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It is known that barium disilicate (BS2) glass exhibits two prominent exothermic peaks between the glass
transition and melting temperatures in calorimetric experiments, however, their cause is not known. In this
work, glass-ceramic samples were produced inside a differential scanning calorimeter (DSC) and then in-
vestigated ex situ with X-ray diffraction (XRD) and Raman spectroscopy. We found that the first exothermic
peak results from multiphase crystallization although a signature of residual glass is still observed.
H-BaSi,Os, and BasSisO;3 were directly identified after the first exothermic peak, however, both L-BaSi,Os
and an unknown phase(s) are also formed. Rietveld analysis indicates <1% BazSisO13 in the sample heat
treated at 853 °C (the first exothermic peak maximum). Amorphous halos are observed in the XRD patterns
of samples heated to temperatures until the second exothermic peak. Raman spectra suggest that the
crystalline phases are somewhat distorted or contain defects. The second exothermic peak is actually a
composite peak composed of two contributions. We interpret these shoulders as separate processes in-
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cluding crystallization of non-stoichiometric phases, crystallization of the residual glass, and the phase tran-
sition of monoclinic H-BaSi,Os to orthorhombic L-BaSi,Os. After the second exothermic peak, the XRD
and Raman spectra show that the samples have become L-BaSi,Os. These results clarify the relationships
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between thermal history and crystalline phase formation, which may be used to produce glass-ceramics
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1 Introduction

Barium disilicate (BS2 - BaSi,Os) is an interesting, unusual
glass-forming composition due to it being one of very few
compositions that experiences internal crystal nucleation
without a nucleating agent.'™ BS2-based glass and glass-
ceramics are important as solid oxide fuel cell sealants (e.g.
ref. 6) and, when properly doped, show enhanced lumines-
cence.” BS2 glass is also known to crystallize both polymorphs
of BS2, the low, orthorhombic sanbornite (L-BS2) and the
high, monoclinic form (H-BS2). Despite being a stoichiomet-
ric composition, along with fresnoite (Ba,TiSi,Og) and diop-
side (CaMgSi,0O¢), BS2 glass shows a second exothermic peak
its DSC patterns.®*° These two peaks have often been in-
ferred to be the crystallization of H-BS2 and recrystallization
to L-BS2,” however, in light of several recent studies, which
have found non-stoichiometric phases during the early stages
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of crystallization, their cause is in doubt. This study aims to
clarify the origin of these DSC peaks by a careful determina-
tion of the phases produced during each of these peaks.

Early studies concluded that the supercooled liquid (SCL)
BS2 displayed nucleation of a small (<10 nm) spherical pre-
cursor phase, identified as monoclinic BS2 (H-BS2), when
heat treated for <40 h at the temperature of the maximum
nucleation rate, 700 °C."> When heat treated for longer
times, 40-116 h, larger needle growths appeared consisting
of a central axial spine with epitaxial growth of fibrils along
the spines. These axial spines were identified as orthorhom-
bic sanbornite (L-BS2), whereas the fibrillar side growths
were identified as the high temperature phase, monoclinic
BS2 (H-BS2).'?

The presence of non-stoichiometric phases has been ob-
served in BaSi,Os ceramics prepared under varying synthesis
conditions (e.g. ref. 11 and 12). More recent studies have
suggested that a non-stoichiometric phase, BasSizO,,, is in
fact the initial nucleating phase from which H-BS2 grows
(e.g. ref. 13 and 14). To further complicate the crystallization
process, the presence of residual glass has recently been
found even after the second exothermic peak when L-BS2 is
already the dominant phase."® In fact, the presence of inter-
stitial glass between the arms of spherulitic crystals has led

This journal is © The Royal Society of Chemistry 2019
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to large discrepancies between the volume fraction of crystals
determined from X-ray diffraction (XRD) and optical micros-
copy, where the latter method grossly overestimates the frac-
tion. The presence of residual glass, non-stoichiometric
phases, and a polymorphic phase transition provide many
possibilities for the origin of the exothermic peaks observed
in the DSC patterns of this glass.

BS2 glass typically has two exothermic peaks at 850 °C
and 905 °C when heating at 10 °C min™* by DSC.>"*™"” Time-
dependent studies have parameterized these peaks in order
to estimate the steady-state nucleation rate, as well as, other
properties.’® Based on the results of Ramsden and James,”
Silva et al.,*® assumed that these peaks correspond to the for-
mation of H-BS2 and the phase transition to L-BS2, respec-
tively. This is consistent with the results of Oehlschlegel."’
However, this interpretation is challenged by the evidence for
the involvement of non-stoichiometric phases in the early
stages of crystallization. The original interpretation Ramsden
and James® has informed much of the recent developments
on homogeneous crystal nucleation theories.””*' Such devel-
opments have resulted in several empirical relationships be-
tween glass structure and homogeneous nucleation.>*** How-
ever, these conclusions are predicated on the importance of
stoichiometry and volume nucleation of BS2 glass.

