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ABSTRACT

Lithium aluminum silicate (LAS) glass of composition (mol%) 20.4Li,0-4.0Al1,03-68.65i0,-3.0K;
0-2.6B,03-0.5P,05-0.9TiO, was prepared by melt quenching. The glass was then nucleated and
crystallized based on differential thermal analysis (DTA) data and was characterized by 2°Si, 3'P, ''B and
27A1 MAS-NMR. XRD and 2°Si NMR showed that lithium metasilicate (Li,SiOs) is the first phase to ¢ form
followed by cristobalite (SiO,) and lithium disilicate (Li»Si>0s). 2°Si MAS-NMR revealed a change in the
network structure already for the glasses nucleated at 550 °C. Since crystalline LizPOy, as observed by
31p MAS-NMR, forms concurrently with the silicate phases, we conclude that crystalline LisPO,4 does not
act as a nucleating agent for lithium silicate phases. Moreover, >!P NMR indicates the formation of
M-PO,4 (M=B, Al or Ti) complexes. The presence of BO3; and BO, structural units in all the glass/glass-
ceramic samples is revealed through "B MAS-NMR. B remains in the residual glass and
the crystallization of silicate phases causes a reduction in the number of alkali ions available for
charge compensation. As a result, the number of trigonally coordinated B (BO3) increases at the expense
of tetrahedrally coordinated B (BO,). The 2’Al MAS-NMR spectra indicate the presence of tetrahedrally

coordinated Al species, which are only slightly perturbed by the crystallization.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Glass-ceramics are polycrystalline materials obtained by
controlled crystallization of parent glasses [1]. Depending upon
the composition of the parent glass and the heat treatment
chosen, various properties of the glass-ceramic such as thermal
expansion coefficient (TEC), and micro-hardness (MH) can be
precisely controlled [2,3]. One of the most widely studied and
commercially utilized glass-ceramic forming systems is the
lithium aluminum silicate (LAS) system. LAS glass-ceramics
exhibit a wide range of useful properties such as low or even
zero thermal expansion coefficient (TEC), good resistance to
mechanical and thermal shock and excellent chemical durability
[4-7]. As a result these glass-ceramics have found extensive
application in heat exchangers, cookware or telescope mirror
supports [8,9]. Our aim is to produce glass-ceramics for the
sealing applications, especially compressive seals capable of
withstanding high pressure.

For all these applications, bulk crystallization is desired.
However, LAS glasses have a tendency to surface crystallize if
there is no site for heterogeneous nucleation [10]. Therefore,
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depending upon the composition chosen, LAS glasses have been
nucleated by addition of TiO,, Ta,0s5, Y,03, CeO,, F~, etc. [11-15].
P,0s has been shown to be particularly effective in the low
alumina LAS glasses (Al;05 < 12 wt%) for the bulk crystallization
of lithium disilicate [16]. While it is established that P,0s5
enhances bulk crystallization in LAS glasses, the exact mechanism
is still not clear. Headley and Loehman [16] conclusively
demonstrated the epitaxial growth of Li,SiOs, cristobalite (SiO;)
and Li,Si;Os on LizPO4 crystals using electron microscopy, proving
the role of P,0s as a nucleating agent. However, NMR studies
carried out on binary lithium silicate compositions with P05
incorporation also suggest that LisPO4 is not a precursor to
Li;Si;O5 [17]. The recent MAS-NMR study on multi-component
glasses by Goswami et al. [18] also called into question the role
of P,0s as a nucleating agent. It was concluded that a silicate
phase separation occurs prior to crystallization, which may
be induced by P,0s. We have previously carried out detailed
NMR studies on phase emergence in LAS glasses of composition
(Wt%) XLi20—71.7Si02—( 17.7 —X)A1203—4.9K20—3.2B203—2.5P205
(5.1 <x<12.6) and have observed the emergence of (Li/K)BSi,O¢
phase similar to virgilite (LiyAlSis_,Og) in the high alumina
content (x < 8.8) glass-ceramics [19]. This boro-silicate phase
could not be identified with XRD, thus again validating the
complementary utility of NMR to XRD in characterization of glass-
ceramics. The effect of TiO, addition on LAS glasses nucleated by
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P,0s investigated by Arvind et al. [20], report that P,Os
incorporation helps in the crystallization of lithium silicate phases
while TiO, mitigates the formation of quartz, leading to the
formation of single phase glass-ceramics. However, Li3PO4
crystals were not detected by XRD in this study [20]. In the
present paper, we have studied the effect of different heat
treatment schedules on LAS glasses containing both P,0s and
TiO, of composition (mol%) 20.4Li,0-4.0Al,03-68.6Si0,-3.0K,
0-2.6B,05-0.5P,05-0.9TiO, using X-ray diffraction (XRD), 2°Si,
31p, 11B and 2’Al MAS-NMR for structural characterization. This
particular composition was chosen owing to its propensity to
yield single phase lithium disilicate glass-ceramics. Our aim is to
investigate the conjugated effect of P,Os and TiO, on the
crystallization behaviour of this multi-component glass.

