, boron in the SB series of glasses is expected to be three-coordinated.
On the other hand, in BA-series, substitution of B,O; for Al,O; results in a per-alkaline
composition. Therefore, an increasing number of Na* cations are available to charge-compensate
BOy units. This explains the reason for the absence of the 630 ¢cm!' band corresponding to
danburite-like rings from the Raman spectra of the SB glass series. The results are in good
agreement with the findings of Lee and Lee,?® where they reported an increase in Si—~O-B linkages
upon increasing B/Al ratio in the NaAl(;.«)B,Si04 glass system. Further, according to Marcial et
al.,>* an increase in B,O; concentration in NaAl(.,B,SiO, should result in the formation of
“reedmergnerite — like” rings, B[xSi, (4-x)Al], rather than “danburite-like” rings. The characteristic
Raman band for reedmergnerite rings is at ~586 cm!.4%- 42 While the BA-series glasses show a
band at 570 cm™! which has been attributed to vibrations of three-membered aluminosilicate rings
with one or more Al atoms, a distinct band at 586 ¢cm! has not been observed. Therefore, the
presence of “reedmergnerite—like” rings, while possible, could not be confirmed in the present
study.

13
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In Region II between 650 to 850 cm’!, the subtle changes occurring due to the changing
B,05/S10, (SB-series) and B,03/Al,03 (BA-series) ratios are more complicated to decipher due
to the overlapping of bands corresponding to different structural moieties. As seen in Figure 1, all
SB-series and BA-series glasses, along with BL, show a broad band in this region. The literature
suggests that the band between 700 to 800 cm!' peaking at 740 cm! in the BL glass can be
attributed to T-O-T (T= Si, Al) bending modes or motion of Si atom in its oxygen cage or to T-O
stretching vibrations involving oxygen motions in the T-O-T plane.?? 3443 The contributions from
these vibrations are most likely present in both SB- and BA-series of glasses as well. Furthermore,
according to the literature on Raman spectroscopy of borosilicate glasses, a band in the region
720-730 cm™' could be assigned to chain-type meta-borate groups containing non-bridging
oxygens (NBOs).** Similarly, it has been reported in the literature that a band at 770 cm! in
borosilicate glasses is generally attributed to the symmetric breathing vibration of six-membered
rings containing BO, tetrahedra.*!- 4> 4> However, as will be shown in the next section, the glasses
in the SB-series are devoid of any NBOs with all boron present in trigonal form; while glasses in
the BA-series do contain NBOs along with a significant fraction of tetrahedral boron. Therefore,
the possibility of a contribution from bands corresponding to meta-borate units and breathing
vibrations of rings containing BO, tetrahedra can be negated in case of SB-series glasses, while
the contributions from such vibrations are possible in BA-series of glasses. As mentioned earlier,
these results are in good agreement with the 1’0 MAS NMR results reported on NaAl;B,SiO,4
glasses by Lee and Lee.?® Furthermore, a very low-intensity band can be observed at ~830 cm™! in
SB-10, SB-15, and SB-20 glasses which is likely associated with borate groups containing trigonal
boron, possibly structures similar to boroxol rings.*® Such a band has not been observed in BA-
series glasses.

14
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The Region III between 850 and 1250 cm™! shows a prominent high-intensity band in the
spectra of all the samples. Generally, this region shows bands corresponding to asymmetric and
symmetric Si—O vibrations in fully polymerized tetrahedral units.33 35 40. 42,47 Since the baseline
glass (BL) corresponding to stoichiometric composition of nepheline (NaAlSiO4) is fully
polymerized, the bands primarily consist of (Si, Al)-O stretching modes in Si(OAl), species —
where x is the number of AlQ, tetrahedra attached to the SiO, tetrahedron. McMillan et al.33 have
suggested that the bands at 1120, 1000, and 935 cm! in nepheline glass are indicative of Si(OAl),
Si(OAl),, and Si(OAl); units respectively.®® 4 With the substitution of B,O; for SiO, (SB-series),
there is an overall decrease in the intensity of this broad band, which is due to the decreasing SiO,
content, but there is no significant change in its peak position. On the other hand, when B,Os is
substituted in place of Al,O; (BA-series), there is an increase in the intensity of this broad band
along with a shift in the peak position to a higher wavenumber from 1000 cm™! in BL to 1060 cm™!
in BA-20. Furthermore, with increasing B,O5 content in BA-series, the shape of the band changes,
as it becomes narrower and develops a tail on the lower wavenumber side. These changes in the
shape of the band can be attributed to an increase in Si—O-B linkages, an increasing proportion of
Si—O- stretching vibrations in tetrahedra containing NBOs (Q? units), and the reducing number of
Si—O-Al linkages.40- 41,49

The Region IV between 1250 cm™! and 1600 cm™! generally shows bands corresponding to B-
O stretching vibrations in chain-type metaborate groups.?!> 40: 41, 42, 45 'With increasing B,0;
substitution against SiO, (SB-series), two low-intensity bands are observed at 1290 and 1420 cm-
I'in the case of SB-15 and SB-20 which can be attributed to B-O stretching vibrations involving
oxygen connected to different groups and ring vibrations respectively.’® On the other hand, when
B,0; is substituted against Al,O3; (BA-series), a band appears at 1460 cm™!, which has also been

15
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previously reported in the Raman spectra of similar glass compositions.?! The band has been
attributed to BOO- triangles (0 = bridging oxygen, O- = NBO) connected to other BO; units based
on the literature from alkali borate and alkali aluminoborate glasses.*>-#! Thus, as discussed above,
the presence of chain-type meta-borate units with NBOs is highly likely in the BA-series of glasses,
while it is unlikely in SB-series glasses due to the absence of NBOs. Here it should be noted that
according to Lee and Lee,?’ the NBOs in the glass system NaAl(;_)B,SiO4 are created only in the
silicate network. However, the presence of a Raman band at ~1460 cm’!, corresponding to BOO-
triangles, points towards the presence of NBOs in both silicate and borate network in the glass

structure. Therefore, further structural investigations in this glass system are warranted.

3.2.2 MAS NMR spectroscopy

Figure 2 presents the 22Na MAS NMR spectra of selected glasses from the SB- and BA-series.
All spectra show a broad featureless peak, which is characteristic of amorphous materials, with a
maximum close to -10 ppm. The spectrum of glass BL is consistent with our previous work?>!- 3233
and other reports on sodium aluminosilicate glasses which denote this frequency to Na* acting as
a charge compensating cation and not creating any NBOs.3* 35 3¢ Ag evident from Figure 2, the
range of chemical shifts is relatively small in both SB- and BA-series, which, coupled with a large
quadrupolar interaction for 2*Na, requires the use of two-dimensional MQMAS NMR experiments
to determine the chemical shifts and quadrupolar product with greater accuracy.