From the above studies we hypothesize several plausible
interpretations for the origin of these two peaks, the possible
explanations for their origin are: a) crystallization of H-BS2
followed by a phase transition to L-BS2 (e.g. ref. 2); b) mixed
crystallization of a non-stoichiometric phase and H-BS2
followed by recrystallization and the high-to-low phase transi-
tion (e.g. ref. 14); or, c¢) incomplete crystallization followed by
complete crystallization and phase transition (e.g. ref. 15).
Once the origin of these two exothermic peaks is clarified,
this information may be used to design glass-ceramics by, po-
tentially, stabilizing a given polymorph of known properties
(e.g. high thermal expansion coefficients or chemical
durability).

The goal of this study is to ascertain the origin of these
two, or three, exothermic peaks (Fig. 1) and to gain insight
into the presence of metastable precursor phases, whether
stoichiometric or not. To achieve our goal, a series of BS2
glass samples were measured after being heat treated in the
DSC to different maximum temperatures and also isother-
mally treated up to 8 hours (480 min). The isothermal treat-
ments were carried out at temperatures chosen to isolate the
crystal phases which are produced during each of these exo-
thermic peaks. These samples were then analyzed using X-ray
diffraction (XRD) and Raman spectroscopy to identify the
phases formed wunder the different temperature-time
regimes.

2 Experimental procedures

The details of our glass synthesis have been previously
reported by Rodrigues et al.>>* and we summarize their prep-
aration here. High purity reagents of BaCO; and SiO, were
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Fig. 1 Non-isothermal DSC curve of BS2 heated at 10 °C min™.
Temperatures correspond to the onset of the first exothermic peak (To
= 845 °C), the first exothermic peak maximum (T; = 853 °C), the
completion of the first peak (T, = 875 °C), and the local maximum of
the second exothermic peak (T3 = 905 °C). The inset figure shows the
temperature-time paths of the samples produced inside the DSC.

mixed and placed in a platinum crucible for calcined for 36
hours at 1350 °C and then melted at 1550 °C for 30 min; the
liquid obtained was poured on steel plate and re-melted three
more times to homogenize and prevent the formation of
streaks. In the last re-melting, the liquids were pressed be-
tween two steel plates (splat-cooling), and inserted in a fur-
nace for annealing at a temperature 90 °C below its glass
transition temperature (7 90 °C) to permit cutting. The BS2
glass used here is the same as our previous study which had
a mean composition of 33.8Ba0-66.2Si0, based electron
probe microanalyzer (EPMA) results.>®

The experimental procedures were designed to isolate the
first and second exothermic peaks. All differential scanning
calorimetric (DSC) experiments were performed in a
NETZSCH STA 449C thermal analyzer using platinum cruci-
bles in air. Cubic vitreous samples (~45 mg) were heated up
by 10 °C min™* from room temperature until the complete
melting peak appeared. Once the Ty, onset and peak temper-
atures of the first and second peaks, and the melting temper-
ature were identified, the experimental procedure was
designed as follows: vitreous samples were heated up at 10
°C min™ from room temperature until near the onset tem-
perature of the first exothermic peak (T, = 845 °C) and imme-
diately cooled to room temperature at 50 °C min~". This pro-
cedure was repeated three more times: first, the sample was
stopped at the temperature of the first exothermic peak maxi-
mum (7T, = 853 °C); second, the sample was stopped between
the first and second exothermic peaks (7, = 875 °C); and
third, the sample was stopped after the second exothermic
peak maximum (73 = 905 °C). Also, at each of these tempera-
tures, T3, isothermal heat treatments were done, ranging in
time between 5 to 480 min (Fig. 1).

The Raman spectroscopy measurements used either a 532
nm, or 633 nm, excitation wavelength applying 8 mW, or ~2
mW, on the sample, respectively. All spectra were taken at
room temperature using either 100x or 50x (long working
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distance) objective with either 1800 gr mm™" or 600 gr mm "
gratings. Only spectra taken using the 1800 gr mm ™" grating
are described as ‘high resolution’ as they have a resolution
close to 1 em™. The spectrometer was calibrated against the
silicon peak position at 520.7 cm™*. Each sample was ana-
lyzed 6 or more times on both the top and side surfaces, as
well as, broken apart and analyzed on a fresh internal frac-
ture surface of the sample. Reported below are representative
spectra taken from a total of >100 spectra. Curve fitting of
the Raman spectra was carried out after removing a polyno-
mial background which was anchored where the laser line
intersected with the spectrum as well as the flat regions
around 700 and 1300 cm™'. Curve fits used Lorentzian

lineshapes to reproduce the spectral envelope in the Fityk
26

program.
XRD measurements were done using a Rigaku Ultima IV
diffractometer with Cu Ko radiation (A = 0.1541 nm).