2. Experimental procedure

LAS glass of composition (mol%) 20.4Li;0-4.0A1,05-68.6Si0,-
3.0K,0-2.6B,03-0.5P,05-0.9TiO, was prepared by the melt
quench technique. Analytical grade precursors (Li,COs, Al;Os,
SiO,, B,03, NH4H,PO4 and KNO3 and TiO,) were mixed thoroughly
and calcined in recrystallized alumina crucibles according to a
schedule determined by the decomposition temperatures of the
precursors. To ensure complete decomposition of the precursors,
the batch was weighed before and after calcination to ascertain
weight loss. The calcined batch was melted under air ambient at
1500-1550°C in a covered Pt-Rh crucible in a raising lowering
hearth electric furnace (Model OKAY, M/s Bysakh and Co.,
Kolkata) and held for 1-2 h to ensure melt homogenization. After
homogenization, the melt was poured onto pre-heated graphite
moulds and annealed at 500°C for 3-4h to relieve thermal
stresses. The vitreous nature of the annealed glass was verified
using powder XRD (Philips PW1710 X-ray Diffractometer with
collimated CuKo radiation).

Based on previous DTA studies [21], samples were nucleated at
550 °C and subsequently heated at 60 °C/h to 650-800 °C, and held
there for 2h, followed by furnace cooling to room temperature.
The crystallization heat treatments are summarized in Table 1.
Powder XRD in the 20° <260 < 70° range in steps of 0.5° was used
to identify the crystalline phases formed. Phase identification was
carried out using MATCH® software.

295j, 31p, 27Al and ''B MAS-NMR spectra were recorded at 2.34,
9.4, 18.8 and 18.8T, respectively, on Bruker AVANCE spectro-
meters, with 4 mm probes at 12.5 kHz spinning speed, except for
296i for which a 7mm probe at 8kHz was used. The Larmor
frequencies were 19.8, 161.9, 208.5 and 256.8 MHz for 2°Si, 31Pp,
27Al and !B, respectively. For 3'P, the pulse duration was 1.6 ps
(n/6), and the recycle delay was 120s. For ''B, the pulse duration
was 2 s (7/6), and the recycle delay was 10s. For 27Al, the pulse
duration was 1.5 ps (/8), and the recycle delay was 2. For 2°S;j,
the pulse duration was 1.6 us (n/5), and the recycle delay was
180s. This delay is sufficient to allow detection of Si containing
phases, although it might be insufficient for reliable phase

Table 1
Heat treatments applied to LAS glass samples and their nomenclatures.

quantification, which is not the aim of this study. All relaxation
delays were chosen long enough to enable relaxation at the field
strength that was used. The 2°Si chemical shifts are relative to
tetramethyl silane (TMS) at 0ppm, those of 2’Al are relative to
Al(H,0)2* species at 0 ppm in 1 M AI(NO3); solution , those of ''B
nuclei are given relative to BPO, at 3.6 ppm and those of 3'P are
relative to 85% H3PO, at Oppm. The decomposition of NMR
spectra was carried out using DM-FIT software [22]. We fitted 2°Si
and 3P NMR glass spectra using a Gaussian lineshape that reflects
the distribution of chemical shifts due to disorder, while a
predominantly Lorentzian lineshape was found more suitable
for the crystalline phases observed in the glass-ceramic samples.