The 2*Na MQMAS NMR spectra of select SB- and BA-series glasses have been presented in
Figure 3. The 2*Na MQMAS NMR spectrum of all glasses shows a dominant chemical shift
distribution along with broadening induced by quadrupolar coupling which confirms a wide
distribution of Na* environments which is characteristic for glasses. The isotropic chemical shift

(dcs) and quadrupolar coupling constant (Cg) values for the spectra presented in this study have
16
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been computed by fitting the MAS NMR spectra using DMFit. Although fitting of 2’Na MAS
NMR data does provide these key parameters, the lineshapes for 22Na in amorphous solids make
reliable determination of Cq rather difficult, so instead, we have utilized 2*Na MQMAS NMR data
to better estimate the average quadrupolar coupling parameters in these glasses. The frequencies
corresponding to the MAS projection (dyas) as well as the isotropic projection (Jis,) have been
used to calculate the isotropic chemical shifts (dcs) and quadrupolar coupling products (Pq) by
using equations (1) and (2) respectively:3?
Ses= 77, ) + 77 iso) ()
Py= (8iso— Omas)'/? X 5.122 x 0.1851018 ),

where the latter two constants (5.122 and 0.1851018) are determined by the nuclear spin of 2’Na
(I=3/2) and the Larmor frequency used for these 2Na MQMAS NMR experiments, respectively.
Py is related to the quadrupolar coupling constant, Cp, as Py = Co(1+72/3)"2, where 7 is the
asymmetry of the quadrupolar coupling interaction. The Jcs and Py values obtained for the
aforementioned glasses have been presented in Table S3. With increasing B,O; substitution against
Si0, (SB-series), the dcs values do not show a significant trend in variation, as the values range
from -4.1 ppm in BL to -4.4 ppm in SB-10 and -4.2 ppm in SB-20. This suggests that there is no
significant change in the Na-O bond length or coordination number when B,0; is replaced against
Si0,. There is a slight decrease in the quadrupolar coupling product from 1.75 MHz in glass BL
to 1.53 MHz in glass SB-20 (as shown in Table S3).

On the other hand, with increasing B,O; substitution against Al,O; (BA-series), there is a
positive shift in dcs from -4.1 ppm in BL to -3.5 ppm in BA-20, suggesting a decrease in Na-O
bond length or coordination number,>* along with an increase in the quadrupolar coupling constant

from 1.75 MHz in glass BL to 1.9 MHz in BA-20 (Table S3). Previous studies have shown that a
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sodium ion in position as a charge compensator exhibits a larger Na-O bond length than in position
as a modifier.””-3® With the substitution of B,O; for Al,Os, there is a change in the role of Na* ions
from being solely a charge compensator in the boron-free glass (BL), to both a charge compensator
and network modifier in boron-containing glasses, which explains the decrease in the average Na-
O bond distance. This change in the role of Na* ions is also reflected by the increase in P values
with increasing B,0s.

Further, the chemical shift in the 2Na MQMAS NMR spectra of glasses has been interpreted
using the empirical correlation derived by Koller et al.>® for crystalline sodium silicates described
in Equation 3.

8cs =—1334 + 107 3)
where,
A=TWyr} (4)
Here, W; is the valence of the i,, oxygen, which can be computed from the empirical parameters in
Ref.,%0 and r; is the distance to that oxygen. The typical valence is W = 2 for oxygen (both bridging
and non-bridging) as has been proposed by Zwanziger et al.%!, while the Na—O distance (7;) has
been calculated using Equation 5 proposed by Lee and Stebbins for sodium aluminosilicate
glasses.>
Scs= — 644 x d(Na— 0) +168.3 (5)

According to Zwanziger et al.,' these estimates can be used to derive the average CN (n) for
sodium in the glass by performing the sum in Equation 4 over the n nearest neighbors and using

W and r as described in Equation 6.

a~nl"/y  ©
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Table 3 presents the values of ocs, Na—O bond length (r), 4, and average CN of sodium (7). The
average CN of sodium in the baseline sodium aluminosilicate glass has been estimated to be 8.01.
There is no significant trend in change in CN when B,03 is substituted in place of SiO,, as the CN
increases to 8.08 in SB-10 and then reduces to 8.03 in SB-20, which fall within the margin of error.
On the other hand, there is a slight decreasing trend in CN when B,O3 is substituted against Al,Os,
as the CN value drops from 8.01 in the BL glass to 7.95 in BA-10 and 7.89 in BA-20. It is generally
assumed that o¢cg values obtained from fitting have an uncertainty of =1 ppm, which amounts to
an uncertainty of ~0.22 in the estimation of CN. This suggests that a small amount of measurement
or fitting error does not account for a large change in CN. To the best of author’s knowledge, there
does not exist any literature reporting the values of sodium CN in sodium aluminoborosilicate
glasses except for Marcial et al.?* where they have reported an increase in the CN of sodium in
NaAl(.,B,S104 based glasses from 6 to 6.4. The estimated value of sodium CN for nepheline glass
in the present study is in good agreement that reported by Lee and Stebbins.®> However, the
estimated sodium CN is comparatively higher than that calculated by McKeown et al.%3 or Neuville
et al.% from the Na K-edge XANES of nepheline glass (CN = 5). As is evident, there does not
exist an agreement on the exact coordination environment of non-framework cations in alkali
aluminosilicate glasses in the literature. According to Lee and Stebbins,>* the noticeable
discrepancy in sodium CN values calculated from *Na MAS NMR spectra and Na K-edge
XANES may be due to the processes associated with phase shift corrections in EXAFS or the fact
that 2Na chemical shift is rather insensitive to CN, with significant overlap between CN values of
5 and 6.%° Therefore, a more detailed look at the effect of the oxygen—bonding environment around

Na is needed.
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Figure 4 presents the ''"B MAS NMR spectra of glasses from SB (Figure 4a) and BA-series
(Figure 4b). The broad peak between 10 ppm and 20 ppm corresponds to trigonal boron (BO;),
while the peak appearing near 0 ppm corresponds to tetrahedral boron (BO,). Table 4 presents the
quantification of boron units in glasses as determined from ''"B MAS NMR spectra. In the glasses
with varying B,0;/SiO; ratio, boron primarily exists in trigonal coordination (BOs) owing to the
unavailability of sodium ions to convert BO3 to BO, units (as shown in the A1 MAS NMR spectra
provided in Figure S4, aluminum is present solely in tetrahedral coordination in both SB- and BA-
series glasses). The consumption of all the sodium cations to charge-compensate AlO4 units also
rules out the possible existence of NBOs in the glasses from SB-series.

In the case of glasses with varying B,03/Al,0; ratio, the ''B MAS NMR signal shows a
combination of trigonal and tetrahedral boron with an increasing proportion of BO4 units with
increasing B,O; content. Since B,0j5 is being substituted at the expense of Al,O;, and not all the
excess Na'T is used to convert BO; to BO, units, a fraction of sodium cations will act as network
modifiers, thus creating NBOs in the borosilicate glass network, corroborating the results of
Raman spectroscopy. The trend is generally consistent with those reported for ''B MAS NMR
studies on the same glass compositions.?- 2I- 24 Table 4 presents the number of NBOs per
tetrahedron (NBO/T) being produced in the structure of glasses from BA-series as calculated using
boron speciation data from ''B MAS NMR spectroscopy. As is evident from Table 4, the NBO/T

fraction increases with increasing B/Al ratio in the investigated glasses.