Diffractograms were recorded in continuous scanning mode
at a rate of 0.5° min™" in steps of 0.02° collected in the range
10° < 26 < 80°. Rietveld refinement of the diffractograms
used the GSAS software package.””*® The results below are
considered to be of high quality because the R values are
<10% and the goodness of fit (S = Ryeighted-profile/Rexpected) '€=
mains close to 1.%°

For clarity, the nomenclature throughout the paper follows
the molar ratios of BaO:SiO,. For example, barium disilicate
composition, BaSi,Os, is referred to as BS2. The low (ortho-
rhombic sanbornite) and high (monoclinic) polymorphs are
therefore L-BS2 and H-BS2, respectively. The non-
stoichiometric phases Ba;SisO;3 and BasSigO,; are referred to
as B3S5 and B5S8, respectively. The ICSD files used to iden-
tify these phases are those from ref. 30 and 31: H-BS2 -
100314, L-BS2 - 100313, B3S5 - 100312, and B5S8 - 100 311.
The synthetic samples of L-BS2 and H-BS2 were made from a
BS2 glass using the heat treatment described in ref. 12. Syn-
thetic samples of B3S5 and B5S8 were provided by Gorelova
et al.,”> All standards were confirmed by XRD using the ICSD
database.

3 Results
3.1 DSC results

Fig. 1 shows part of the DSC curve at 10 °C min™"' to BS2
glass. T, was determined to be 690 + 2 °C by the tangent
method.*>** The melting temperature (Ty,) obtained was
1420 + 2 °C. These values are in agreement with other studies
on BS2 glass.”?° In addition, two distinct exothermic peaks
are observed on range temperature between T, and Ty,. The
two exothermic peaks have local maxima at 853 °C (7;) and
905 °C (T3). The second exothermic peak is actually a com-
posite peak with a second local maximum at 915 °C (Fig. 1).
Fig. 2 shows example DSC patterns for the isothermal heat
treatments at 875 °C (Fig. 2A) and 905 °C (Fig. 2B). All of the
conditions between the isothermal and non-isothermal are
the same until the temperature of interest is reached. There-
fore, the first exothermic peak is sharp and intense, and
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Fig. 2 Example isothermal DSC pattern of A) T, - 875 °C, 480 min,
and B) T5 - 905 °C, 60 min samples. Note that two distinct shoulders
(arrows) are observed in the second exothermic peak.

found at the same time in both examples. In contrast, the
two maxima observed in the second exothermic peak (Fig. 1)
may become more or less distinct depending on the specific
heat treatment. This can be seen in Fig. 2 which shows the
isothermal heat treatments at the DSC temperature at 875 °C
(480 min) and 905 °C (60 min).

3.2 X-ray diffraction results

Regardless of the temperature-time treatment, all
diffractograms show an intense peak found at 22.5° (Fig. 3).
When quenched (0 min) from either 845 or 853 °C, the
diffractogram displays additional peaks which are consider-
ably broad and often asymmetric (Fig. 3A). These samples
display quite broad and asymmetric peaks that did not yield
a unique solution to the Rietveld analysis. In the
diffractogram of the 845 °C, 0 min sample there are several
regions with broad nonlinear background contributions. The
most intense background is observed between 23 and 32° 26
(orange region, Fig. 3A). At higher temperatures these back-
ground contributions are considerably reduced but still re-
main in the diffractograms (e.g. 875 °C, 0 min sample in
Fig. 3B). The most intense background contribution is lost af-
ter 60 min at 853 °C or 5 min at 875 °C. At 853 °C, 5 min,
however, the diffractogram shows the development of

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8ce02054j

Published on 25 March 2019. Downloaded by UNIVERSIDADE FEDERAL SAO CARLOS on 9/27/2019 12:58:21 PM.

CrysttngComm

View Article Online

Paper

(A

L-BS2

853°C, 480

853°C, 60

853°C, 5

Normalized Intensity

853°C, 0

845°C, 0

rrttgt ittt rr.rrnr,.,.rrrrrrrrrrrrr . r1.r1.1

10 15

30
26 (°)

35 40 45

Ttr1l11 1 1trrrr..rrrrrrrrrrrrrrrrrrTT

Normalized Intensity
8

10 15 20 25

30
20(°)

35 40 45

Fig. 3 Diffractograms of BS2 glass held at Ty and T; (A), and at T, and T3 (B). Note that the two exothermic peak maxima are at 853 °C (T;) and
905 °C (Ts). At the top of both figures is the ICSD diffractogram for orthorhombic L-BS2 (no. 100313). Vertical dotted lines indicate the 260 ranges
22.5°, 28.5° and 33°. Curved orange area (color online) below the 845 °C, 0 min, pattern highlights the ‘amorphous halo’ described in the text. In
the bottom (B) figure, the 5 and 60 refer to the 905 °C held for 5 and 60 min, respectively.

distinct peaks at 23°, 24°, and 25° 26 as well as distinct
shoulders within the broad feature found between 28° and
32° 26 (Fig. 3A). While there are other distinctions between
the diffractograms, the above features will suffice as evidence
for the discussion below.

3.3 Raman spectra

As with the XRD results above, the Raman spectra are divided
between those samples produced at 845 °C and 853 °C
(Fig. 4A) and those at 875 °C and 905 °C (Fig. 4B). In all spec-
tra, the most intense bands are found near 530 and 1075
em™. In general, as the temperature or time increase, the Ra-
man bands have a smaller full-width at half-maximum

This journal is © The Royal Society of Chemistry 2019

(FWHM) and have increasingly sharper peaks in the low fre-
quency shift range (<500 cm™'). For example, the samples
produced at either 845 or 853 °C, 0 min show a doublet cen-
tered around 550 cm™" that becomes a sharp singlet after 60
min at 853 °C (Fig. 4A). There are also clear distinctions in
the low frequency region where the sample from 845 and 853
°C, 0 min has a distinct quadruplet found between 250 and
330 cm™ whereas the 853 °C, 60 min sample shows a distinct
doublet at 330 cm™ as well as sharp peaks at 191 and 223
em™'. Similar changes are evident in the sample heat treated
at 875 °C (Fig. 4B).

In contrast, the spectra of the 853 °C, 60 min sample
(Fig. 4A), the 875 °C, 480 min sample, and all spectra taken
of samples treated at 905 °C (Fig. 4B) show the doublet at

CrysttngComm, 2019, 21, 2768-2778 | 2771
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Fig. 4 Representative Raman spectra of BS2 glass samples. Low temperature (A) and high temperature (B) spectra as labeled. At the top of each
panel is the synthetic L-BS2 (orthorhombic BaSi,Os) spectrum. Note all spectra taken at 60 min or 480 min are essentially identical to the L-BS2
standard. The two spectra taken at 875 °C, 0 min, are two high resolution analyses taken from different regions from a ‘fresh’ fractured surface

within the sample.

330 em™ and intense, sharp peaks at 533 cm™ and 1076
cm™'. Although subtle, the latter two peaks show slight, posi-
tive shifts of +2 cm™ from their position in the spectra taken
from samples heat treated for only 0 or 5 min (Table 1).

4 Discussion of the origins of the
exothermic DSC peaks
4.1 What is the origin of the 1% DSC peak?

To describe the phases formed during the first peak the
0 min samples quenched immediately from 845 °C to 875 °C
are most informative. Of the three 0 min diffractograms, the
875 °C sample displays the sharpest Bragg peaks, whereas
the peaks in the 845 °C and 853 °C patterns are considerably

2772 | CrysttngComm, 2019, 21, 2768-2778

broader and have larger background contributions (Fig. 5).
The main diffraction peak, at 22-23°, in all diffractograms
can be assigned either to the [310] plane of H-BS2, or, the
[011] plane of L-BS2.*" There is only a small separation of
these peaks by 0.10°, where the [011] peak of L-BS2 is cen-
tered at 22.40° 26, slightly above that of the [310] peak, which
makes the use of these peaks to distinguish between these
polymorphs difficult. In fact, H-BS2 is best identified by the
peak 25.7° 26 corresponding to the [602] plane as well as the
set of planes ([602], [204], and [404]) found between 28 and
29° 26, which are evident in the 853 °C, 5 min (arrow in
Fig. 3A) and 875 °C, 0 min diffractograms (Fig. 5). Thus,
H-BS2 is produced during the first exothermic peak. How-
ever, due to the broad peaks present in our data and the

This journal is © The Royal Society of Chemistry 2019
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Table 1 Peak parameters of curve fits for short times (t = 0 & 5 min at 845, 853, and 875 °C), long times (t = 60 & 480 min for all temperatures) and
synthetic L- and H-BS2

Short times Long times L-BS2? H-BS2¢

Parameter n“ Mean std.dev n Mean std.dev n Mean std.dev n Mean std. dev Assignment Note

Center 27 530.8 0.7 17 532.7 1.0 4 535.2 0.3 7 533.5 0.2 Si-O-Si bend 1st peak in 550 doublet
FWHM 12.9 1.7 9.4 0.7 8.5 0.1 8.8 0.1

Center 25 554.2 1.0 ?Si-O-Si bend  2nd peak in 550 doublet
FWHM 18.8 2.2

Center 23 1074.2 0.8 17 1076.3 1.1 4 1076.8 0.1 7 1079.2 0.1 NBO-Si stretch 1075 main, intense peak
FWHM 8.9 1.6 5.8 0.8 4.6 0.1 5.4 0.2