3.3 Glass transition and viscosity behavior of glasses and melts

T Excess Na* = [Na']iow — [Na*]aj04, i.€., sodium cations left after charge compensating AlO,4 units.
20
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Figures S2(a) and S2(b) present the DSC scans of all the glasses in the SB and BA-series,
respectively, while Table 5 summarizes different transformation temperatures obtained from these
scans. The glass transition temperatures (7,°5¢) of the studied glasses were obtained from the onset
of the endothermic peak in the glass transition range. Furthermore, the viscosity data measured
using the beam-bending method has been used to obtain the glass transition temperature
corresponding to a viscosity of 10'? Pa s, which has been designated as 7,"" and presented in Table
5. As evident, the T,°SC and 7, are in good agreement with each other. The 7,PS¢ value of the
baseline glass (BL) was found to be the highest among all the investigated glasses and was
observed to decrease with increasing B,03/SiO, (SB- series) and B,0O3/Al,05 (BA- series) ratios.
Although the 7,°S¢ decreases with increasing B,Os content, the trends in the variation in 7,°5¢ of
the two series of glasses are significantly different, as shown in Figure S3. In the SB series, an
increasing B,Os concentration results in a slightly non-linear decrease in the 7,°SC. This trend can
be explained on the basis of decreasing network connectivity in the glass structure as tetrahedral
Si04 units are replaced by less-constrained BO; units that reduce the overall rigidity of the glass
network. However, since B,Oj; is replaced against SiO, on a molar oxide basis, removal of every
Si0, tetrahedron is accompanied by addition of 2 BOj; trigonal species in the network. The
resulting non-linear variations of both Si0, and BO; species as a function of B/Si ratio may help
in explaining the reducing magnitude of decrease in 7, with increasing B,O;.

In the glasses in BA-series, substituting 10 mol.% B,0; for Al,O; results in a sharp decrease
in the 7,25 value from 802 °C (BL glass) to 538 °C (BA-10). This may be attributed to a sudden
drop in the fraction of Al-O—Al linkages from ~30% to nearly zero, as has been shown by Lee and
Lee.?’ The presence of Al-O—Al linkages in the glass structure usually result in higher 7, values
in the alkali and alkaline-earth aluminosilicate and aluminoborate glasses.>> ¢ % Further increase
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in B,O5 concentration has a relatively smaller impact on the 7,P5¢ values of the resulting glasses
(Figure S3) which may be explained on the basis of two competing mechanisms in the glass
structure — (1) an increase in the BO, fraction (over BO;) resulting in higher network connectivity,
and (2) gradual replacement of stronger Si—O—Al linkages by weaker Si—O-B linkages?® 23 along
with an increasing NBO fraction leading to a weaker network.

The experimental high-temperature viscosity values of glass melts in the range of 10! to 103
Pa s (from rotation viscometry), and the near-7}, viscosity values of glasses (from equilibrium beam
bending viscometry) have been presented in Table S1. In order to cross-check the viscosity values
measured in the present investigation, the viscosity values of baseline glass (BL) were compared
with those reported in the literature for similar glass compositions, as presented in Table S2. Toplis
et al.%7 reported viscosity values of two melts with their chemical composition close to NaAlSiOy,
where the glass with Na/(Na + Al) = 51 was labeled as NAS50:51, while the one with Na/(Na+Al)
=49 was labeled as NAS50:49. The viscosity values of the BL glass melt obtained in our study
are in good agreement with those reported by Toplis et al.,%” while the near-7, viscosity of BL
glass is in good agreement with that reported by Le Losq et al.>® The substitution of B,O; for SiO,
(SB-series) or Al,O3 (BA-series) leads to a decrease in the viscosity, which is expected, but the
extent of the impact varies significantly depending on whether B,O5 has been substituted for Al,O;
or Si0O,.

The viscosity values obtained using the beam-bending method have been used to calculate the

kinetic fragility, m, of the glass melts as described in Equation 5.3

d (log1om)

T
A7)

()

m=
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atT = Tgis, where the 7, corresponds to the temperature at which equilibrium viscosity is 102
Pa s. The melts closer to Arrhenian behavior are defined as strong and have a low fragility value,
while the melts having a large departure from Arrhenian behavior have higher fragility values and
are defined as fragile.®® © Figure 5 presents the viscosity of glasses collected using the beam-
bending method in the near-7, regime as a function of 7/T (also known as Angell plot),* and the
fragility values calculated using Eqn. (5). The m of the baseline glass (BL) obtained by this method
is in good agreement with that presented by Toplis et al.5” An increase in B,03/SiO, ratio in the
glass melts (SB series) leads to a decrease in fragility from 38.7 in BL to 33.5 in SB-10, while
further increase leads to an increase in fragility to 36.6. Overall, the substitution of B,O5 in place
of SiO, exhibits a minimal impact on their fragility values with an average value is 36 + 3 along
the whole series of glasses. On the other hand, an increase in the B,03/Al,05 ratio (BA series) in
glasses results in a significant increase in the fragility of glass melts with the value of m increasing
from 38.7 (for BL) to 57.3 (for BA-20).

When correlating the atomic structure of glasses with their fragility, it can be observed that the
trends observed in fragility are directly proportional to their NBO/T concentration, as shown in
Figure 6. Similar correlations between the structure and kinetic fragility index of sodium
aluminoborosilicate glasses have also been reported by Zheng et al.”® where they have attempted
to explain these trends on the basis of changes in boron coordination and temperature-dependent
topological constraint theory.”! However, the glass structure vs. fragility trends observed in the
present study, as well as those reported by Zheng et al.,’® have also been widely reported in boron-
free glasses in the literature.®”-7%73 In terms of glass structure, the kinetic fragility has been shown

to depend on the network connectivity in the glass. A higher fragility is directly proportional to a
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greater loss in the configurational entropy upon the cooling of a melt. A lowering of network

connectivity due to an increase in NBO concentration, thus, results in a higher fragility index.”?

3.4 Crystallization behavior of glasses
3.4.1 Crystallization behavior as predicted from DSC analysis

The DSC scans of the investigated glasses (as shown in Figure S2a and Figure S2b, and data
presented in Table 4) reveal interesting information about their crystallization behavior. The BL
glass shows an onset of crystallization at 924 °C, and a crystallization peak at 961 °C, followed by
melting at 1526 °C, although the thermal analysis data of this glass in our previous studies did not
show any crystallization curve.>! This may be due to the difference in the thermal history of glass
particles. While the BL glass in our previous study was obtained by water-quenching of the melt,’!
in the present study it has been obtained by pouring the melt on a steel plate followed by annealing.

The substitution of 5 mol.% B,0O; for SiO, results in a drop in the crystallization onset
temperature and appearance of two exothermic peaks followed by a lowered melting temperature
(compared to glass BL). Further increase in the B,O5 content to 10 mol.% leads to the formation
of a peak with a shoulder. The appearance of two exothermic crystallization curves in the DSC
scans of glasses SB-5 and SB-10 indicates either the formation of two or more crystalline phases
or polymorphic transformations in a crystalline phase as a function of temperature. With further
increase in B,O3 content to >15 mol.%, only one crystallization peak is observed, and the T, T,
and T}, values continue to drop. The difference in 7, and 7, (AT = T,-T,), which is indicative of
the glass’ resistance towards devitrification, has been calculated and presented in Table 5. While

the AT value for BL glass is estimated to be 122 °C, the substitution of 5 mol.% B,0; for SiO,
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reduces it to 106 °C denoting an increase in the tendency towards crystallization. However, a
further increase in B,O3 content >5 mol.% results in a gradual rise in the AT values from 106 °C
(for glass SB-5) to 232 °C (for glass SB-20).

Among the BA-glass series, only BA-5 and BA-10 glasses show crystallization peaks followed
by subsequent melting curves for the as-formed crystal phases. The crystallization temperatures
are significantly lower for the glasses in BA-series as compared to their counterparts in the SB-
series with the same B,O; content. A drop in AT is observed from 122 °C (in BL) to 112 °C in
BA-5. However, further increase in B,O3; content to 10 mol.% results in a substantial increase in
AT to 151 °C, denoting suppression in crystallization tendency. Since the glasses with B,O5>10
mol.% in BA-series do not exhibit any crystallization peaks, AT cannot be calculated for these

glasses.