Center 17 1079.3 2.3 ?NBO-Si stretch 1080 secondary, weak peak
FWHM 14.6 5.8

“ 1 is the number of spectra used in the determination. ” L-BS2 values comes from both synthetic and natural (sanbornite) L-BS2. Natural
sanbornite was from the Royal Ontario Museum (ROM) sample no. M24323. © H-BS2 mean values come from both in-house synthetic H-BS2 as
well as the BS2 from Gorelova et al.*>

33.3P-BS2

845°C, 0 min

853°%min
st

875°C, 0 min—2

A A
L )

L-BaSi,0,

Normalized Intensity

Ba,Si,0,,
| Y

Ba,Si,0,,

Ba,Si,0,

10 15 20 25 30 35 40 45
20 (°)
Fig. 5 Comparison of the XRD patterns for samples immediately quenched from the 845 °C, 853 °C, and 875 °C with ICSD database
diffractograms of L-BS2 (100313), H-BS2 (100314), BasSisO;3 (100312), BasSigO,; (100311) and Ba,SizOg (100310). Parentheses indicate the ICSD

crystal code. Dashed lines are placed key peaks used to identify H-BS2 in the samples. All patterns have been intensity normalized to one. 33.3P-

BS2 is a nearly stoichiometric BS2 glass from (Zanotto, 1982).34

similarities between the two polymorphic phases, the
Rietveld analysis is not conclusive. Therefore, we cannot
eliminate the formation of L-BS2 during the first exothermic
peak.

In addition, the 22° peak is always asymmetric to higher
26 values. In the diffraction pattern of 875 °C, 0 min this
asymmetry develops into peaks at 23.10° and 23.50° as well
as a new peak which appears near 27°, which are indicative
of the non-stoichiometric phase B3S5 (Fig. 5). The presence
of B3S5 is confirmed by Rietveld analysis of the 853 °C sam-
ples which require ~1% of B3S5 for samples held for 60 and
480 min (ESI} Fig. S1). This small amount of B3S5 is consis-
tent with the fact that the glass used in this study is not per-
fectly stoichiometric; it is actually slightly baria-rich (33.8
rather than 33.33 mol% BaO). However, the slight difference
in stoichiometry cannot explain the fact that it is not found
in the glasses treated at 875 °C or 905 °C for 5 min. More-

This journal is © The Royal Society of Chemistry 2019

over, the slight imperfection in stoichiometry cannot explain
the breadth and intensity of diffraction peaks between 22°
and 24° 26 found consistently in the diffractograms of the
samples quenched (0 min) from 845 °C to 875 °C.

Moreover, we tested this result to see if the non-
stoichiometric phases formed in a ‘pure’ stoichiometric BS2
glass (33.3 mol% BaO, 0.004 mol% SrO) from ref. 34. A sam-
ple of this glass was produced in the same manor as above
by quenching it from the temperature of the local maximum
of its second exothermic peak; T3 puye = 910 °C, 0 min. The
Raman spectra (not shown) and diffractogram (Fig. 5; sample
33.3P-BS2) are indistinguishable from the results of BS2 glass
used herein. Therefore, we conclude that stoichiometry is not
the source of this behavior.

The presence of B3S5 was also reported in another (nomi-
nally) BS2 glass heat treated for 60 min at 950 °C.” This ap-
parent discrepancy in temperature may be explained by the

CrystEngComm, 2019, 21, 2768-2778 | 2773
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difference in sample size which in the former study was “2
cm” disks” whereas our samples are a fraction of the size, ~2
mm?®, Therefore, the sample mass (volume) is a critical factor
that should be reported for all calorimetric and kinetic stud-
ies. Nevertheless, the first exothermic DSC peak clearly in-
volves the crystallization of at least one non-stoichiometric
phase.

A broad background contribution is found between 23
and 32° 26. In ionic liquids, these broad contributions have
been described as amorphous halos***® and broad features
at low momentum transfer have long been known in
glasses.’”*® Converting the scattering angles to real space
distances this background contribution appears to be derived
from intermediate range structural order on the scale of 2.8-
3.8 A. This distance correlates to the range of Ba-O bond
lengths in the BS2 polymorphs, which spans 2.7-3.2 A.3%3!
While an amorphous halo is prominent in the 845 °C, 0 min
diffractogram, it is fainter, although still present, in the 875
°C, 0 min pattern (Fig. 5). Therefore, the presence of the
amorphous halo indicates that there is some residual glass
remaining after the first exothermic peak. This lends cre-
dence to the reported residual glass found at 1100 °C using
transmission electron microprobes.*

Although no signature of B3S5 nor other non-
stoichiometric barium silicate phases were found in the Ra-
man spectra, it was not likely given the small fractions
expected and the local nature of the Raman probe. However,
Raman spectra do show several systematic changes with in-
creasing temperature and time. In general, as the tempera-
ture and time increase the vibrational bands become sharper
and shift to slightly higher frequency (Fig. 6). The most
intense Raman bands in simple binary silicate minerals
(M,0-SiO, or MO-SiO,, where M = Na, Ba, etc.) of the meta-
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to di-silicate compositions are the Si-O-Si bending (500-700
em ™) and symmetric stretching (900-1100 cm™) vibrational
modes of the SiO, tetrahedron.***° Both spectra of H-BS2
and L-BS2 show sharp peaks with FWHM of <9 cm " and <6
em™ for the bending and stretching modes, respectively
(Table 1). In contrast, the FWHM of the bending and
stretching modes for 0 min samples heated from 845 °C to
875 °C have mean values of 12.9 cm™" and 8.9 cm ™, respec-
tively (Table 1). The FWHM corresponds to the lifetime of the
vibrational mode which becomes shorter as a result of
dephasing, or destructive interference between vibrations of
similar frequency (c¢f ref. 41). As the FWHM decreases as the
temperature and time of the heat treatments increase, it
seems that the crystal structures become better developed at
longer time and higher temperatures (Fig. 7). This narrowing
of the FWHM is expected because the initial crystals observed
in BS2 are fibrillar and spherulitic."">** The narrowing may
also be related to the small size, distortion, or preferential
orientation of the crystal growth. In part, this may also ex-
plain the lack of, and breadth of, the Bragg peaks in the XRD
patterns. Unfortunately, more is not known about the charac-
teristic behaviors of these vibrations. However, the broaden-
ing is apparent in both bending and stretching modes indi-
cating some deviation from the single crystal structure and
possibly some distortion of the SiO, tetrahedra.

The other major feature observed in our Raman spectra is
the 550 doublet in the Si-O-Si bending mode with local max-
ima at 531 cm™ and 554 cm™ (Fig. 6 and 7). The general
trend is that as the time and temperature of the heat treat-
ment increase the intensity of the 530.8 cm™ peak increases
where as the intensity of the 554.2 em™ peak decreases. Al-
though this is generally the case, for any given temperature-
time treatment the relative peak intensities do display

Normalized Intensity (Arb. Units)

Ba,Si,0,,

Ba,Si,0,,

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

Fig. 6 Representative Raman spectra of run products and crystalline barium silicate standards for comparison. Dashed lines correspond to peaks
in L-BS2 including the 330 cm™ doublet, the Si-O-Si bending mode at 535.2 cm™ and the symmetric stretch at 1076.8 cm™. All patterns have been

intensity normalized to one.
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Fig. 7 Representative spectra showing the evolution from A) short times at T; and T, (0 min at 853 °C and 875 °C) and long times at T; and T3
(480 min at 853 °C and 905 °C) for the Si-O-Si bending mode (~533 cm™) on top and B) for the symmetric stretching mode near 1075 cm™* of
the same samples on bottom. For both vibrational modes there is a positive shift with increasing time (Table 1). See text for discussion of the 550

doublet for the 0 min samples shown on top.

considerable variability. As noted above, in many sheet-(e.g.,
phyllosilicates including H-BS2) and chain-silicate (pyrox-
enes) minerals the intense band centered in the 500-600
ecm™ range is assigned to Si-O-Si bending mode.** Although
B5S8 does show a sharp doublet, the second peak is observed
at 546 cm ' rather than 554 cm™ (Fig. 6). No other barium
silicate standards show this doublet. Interestingly, in alkali
disilicate minerals, this band is also split into a doublet.** In
our spectra (Fig. 7), the FWHM is ~13 cm ™" for the first peak
and ~19 em™ for the second, 554 cm™" peak (Table 1). Ulti-
mately, this peak is characteristic of the early stages of crys-
tallization in BS2 glass and is not characteristic of well
formed non-stoichiometric phases. The breadth of these
peaks suggests local disorder and may involve an additional
symmetry element, for example, a change in symmetry or a
twin plane. Doublets are known to form in the Si-O-Si bend-
ing and SiO, symmetric stretching modes when there is a re-
duction in symmetry. For example, as Mg is substituted for
Ca in the chain silicate series, diopside (CaMgSi,O — C2/c) to
enstatite (Mg,Si,Og — P2,/C) series.** However, this is not true
of the polymorphic transition of H-BS2 to L-BS2. At present
an explanation for the 550 doublet remains elusive, however,
the 550 doublet is present before the second exothermic DSC
peak. Therefore, when present, the 550 doublet indicates that
the sample has not undergone the recrystallization to ortho-
rhombic L-BS2 as will be discussed below.