3.4.2 Non-isothermal heat treatment of glasses

The evolution of crystalline phases in glasses has been observed by heat-treating glass samples
at different temperatures, followed by air quenching. Heat treatment schedules have been designed
to traverse various crystallization regions of interest, as obtained from DSC. Figure 7 presents the
powder X-ray diffraction patterns of glasses heated at different crystallization temperatures and
air quenched. The first traces of crystallinity in the baseline glass BL are observed (in XRD) at
960 °C with the formation of low-carnegieite (NaAlSiOy4; orthorhombic; PDF#98-007-3511) as
shown in Figure 7a. At higher temperatures (1120 °C), the SiO,-rich nepheline phase
(Na7.15Al;5S15 §03,; hexagonal; PDF#97-006-5960) starts to crystallize in the sample co-existing
with the low-carnegieite, as shown in Figure 7b. Upon replacing SiO, with B,0s, as in glass SB-5
and SB-10, the crystallization still initiates at 960 °C with the formation of low-carnegieite (Figure

7a), followed by the formation of Si-rich nepheline from 1080 °C (not shown). Upon further
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increase in the B,O; content (for Si0,) in SB-15 and SB-20 glasses, crystallization is found to
initiate with the formation of nepheline. Interestingly, the Bragg peaks matching to both
stoichiometric nepheline (NaAlSiO4; PDF#97-008-5553; hexagonal) and SiO,-rich nepheline
(Na7.15Al;,S15 §03,; hexagonal; PDF#97-006-5960) are detected in heat-treated glasses SB-15 and
SB-20. The glasses SB-15 and SB-20 were observed to melt at temperatures above 1120 °C.

In the BA-glass series, substituting 5 mol.% B,0; for Al,O; (BA-5) results in complete
suppression of low-carnegieite as SiO,-rich nepheline has been observed to crystallize as the first
phase at 840 °C, shown in Figure 7c. Further increase in the temperature results in an increase in
the crystallinity in the sample, as is evident from the high-intensity XRD peaks in Figure 7d.
However, the crystalline phase assemblage remains unaffected. The glasses with B,O; >10 mol.%
show no signs of crystallinity (in XRD) during non-isothermal heat treatments, as is evident from
Figures 7c and 7d, which is in agreement with the DSC results.

3.4.3 Isothermal heat treatment of glasses

Isothermal heat treatments on glasses in the SB-series have been conducted at 950 °C for
24 h, while the glasses in BA-series have been subjected to heat-treatment at 850 °C for 24 h. The
lower isothermal heat-treatment temperature for glasses in BA-series has been chosen because
glasses BA-15 and BA-20 showed melting above 850 °C during non-isothermal heat treatments.
Figure 8 presents the results of the qualitative and quantitative phase analysis of the isothermally
heat-treated samples as obtained by Rietveld refinement on the XRD data. The baseline glass BL,
when heated at 950 °C for 24 h, forms a glass-ceramic which comprises mainly of low-carnegieite
(~48 wt.%), nepheline (~ 9.9 wt.%) and minor amounts of low- quartz (SiO,; hexagonal; PDF#
97-004-1474). The substitution of 5 mol.% B,0; for SiO, (SB-5) results in two changes in the
phase assemblage — (1) complete suppression of low-carnegieite, and (2) decrease in the
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amorphous character from 34.5 wt.% in BL to 22.1 wt.% in SB-5 (in agreement with AT trends
observed from DSC data). Upon further increase in substitution of B,O5 for SiO, from 5 mol.% to
20 mol.%, there is a gradual increase in the amorphous content from 26% to 70%, with nepheline
being the dominant phase in all the glass-ceramics (~28% in SB-20). Similar to the non-isothermal
heat-treatment results, two types of nepheline are detected in SB-series glass-ceramics, namely,
stoichiometric nepheline (NaAlSiO4; PDF#97-008-5553; hexagonal) and SiO,-rich nepheline
(Nay.15Al5,Sig 303;; hexagonal; PDF#97-006-5960) as is evident from Figure S5.

In the case of isothermal heat treatments of glasses from BA-series, the BL glass-ceramic is
found to contain higher amorphous content (38.5 wt.%) than when it was heated at 950 °C, which
is not surprising, given the lower heat-treatment temperature. The low-carnegieite phase is found
to be 19.6 wt.%, while SiO,-rich nepheline (Na; ;5Al;,Sig 303,; hexagonal; PDF#97-006-5960) is
found to be 11.9 wt.%. As B,0; is substituted for Al,Os, there is a dramatic decrease in the
amorphous content such that the BA-5 glass-ceramic is mainly with the SiO,-rich nepheline phase
(80.7 wt.%) while the low-carnegieite content reduces to zero. With an increase in B,O;-content
to 10 mol.%, as in BA-10, there is again an increase in amorphous content to 70.6 wt.% while
SiO,-rich nepheline is the only crystalline phase detected. Upon further increase to 15 and 20

mol.% of B,Os, crystallinity is completely suppressed.

3.5 Liquidus temperature

The liquidus temperatures obtained from the gradient furnace method are presented in Table
5. The liquidus temperature (71) of BL (NaAlSiO,) glass is measured as 1534 °C, which is in good
agreement with the literature.*® Since B,0s is a low melting oxide, substitution of B,O; for Al,O3

or SiO; results in a decrease in the 77 of glasses. However, the degree of reduction in the liquidus
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temperature is much higher when B,Oj is substituted for Al,O; in comparison to its substitution
for SiO, on an equimolar basis, as shown in Table 6. We have not been able to measure the 77 of
glass BA-20 even after 7 days of experimentation due to its high resistance towards devitrification.
Thermochemical modeling of sodium aluminoborosilicates has predicted the 77 of glass NaBSiOy
to be ~1000 K (726.85 °C).7* Since BA-20 composition has the formula NaAlj,B gSiOy, its 77 is
likely to be closer but higher than that of NaBSiO,4. Furthermore, the liquidus viscosity was
estimated by interpolating the viscosity values at liquidus temperatures. For accurate prediction of
viscosity, we have used the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) model.”> The MYEGA
equation (equation 6) includes the following three parameters: glass transition temperature- T,

fragility index- m, and the infinite temperature limit of liquid viscosity, #..
Ty m Ty
log10n(T) = logioe + (12 — log1one) 7exp [(3 =105 — DG =] (6)

Using a Levenberg Marquardt iteration logarithm in the Origin® Graphing and Analysis
software, we have successfully fit the data. Thus, the liquidus viscosity has been estimated and
presented in Table 6. Figure 9 presents an illustration of the methodology used to estimate the
liquidus viscosity for glass BA-10. The liquidus viscosity increases with increasing B,O; content
in glasses. However, when comparing the impact of substitution of an equimolar concentration of
B,0; (10 mol.%) in the BL glass for SiO; vs. Al,Os, the glass BA-10 has a significantly higher
liquidus viscosity than the glass SB-10.