In summary, after BS2 cubes have experienced the first
peak exothermic peak multiple crystal phases have grown in
the supercooled liquid but it is not entirely crystalline. We
have identified a significant amount of H-BS2 and minor
amounts of B3S5. However, some diffraction peaks remain
unexplained and, therefore, it is possible that another
phase(s) is present. In addition, the presence of the amor-
phous halos, albeit small, remain at 875 °C, 0 min. Hence,
there is evidence for residual glass after the first exothermic

This journal is © The Royal Society of Chemistry 2019

peak. This residual glass is likely trapped between the fibril-
lar and spherulitic crystals as inferred from the discrepancy
in nucleation rates determined by optical microscopy and dif-
fraction methods.? The breadth of features in both Raman
spectra and diffractograms are also indicative of fine spheru-
litic or fibrillar growth and suggests that these crystals may
be somewhat distorted or contain defects.

4.2 Why do non-stoichiometric barium silicate phases and
H-BS2 form at low temperatures?

Structurally, the barium silicate minerals of compositions
from BaSiO; to Ba;SisO,; are composed of single zweier
chains with multiplicities of 1 to 5; they form from single
chains, multiplicity of 1 (H-BS), to ribbons of 3 (B2S3), 4
(B5S8), and 5 (B3S5) chains joined together. The BS2 poly-
morphs are composed of sheets of tetrahedra that can also
be described as an infinite number of chains; multiplicity
equals «.*® If the liquid barium disilicate starts as a random
network which crystallizes into sheets than it must also be
capable of first forming chains of varying multiplicity. Thus,
the possibility of crystallizing non-stoichiometric phases from
the SCL BS2 may in fact be the rule rather than the exception
where such structures are stable in the binary, even if only in
minor concentrations (~1%).

The issue remains of how H-BS2 is formed at low tempera-
tures (~700-900 °C), much below where it is thermodynami-
cally stable (>1350 °C). As pointed out by several authors, the
phase transition from either L-BS2 or H-BS2 to the other is a
reconstructive one.’** The sheets of SiO, within either L-BS2
or H-BS2 are composed of tetrahedral pairs having either the
same or opposing orientations. In pairs with the same orien-
tation, both tetrahedra have their terminal oxygen (non-
bridging oxygen) pointing in the same direction. In pairs with
the opposing orientation, one tetrahedron points in the
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positive and one in the negative directions. H-BS2 has tetra-
hedral pairs with both orientations, whereas, in L-BS2 all tet-
rahedral pairs have the same orientation. As a result, the con-
figurational entropy of H-BS2 is lower than that of L-BS2
despite its higher temperature of formation."> Although the
configurational energy is lower in H-BS2 than in L-BS2, the
overall energetic differences between the corrugated sheets of
H-BS2 is compensated by the flat (and more symmetric)
sheets found in L-BS2 resulting in it being the equilibrium
phase at low temperatures.' In contrast, the BS2 glass net-
work has a range of SiO, connectivities, from Q> to Q*, with
an isotropic distribution (e.g. ref. 25 and 46). Thus, two struc-
tural reasons are found to explain the presence of H-BS2 at
low temperatures. Because it does not have to align all of the
tetrahedra, nor do the SiO, sheets have to be completely flat.
Therefore, we suggest that this lower configurational entropy
is the key to explaining why H-BS2 is formed in the early
stages of crystallization of barium disilicate glasses.

4.3 What is the origin of the 2" DSC peak?

There is remarkable agreement in both the XRD and Raman
results for samples that have experienced the second exother-
mic DSC peak. All results indicate that the heat treatments
that surpass the second peak (e.g. 5 min at 875 °C or 905 °C)
form orthorhombic L-BS2 (sanbornite) (Fig. 2 and 3). This is
confirmed by Rietveld analysis of the diffractograms (e.g.
Fig. 8; ESIt Fig. S1). As noted above, L-BS2 is characterized by
an intense diffraction peak at 22.4° ([011]), as well as, the dis-
tinct doublet at 33° 26 (the [401] and [221] planes) (Fig. 3B).
Although the 853 °C sample retains <1% B3S5 after 60 min,
Rietveld analysis shows that it is 99% L-BS2 (ESI{ Fig. S1).
BS2 samples held for five minutes at 875 and 905 °C are also
composed entirely of L-BS2 (Fig. 3B). The rapid conversion of
these samples to L-BS2 suggests that the non-stoichiometric

S: 1.31

LI P — Ieae Residual
875°C, 480 min Orthorbombe
~
»n © a(A): 7.7050 (2)
= b(A): 4.6428 (1)
= c(A): 13.5564 (3)
=] V (A): 484.94 (3)
o a=b=g=90°
-E ICSD: 100313
3 R-values and Goodness of Fit (S)
>, Ryp: 874%
'E Rexp: 6.69%
=
%
N
=
=

15 25 35 45 55
20 (degree)

Fig. 8 Rietveld refinement of BS2 sample after isothermal treatment
of 480 min at 875 °C (Ryp = 8.74%; Reyp = 6.69%; ;(2 = 1.31). The
sample has completely crystallized to orthorhombic L-BS2. The same
is true for all 480 min samples except the lowest most temperature,
853 °C, which contains minor (<1%) BasSisO;3. The Rietveld refinement
fit is the solid red line whereas the lower, solid blue line is the residual.
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phases and residual glass are kinetically trapped. Their role
in the crystal nucleation process remains open for debate.

The Raman spectra are consistent with the diffraction re-
sults. For example, the 853 °C, 60 min, and the 875 °C, 5
min, samples have spectra comparable to L-BS2 (Fig. 4). The
905 °C, 5 min, likewise is comparable to L-BS2. The
distinguishing features of L-BS2 are the small doublet at 330
cm ™, the lack of the 550 doublet, and the main peak posi-
tions of the Si-O-Si bending and the symmetric stretching
modes (Fig. 7). The latter bending and stretching modes have
peaks positions found above 531.7 and 1075.2 cm ™", respec-
tively, when crystalline L-BS2 is present (Table 1). Clearly,
both methods strongly argue that all of the phases found
during the first exothermic peak become L-BS2 after second
exothermic peak.

However, we observed that the second exothermic peak is
actually composite with two peaks that are kinetically distinct
(Fig. 2). As the first exothermic peak involves H-BS2, B3S5, re-
sidual glass, possibly L-BS2 and another phase, there are
multiple routes involved in the formation of L-BS2. Therefore,
at least three steps are required to complete this recrystalliza-
tion: a) first, the residual glass must crystallize; b) second,
any non-stoichiometric phases must convert to a BS2 phase;
and, c) third, there must be a phase transition from H-BS2
to L-BS2. In either case, the residual glass and non-
stoichiometric phases must both be consumed to reach the
BS2 composition. Therefore, the two local maxima of the sec-
ond exothermic peak may be assigned to the crystallization
of the residual glass and non-stoichiometric phase(s), and to
the high-to-low phase transition of crystalline BS2.

The introduction of this work highlighted the fact that
other important glass-forming systems (e.g. Ba,TiSi,Os,
CaMgSi,0¢) also display two exothermic peaks in their calo-
rimetry measurements. In the latter case, in CaMgSi,Os glass,
the origin of the second peak appears to be related to the
phase transition of diopside to a wollastonite-like structure
which was shown to form under tension.® Although strong
evidence is presented in ref. 8, diopside is not known to have
a wollastonite-like structure. Moreover, structurally, these two
phases do not have many intermediate composition phases.*’
Therefore, given these peculiarities, the difference in compo-
sitions, and in structures, these exothermic peaks should
each be investigated to determine their origins.

5 Conclusions

For a slightly hyper-stoichiometric BS2 glass heated at 10 °C
min~", the first exothermic peak is related to the formation of
H-BaSi,Os, BazSis0,3, possibly L-BaSi,Os and another un-
known phase. However, the existence of the sharp exothermic
peak does not necessarily indicate evidence for complete crys-
tallization as some residual glass is observed in the X-ray dif-
fraction patterns. The second exothermic peak is actually
composed of two peaks, which are typically not addressed in
most calorimetry-based works. In the second exothermic
peak, there are multiple processes including crystallization of
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the residual glass, recrystallization of non-stoichiometric
phases to BS2 and the phase transition of monoclinic
H-BaSi,O5 to orthorhombic L-BaSi,Os.

This low temperature phase transition is the opposite of
that expected at 1350 °C, where L-BaSi,Os converts to
H-BaSi,Os as the equilibrium phase. The presence of non-
stoichiometric phases is also exceptional. We suggest that
these two aspects may be explained by the structure of chain
and sheet barium silicates. The phase transition is promoted
by the lower configurational entropy of H-BaSi,O5 due to the
variations in orientation of the SiO, tetrahedra and the corru-
gation of the sheets. The evolution of non-stoichiometric
phases is promoted by formation of increasing multiplicity of
the SiO, chains (e.g. Ba;Sis0,3) until they form an infinite
sheet (e.g. H-BaSi,Os) from the random silicate network in
the supercooled liquid. The kinetics of the above changes are
sensitive to the sample mass, heating rate, and the degree of
undercooling.

Therefore, if these relationships are further constrained, it
may be possible to custom design barium silicate glass-
ceramics with a given barium silicate phase. This could be
important for the design of barium silicate glass-ceramics
with specific mechanical and optical properties. Finally, these
original results highlight the fact that other important glass-
forming systems (e.g. Ba,TiSi,Og) also display two exothermic
peaks in their calorimetry measurements and warrant further
investigation.
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