Figure 10 presents the X-ray diffractograms of the samples obtained after liquidus temperature
measurements. As is evident from Figure 10 and Table 6, non-stoichiometric cubic carnegieite
(Naj 15Aly 15510.8504; cubic; #PDF97-028-0474) was the phase that crystallized in the glasses BL

and SB-10 at 71.. The crystallization of cubic carnegieite in BL glass at 77 is not surprising as it is
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the high-temperature polymorph of nepheline and is known to crystallize as the first phase during
slow-cooling of glass melt with stoichiometric nepheline composition.’!-7® Further, the formation
of cubic carnegieite in the glass SB-10 may be attributed to the glass being SiO,-deficient.
According to Withers et al.,’” although cubic carnegieite is a superstructure of B-cristobalite (the
high-temperature stable polymorph of silica), its tetrahedral framework is more aluminate than
silicate, which is why it forms in systems that are SiO,-deficient. However, the intriguing part is
the formation of SiO,—rich nepheline (Nay15Al;,SiggO3,; hexagonal; PDF#97-006-5960) in
glasses SB-20 and BA-10 at 71, thus suppressing the formation of cubic-carnegieite. This is likely
because the 77 of both the glasses is much lower than the temperatures at which cubic-carnegieite

is stable (>1200 °C).

3.6 Structural characterization of isothermally heat-treated glasses by MAS NMR
3.6.1 *Na MAS and MOMAS NMR

23Na MAS NMR and MAS projections of MQMAS NMR data for the isothermally heat-treated
glasses are provided in Figure 11. The 2D MQMAS NMR plots have been presented in Figure S6
of the supplementary data. As is evident, the 2>Na MAS NMR projections from MQMAS NMR
data of the glass-ceramics contain more resolved features (compared to the MAS NMR spectra
and due to the manner in which the projections are generated) thus, providing more qualitative
insight into the different Na environments. The 2Na MAS NMR spectra of BL glass-ceramic heat-
treated at 950 °C for 24h are shown in Figure 11a. The signal has a much narrower width compared
to its glassy analog (Figure 2), a typical characteristic of a highly crystalline sample. The peaks for
23Na MAS NMR spectra belonging to nepheline crystal usually lie within the region -5 to -20
ppm,’8 7% 30,81 while for low-carnegieite, the 2Na spectra has been reported to lie within -10 ppm
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to +6 ppm,’" # ranging in value due to the magnetic field dependence of the MAS NMR
experiment. The 2Na MAS NMR spectrum of BL glass-ceramic heat-treated at 950 °C for 24 h
(Figures 11a and 11b) shows a peak at 2.3 ppm which has an isotropic chemical shift value of 5.4
ppm likely corresponding to carnegieite, while it shows shoulders in the negative ppm range,
extending up to -10 ppm, as well as a low-intensity shoulder near +11 ppm. Since the BL glass-
ceramic is dominated by the carnegieite phase, the nepheline peaks are likely contained within the
up-field shoulder. Our previous studies have reported similar results, but with slight differences in
peak positions.>!- 52

In the case of SB-10 and SB-20 glass-ceramics, the MAS projections (Figure 11b) of their 2*Na
MQMAS NMR spectra show a combination of several sharp peaks within broad signals, indicative
of multiple crystalline phases and a higher amorphous fraction in these samples. The dcg values of
crystalline peaks (Table S4) indicate that multiple crystalline phases exist. The sites with a dcg
value around -2.0 = 1 ppm in SB-10 and SB-20 glass-ceramics can be assigned to the oval site in
the nepheline crystal structure, whereas the sites at lower frequencies with dcg values near -12 ppm
can be assigned to the larger hexagonal site. As discussed in the section 3.4.3, two types of
nepheline phases have been observed in the SB-glass-ceramics — first, a stoichiometric NaAlSiO,,
and second, a SiO,-rich nepheline (Na;,Al;;Sig §03,), which explains the multiple peaks observed
in the spectra of SB-10 and SB-20 glass-ceramics. Furthermore, the overall shapes of the MAS
projections of MQMAS NMR spectra of SB-10 and SB-20 show resemblance to some studies
reported in the literature, for example, Stebbins et al.”® have shown changes in the 22Na MAS NMR
spectra of synthetic nepheline minerals heat-treated at higher temperatures due to Na* occupying
larger sites rapidly exchanging with those occupying smaller sites. It is likely that a similar type
of exchange of Na* ions between different sites (oval and hexagonal) may have taken place as a
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result of heat-treatments of SB-series glass-ceramics. It is difficult to comment on whether the
shifts in peaks corresponding to nepheline can be attributed to a decrease in Na-O bond length
since these peaks contain contributions from amorphous as well as crystalline components, which
can complicate the signal and lead to shifts in peak position of the crystalline peak alone.

The 2’Na MAS NMR spectra and MAS projections of MQMAS NMR of isothermally heat-
treated glasses from BA-series are shown in Figures 11(c) and 11(d) respectively. The detailed dcg
and P values obtained from peak positions in the MQMAS NMR spectra, using equations (1) and
(2), have been presented in the Table S4. The dcg of the residual glass in BL glass-ceramic heat-
treated at 850 °C has been calculated to be -3.7 ppm, along with a P, value of 1.70 MHz. The d¢g
values of the most dominant peak is 5.7 ppm, which is consistent with the 23Na signal in carnegieite
crystal.’! The dcg value of the second most dominant sharp peak is -2.2 ppm which most likely
corresponds to nepheline. In the case of BA-10 glass-ceramic, the two dominant crystalline signals
have dcs values of -5.4 ppm and -19.2 ppm that are consistent with the signals for nepheline,’!> 7
81 whereas the residual glass has a dcg value of -3.3 ppm. Comparing the dcg values of original
glasses (Table 3) along with those of the residual glassy phase in the corresponding glass-ceramics,
it can be observed that the formation of crystals leads to a reduction in the dcg value of residual
glass — indicating a decrease in the Na-O bond length or coordination number. This can also
indicate an increase in the proportion of Na* ions acting as network modifiers since the formation
of an aluminosilicate crystal such as nepheline makes the residual glassy network rich in boron.
The lack of any crystalline signal in the 2>Na NMR spectra of BA-20 sample heated at 850 °C is
not surprising since the sample remained amorphous as shown by the XRD results. There is no
change in the dcs value as compared to the glass counterpart (-3.5 ppm), though, a change in P,
value is observed.
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3.6.2 "B MAS NMR

The "B MAS NMR spectra of glass-ceramics obtained from isothermal heat treatments have
been presented in Figure 12. While the ''B MAS NMR spectra of SB-10 and SB-20 glasses show
all of the boron in trigonal coordination, the "B MAS NMR spectra of glass-ceramics of SB-10
and SB-20 reveal the presence of ~4% BO, units in both the samples. Additionally, the broadness
of the peaks depicts the amorphous nature of boron present in the glass-ceramics. This indicates
that: (i) all the boron stays in the residual glassy phase, not entering the crystal structure of
nepheline, and (i1) considering that the Na/Al = 1 in the parent glass composition, the resultant
glass-ceramic has a per-alkaline (Na/Al>1) residual glassy phase as is evident from the formation
of BO, units. Correspondingly, the nepheline phase detected in the glass-ceramics is non-
stoichiometric, as the quantitative phase analysis via XRD shows the presence of Si-rich nepheline
(Na7.15Al;5S15 §O3,; hexagonal; PDF#97-006-5960). As the chemical formula of Si-rich nepheline
suggests, this phase is slightly more Na-deficient than Al-deficient, which suggests that there are
likely some Na* ions in excess of the AlO4 units in the residual glassy phase, thus resulting in the
conversion of BO; to BOy.

In the case of heat-treated samples from the BA series, the BA-10 glass-ceramic shows an
increase in the proportion of BO4™ from 32.5% in glass to 43.3%, similar to what has been observed
in the SB- glass-ceramics. Apart from that, a sharp peak is observed which denotes a small fraction
(~1.4%) of BO, units in a crystalline environment. It should be noted that this peak was not
observed in the ''"B MAS-NMR spectra of glass-ceramics in the SB series. According to the
existing literature, boron does not enter the nepheline crystal structure.?> 8> However, considering
that no boron-related crystalline phases have been observed in the XRD or SEM-EDS (not shown),
the assignment of this peak is difficult to ascertain. It is possible that a small concentration of BO4
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units may substitute for A1O, units in the nepheline crystal structure. However, further studies are
needed to validate this assertion. Further increase in B,O3 to 20 mol.% results in very little change
in the NMR spectra of heat-treated glass (compared to glass) as the fraction of BO4 units reduce
from 60.9 % to 57.8 %. Since BA-20 glass did not show any crystallization upon isothermal heat
treatment, the change in boron coordination may be attributed to the impact of thermal history, as

has been shown in the literature.3% 85 86

4. Discussion
4.1 Correlation between structure and crystallization behavior of glasses

As mentioned in the introduction, according to Li et al.,'® B3" effectively competes with AI3*
for preferential charge compensation of BO4~ units in sodium aluminoborosilicate glasses, thus
reducing the activity or concentration of [AlO4,]—Na" resulting in suppression of nepheline
crystallization. However, this does not seem to be the case for glasses with Na/Al = 1, and all the
boron tends to stay in three-coordination (SB-series). This shows that B3* does not effectively
compete with A’ for preferential charge compensation of BO, units. Further, according to
Marcial et al.,>* as B/Al ratio increases in the NaAl(;_,B,SiO4 glass system, the average CN of
sodium increases from 6.0 to 6.4. Since the average coordination numbers of sodium in carnegieite
and nepheline are ~6 and ~8, respectively,’”-# an increase in coordination number of sodium from
6.0 to 6.4 has been proposed as a possible explanation for the formation of nepheline over
carnegieite with an increase in B,O3 concentration. Further, it has been suggested that since the
average sodium coordination number in the glasses does not reach close to ~8 to allow for
significant crystallization of nepheline, the crystallization is frustrated with increasing B,0O;
content in glasses.?* Since the CN (Na) calculations in the present study do not concur with those
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calculated by Marcial et al.* (as has been discussed in section 3.2.2) it is difficult to compare the
results from the two studies.

In our opinion, it is the replacement of Si—O-Al linkages by Sil*-O-BB-4 linkages in the
glasses with varying B/Al ratio that tend to suppress the nepheline crystallization. Our opinion is
based on the formation of danburite — like rings in the BA-series of glasses with B,O3 > 10 mol.%.
Interestingly, nepheline crystallization is completely suppressed in glasses BA-15 and BA-20, i.e.
glasses with the formation of danburite rings in the glass structure. On the other hand, in glasses
with varying B,03/SiO, ratio, Sil*-O-All*l linkages seem to dominate over Sil*-O-BB4 linkages
as (i) the concentration of Al,O; in these glasses remains constant, (ii) the majority of Al stays in
four-coordination being charge compensated by sodium, (iii) the Raman peak corresponding to
danburite — like rings is absent, and (iv) B-O—Al linkages are not expected with increasing B,0O;
concentration as has been shown by Lee and Lee.? The presence of Si—-O—Al linkages in the glass
where Na/Al ratio lies in the crystallization field of nepheline or its polymorphs, provides a
pathway for the crystallization of these phases. Also, the impact of reducing A1-O—Al linkages on
the suppression of crystallization cannot be negated.’® However, detailed structural
characterization (for example, 2’Al 3Q MAS-NMR and 70 MAS-NMR) needs to be performed

on glasses in SB-series to ascertain the presence/absence of these structural units.

4.2 Influence of B,O; on viscous flow dynamics in sodium aluminoborosilicates

In the present study, we have measured the viscosity of melts in the high-temperature range
using rotational viscometry as well as near-T, viscosities using the beam-bending method. The
variation in viscosity with changing composition can be related to structural properties of the melt

using the Adam-Gibbs theory as described in Equation 7.%°
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logion(T) = Ae + Be/TSc(T) (7)
where A, is the infinite temperature viscosity limit,” log;o..; S¢(7), the configurational entropy of
the melt, is a function of temperature; and B, is a proportionality constant considered analogous to
the activation energy in an Arrhenian model of viscous flow. Therefore, B./S, at temperature 7 can

be calculated as described in Equation 8.

B.
s = (logion(T) — A)T (8)

Adam and Gibbs showed that for 7'= Ty, the ratio B./S¢(T}) is be given by Equation 9.8% %

B
sy =2 (Tg)bu/k (9)
where z* is the size of the smallest rearrangement units, Au is the potential barrier to structural
rearrangement, and k& is the Boltzmann constant. While B, and S, both cannot be calculated with
the experiments conducted in the present study, their ratio can be calculated from the viscosity
data. Further, according to Toplis et al.,”® Au plays a more dominant role in controlling B./Sc(T)
than z*, and that Au is controlled by the microscopic mechanisms responsible for viscous flow,

denoting the significance of B./S¢(T)._Since viscosity at 7, = 10!2 Pa s, we can calculate the value

for using Equation 10.

S5c(Ty)

B,

STy = (12— loglOrIoo)Tg (10)

The values of B./S. at T, in the present study decreases as B,Oj is substituted for SiO, or Al,Os,
as summarized in Table 6. Furthermore, it has been reported in the literature that among B, and
S., the latter shows a more dominant change, while B. has an insignificant change with
composition.”® ?1- 92 Therefore, it is reasonable to assume that a decrease in B./S, implies an
increase in S; value at 7, with increasing B,O;. This can be correlated well with the changing local

atomic structure of the glasses. According to Toplis et al.?%, the potential barrier for viscous flow
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is higher in the case of SiO, as compared to fully polymerized NaAlISiO4 because the Si—O—Si
bond is stronger than Si—O—Al bond. The inclusion of B,0O; introduces Si—~O-B bonds in the
network, which are weaker than Si—O-Si and Si—O—Al bonds. This results in a further decrease in
the potential barrier for viscous flow. The drop in B¢/S, at T, which implies an increase in S; at T,
is more significant when B,0Oj3 is substituted for Al,O; (BA-series) because of the decreasing

network connectivity and introduction of NBOs — which do not exist in SB-series.

4.3 Correlating viscosity with crystallization

It is generally assumed that the kinetics of crystallization in glasses, i.e., crystal growth rates,
are governed by diffusivity (D).?> Since diffusivity and crystal growth rates are difficult to
measure, it is desirable to obtain their correlation with measurable properties, for example
viscosity. The Stokes-Einstein (SE) equation (Equation 11) is commonly used to describe the

relation between viscosity (7) and diffusivity (D).

RT 1
~ Ny 6mna

(an

where N, is Avogadro's number, R is gas constant, 7'is temperature, and a is the size of the particle.
This relation has been reported to be valid only at high temperatures near melting.? 3 At a lower
temperature, known as decoupling temperature, 74 (where Ty = 1.15 — 1.25%T),” the decoupling
of diffusion and viscosity occurs. Above Ty, the SE equation is supposed to be valid, and the
replacement of the diffusion coefficient with viscosity is expected to work well in the description
of crystal growth kinetics near the melting temperatures.?® 3 %4 95 Table 8 presents the estimated
T, range for the glasses investigated in this study. Since the 71 of all the glasses in this study are
higher than their respective T4 range, it is safe to assume that the SE equation (Equation 11) is

valid at liquidus temperature. Therefore, we have used this temperature (as an example) for
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understanding the impact of B,O; on the crystal growth rates in the present study. Thus,
substituting 7= 7(7.) in equation 11, it is evident that the higher the liquidus viscosity, 7(7.), the
lower the diffusivity (D). Further, it has been shown that due to decoupling of viscosity and
diffusion, the crystal growth rate, uy,, relates with viscosity as described in Equation 12.%5-1
Ukin & 175 since (Upsy & D) (12)

where the exponent ¢ expresses the extent of decoupling of viscosity from diffusion. Therefore, D
is directly proportional to the crystal growth rate, uyi,. In the abovementioned context, it is evident
that an increase in the viscosity of melts above T4 when B,0; is a substitute for SiO, or Al,O;
results in lower diffusivity resulting in reduced crystal growth rate. Since the 7(71) is considerably
higher in glasses when B,0s; is substituted for Al,O; (compared to its substitution for SiO,), as
shown in Table 6, the glasses in BA-series exhibit stronger suppression of crystallization.

Recently, Jiusti et al.”® derived a parameter for glass-forming ability (GFA), which utilizes the
liquidus temperature (71) and viscosity at the liquidus (#(7L)), demonstrating that GFA
[7(T)/T1?]. Using the results of liquidus temperature and liquidus viscosity values in the present
study, we have calculated the [#(71)/T; %] values for the glasses investigated in the present study,
as presented in Table 8. The GFA increases with increasing B,O3 content in the studied glasses.
However, the value of GFA for glass increases ~3x when 10 mol.% B,0; is substituted for Si0O,
in glass SB-10 (compared to glass BL) whereas it increases by ~31x when an equal concentration
of B,0; is substituted for Al,O3 in the glass BA-10 (compared to glass BL). Our results from
isothermal heat-treatments corroborate this prediction, as we observe a suppression in

crystallization with increase in boron-content, which is more significant when B,0j is substituted

* Ediger et al.”> have further mentioned that  is inversely correlated with fragility, but because of

the phenomenon of decoupling, fragility cannot be directly correlated to crystallization.
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against Al,O3; and they add further experimental validity to the parameter for glass-forming ability
put forth by Jiusti et al.?®
5. Conclusions

The present study aims at understanding the structural and thermo-kinetic drivers resulting
in the suppression of crystallization of nepheline—like phases in sodium aluminosilicate glasses as
a function of B,03. Two sets of glasses, the first with varying B,0O5/Si0; ratio and the second with
varying B,0;/Al,0; ratio, have been studied for their structure, crystallization behavior, viscosity
and liquidus temperature. It has been found that while B,O; tends to suppress nepheline
crystallization, varying B,0Os/Al,0O5 ratio has a more significant impact when compared to the
B,05/S10; ratio. When B,0s is substituted against Si0,, Si—~O—Al linkages dominate over Si—O—
B linkages, which provide a pathway for crystallization of nepheline in SB-series of glasses. On
the other hand, when B,Os is substituted against Al,Os, the replacement of Si—O—Al linkages with
Si—O-B linkages suppresses nepheline crystallization. These inferences can also be correlated to
a more significant increase in the liquidus viscosity (decreased diffusivity) when B,0O; is
substituted for Al,O3 instead of SiO,, thus resulting in suppressed crystallization. Furthermore, the
substitution of B,O; in place of Al,O5 leads to the formation of NBOs. This leads to a decreased
network connectivity in the glass structure, thus, resulting in an increase in the fragility index and

also implying an increase in the configurational entropy at 7.
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Figure captions
Figure 1. Raman spectra of glasses of (a) SB-series and (b) BA-series
Figure 2. 2Na MAS NMR spectra (a) SB-series and (b) BA-series glasses
Figure 3. 2D 2Na MQ MAS NMR spectra of glasses (a) BL, (b) SB-10, (¢) SB-20, (d) BA-10 and
(e) BA-20. The minor contours to the top and bottom of the central contours are from spinning
sidebands.
Figure 4. ''B MAS NMR spectra (a) SB-series and (b) BA-series glasses
Figure 5 Viscosity data of selective glasses plotted on a T,/ scale. The fragility m is calculated
according to Angell’s definition
Figure 6. Fragility values obtained from viscosity measurements and NBO/T values obtained from
MAS-NMR data plotted against mol.% B,03
Figure 7. X-ray diffractograms of glass samples non-isothermally heat-treated at 10 K/min and air
quenched at various temperatures — (a) SB-series samples air-quenched at their respective onset of
crystallization temperatures, (b) SB-series samples air-quenched at 1120 °C, (¢) BA-series samples
air-quenched at their respective onset of crystallization temperatures and (d) BA-series samples
air-quenched in the temperature range of 840 — 1000 °C. The onset of crystallization temperature
in these experiments is considered to be the temperature at which crystallinity is detected in the

XRD, and is different than 7, obtained from the DSC.
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Figure 8. Quantitative XRD analysis results of isothermally heat-treated samples (a) SB-series
glasses heated at 950 °C for 24 h and (b) BA-series samples heated at 850 °C for 24 h

Figure 9. Estimation of liquidus viscosity of BA-10 by use of MYEGA model on viscosity values
obtained by rotational viscometry and beam-bending method

Figure 10. X-ray diffractograms of the sample obtained from the cold end of the product obtained
after the liquidus temperature measurement.

Figure 11. 2Na MAS NMR spectra of the isothermally heat-treated glasses from (a) SB-series
and (c) BA-series, and MAS projections of 2Na MQMAS NMR spectra of the isothermally heat-
treated glasses from (b) SB-series and (d) BA-series

Figure 12. "B MAS NMR spectra showing a comparison between glass and glass-ceramic

obtained from isothermal heat-treatment of (a) SB-10, (b) SB-20, (c) BA-10 and (d) BA-20
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Table 1. Batched vs. analyzed compositions of the studied glasses.

Compositions

BL SB-5 SB-10 SB-15 SB-20 BA-5 BA-10 BA-15 BA-20

Na,O mol.% (batched) 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00

mol.% (analyzed) 24.44 25.10 24.87 25.22 25.21 24.71 25.46 25.29 24.83

wt.% (batched) 21.82 21.67 21.53 21.39 21.25 22.32 22.86 23.42 24.00

wt.% (analyzed) 21.2 214 21.2 21.3 21.3 21.8 22.8 23.2 234
Al,O4 mol.% (batched) 25.00 25.00 25.00 25.00 25.00 20.00 15.00 10.00 5.00
mol.% (analyzed) 26.21 26.17 26.25 26.28 26.55 21.02 16.02 10.80 5.50
wt.% (batched) 35.89 35.65 35.41 35.18 34.95 29.38 22.56 15.41 7.90
wt.% (analyzed) 37.4 36.7 36.8 36.5 36.9 30.5 23.6 16.3 8.53
B,0; mol.% (batched) 0.00 5.00 10.00 15.00 20.00 5.00 10.00 15.00 20.00
mol.% (analyzed) 0.00 5.05 9.54 14.65 19.29 4.80 9.66 14.75 19.65
wt.% (batched) 0.00 4.87 9.67 14.41 19.09 5.02 10.27 15.78 21.57
wt.% (analyzed) 0.00 4.84 9.13 13.9 18.3 4.76 9.72 15.2 20.8

Si0, mol.% (batched) 50.00 45.00 40.00 35.00 30.00 50.00 50.00 50.00 50.00

mol.% (analyzed) 49.35 43.68 39.34 33.84 28.94 49.47 48.85 49.15 50.02

wt.% (batched) 42.29 37.81 33.39 29.02 24.71 43.28 44.31 45.40 46.53

wt.% (analyzed) 41.5 36.1 32.5 27.7 23.7 423 42.4 43.7 45.7
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Table 2. Assignment of bands in the Raman spectra of SB- and BA-series glasses.

Wavenumber (cm™!) Raman assignments
Region |
448 Stretching-bending vibrations of T-O-T in five- or
six-membered rings
490 T-O-T vibrations in four-membered rings (D1 defect
band)
560 T-O-T breathing vibrations in three-membered rings
(D2 defect band)
630 Danburite-like borosilicate rings
Region II
700 to 850 T-O-T bending modes or motion of Si atom; T-O

stretching vibrations involving oxygen motions in
the T-O-T plane; chain-type metaborate groups

Region II1
935, 1000, 1120 Symmetric and asymmetric vibrations in fully
polymerized tetrahedral Si(OAl), units
Region IV
1290, 1420, 1460 B-O stretching vibrations in borate units

Table 3. Estimated values of Na-O bond length and sodium coordination number 7 using
isotropic chemical shift of 2Na MAS NMR signal.

Scs (ppm) Na-O bond shift CN. n
s length (A) (= arameter, ’

(& 1 ppm) g.oz(Ag ( Aol | ©02)
BL -4.1 2.677 0.835 8.01
SB-10 -4.4 2.682 0.838 8.08
SB-20 -4.2 2.679 0.836 8.03
BA-10 -3.8 2.672 0.833 7.95
BA-20 -3.5 2.667 0.831 7.89

Table 4. %BO; and %B0O, and NBOs per tetrahedron values calculated for SB-series and BA-
series glasses as extracted from "B MAS NMR (standard deviation: + 1%).

Sample %BO; %B0O;, NBO/T

SB-10 100 0 0
SB-20 99 1 0.0002
BA-10 68 32 0.157
BA-20 39 61 0.209
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Table 5. Thermal parameters (in °C) — T,°5¢, T,, T}, T, obtained from DSC-heating curve and
T,"'s, which represents temperature corresponding to a viscosity of 10! Pa.s.

Glass | T,PSC T, Ty Ty To AT | TJTy | Tps
BL | 802+1 [ 9242 | 9612 | - | 1526=1 | 121+2| 0598 | 808.9
SB-5 | 704+2 | 810+4 | 866+2 | 97141 | 12900 | 106+4 | 0.625 -

SB-10 | 635+2 | 787+ 1 | 839+2 | 92243 | 1231+3 | 152+2 | 0.604 | 629.1

SB-15 5772 | 790+4 | 923£5 -- 1130+4 | 213+4 | 0.606 --
SB-20 | 541+£5 | 773+7 | 877+5 -- 1044+2 | 232+9 | 0.618 542.3
BA-5 5962 | 7072 | 7261 -- -- 112 +£2 -- --
BA-10 | 538+2 | 6891 | 729+1 -- -- 151£3 -- 535.5
BA-15 | 5291 -- -- -- -- -- -- --
BA-20 | 538+1 -- -- -- -- -- -- 5253

Table 6. Summary of liquidus temperatures 77, viscosity at liquidus temperatures (as per
MYEGA fitting of viscosity data) and crystal phase at the liquidus (Standard deviation in 71: £ 5

°C
Ty (°C) Vi(slco(;sli:g;;)]"‘ Crystal phase at liquidus
BL 1534 1.66 Nay 15Al;.15Si9 8504 (cubic-carnegieite)
SB-10 1278 2.00 Nay 15Al;.15Si9 8504 (cubic-carnegieite)
SB-20 1043 2.43 Na; 15Al;,Sig 303, (Si-rich nepheline)
BA-10 994 2.85 Na; 15Al;,Si5 303, (Si-rich nepheline)

Table 7. Calculated B./S. values at T, of selective glasses using Adam Gibb’s equation. Log;onre

=12.
Sample | 7, (K) | Logions | Logionrg - LOgi07x B./S.
(logioPa.s) (logioPa.s) ((logoPa.s).K)

BL 1075.8 -3.37 15.37 16536.1
SB-10 | 908.2 -3.50 15.50 14078.9
SB-20 | 814.2 -1.89 13.89 11311.7
BA-10 | 811.3 -0.56 12.56 10187.5
BA-20 | 810.7 -0.73 12.73 10320.2
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Table 8. Estimated temperatures for decoupling of viscosity and diffusion, 7y, and estimated
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glass-forming ability (GFA) parameter, n(Ty)/T?

Sample | T, (°C) | Estimated 74 (°C) | n(7v)/T1.> (Pa.s/K?)
— 115-125*T,

BL 802.7 964-1071 1.39x 107

SB-10 | 635.1 771-862 4,16 x 107

SB-20 | 541.1 663-744 1.55x 10+

BA-10 | 538.2 660-741 4.41x10*

BA-20 | 537.6 659-740 --
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Figure 1. Raman spectra of glasses of (a) SB-series and (b) BA-series
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Figure 2. 2Na MAS NMR spectra (a) SB-series and (b) BA-series glasses
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Figure 3. 2D 2*Na MQ MAS NMR spectra of glasses (a) BL, (b) SB-10, (¢) SB-20, (d) BA-10 and
(e) BA-20. The minor contours to the top and bottom of the central contours are from spinning
sidebands.
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Figure 4. ''B MAS NMR spectra (a) SB-series and (b) BA-series glasses
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Figure 5. Viscosity data of selective glasses plotted on a T,/T scale. The fragility m is calculated
according to Angell’s definition.
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Figure 6. Fragility values obtained from viscosity measurements and NBO/T values obtained
from MAS-NMR data plotted against mol.% B,0O3
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Figure 7. X-ray diffractograms of glass samples non-isothermally heat-treated at 10 K/min and air
quenched at various temperatures — (a) SB-series samples air-quenched at their respective onset of
crystallization temperatures, (b) SB-series samples air-quenched at 1120 °C, (c) BA-series samples
air-quenched at their respective onset of crystallization temperatures and (d) BA-series samples
air-quenched in the temperature range of 840 — 1000 °C. The onset of crystallization temperature
in these experiments is considered to be the temperature at which crystallinity is detected in the
XRD, and is different than 7} obtained from the DSC.
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Figure 8. Quantitative XRD analysis results of isothermally heat-treated samples (a) SB-series
glasses heated at 950 °C for 24 h and (b) BA-series samples heated at 850 °C for 24 h
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Figure 9. Estimation of liquidus viscosity of BA-10 by use of MYEGA model on viscosity
values obtained by rotational viscometry and beam-bending method
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Figure 10. X-ray diffractograms of sample obtained from the cold end of product obtained after
liquidus temperature measurement experiment
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Figure 11. 2Na MAS NMR spectra of the isothermally heat-treated glasses from (a) SB-series
and (c) BA-series, and MAS projections of 22Na MQMAS NMR spectra of the isothermally heat-
treated glasses from (b) SB-series and (d) BA-series
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Figure 12. ''B MAS NMR spectra showing a comparison between glass and glass-ceramic
obtained from isothermal heat-treatment of (a) SB-10, (b) SB-20, (c) BA-10 and (d) BA-20
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