3. Results
3.1. XRD

The X-ray diffractograms of the LAS glass heat treated at
various temperatures are given in Fig. 1. In the as prepared
sample and that nucleated at 550 °C, XRD patterns show the broad
peak characteristic of amorphous materials. The diffractogram
of the sample heat-treated at 650 °C shows characteristic peaks
of lithium metasilicate (PDF 29-0829) superimposed on an
amorphous background. The sample heat treated at 740°C,
shows in addition to lithium metasilicate, peaks corresponding
to cristobalite (SiO,) (PDF 76-0941). When the sample was heat
treated at 820°C, only peaks corresponding to lithium disilicate
(PDF 40-0376) were observed. The phase emergence at different
temperatures is collated in Table 2 and some thermo-physical
properties are presented in Table 3.

* Lithium metasilicate (# 29-0829)
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Fig. 1. XRD patterns of lithium aluminum silicate (LAS) glass sample heat treated
according to Table 1.

Sample name Nucleation temperature (°C)

Dwell time (h)

Crystallization temperature (°C) Dwell time (h)

Lo As prepared sample

L550 550 1

L650 550 1

L740 550 1
1

L820 550

Nucleated sample

650 2
740 2
820 2)
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Table 2
Chronology of phase emergence in the LAS glasses.

Temperature (°C) Phases in LAS glass-ceramics

650 LS

710 LS

740 LS, CR

770 LS, CR
800 LS, CR, LS2
820 LS2

LS=Ilithium metasilicate, Q=quartz, CR=cristobalite, and LS2 =lithium disilicate.

Table 3
TEC, Tg, Tqs and microhardness (MH) a function of heat-treatment temperature.

Crystallization TEC/ x 10-%°C~' + 5% MH (GPa)

temperature (°C)

Te£2(°C) Tas£2(°0)

650 9.3 6.02+0.04 563 647
740 153 732+0.03 502 626
820 8.6 8.87+0.03 500 818

The error in MH are standard deviation from mean calculated from at least 10
measurements.

S$i0, (cristobalite)

-100 -120 -140 -160 -180
Chemical Shift [ppm]

Fig. 2. 2°Si MAS-NMR spectra of LAS glass heat treated at various temperatures
according to Table 1. Typical spectrum decomposition is shown for LO glass. The
estimated positions of Q% Q* and Q* resonances are indicated.

3.2. 29Si MAS-NMR

The 2°Si spectra of the LAS glass heat treated at different
temperatures are presented in Fig. 2. The spectra of the as
prepared glass (LO) and that nucleated at 550°C (L550) both
show a broad feature in the —70 to — 120 ppm range, indicating
the amorphous nature of these samples. The spectrum of LO
sample can be decomposed into three resonances at —79, —91
and —104ppm attributed to Q2 Q> and Q* structural units,
respectively, as found in other aluminosilicate glasses [23-26].
While the spectra of L550 and LO are amorphous in character, the
shape of the broad feature is changed, indicating that the glass
network is already modified by the heat treatment at 550 °C.
Further, Fig. 2 clearly shows an increase of the Q* resonance and a
decrease of the Q> resonance. Moreover, the Q? resonance shifts to
a value of ~—77ppm, which is close to the chemical shift of
lithium metasilicate [27].

In the sample heat treated at 650 °C (L650), a sharp resonance
is clearly observed at —75ppm, corresponding to lithium

metasilicate crystals [27], in agreement with XRD. The crystal-
lization of lithium metasilicate containing silicon in Q? config-
uration enhances polymerization of the residual glass, thus
leading to the shift of the 2°Si resonance of the residual glass to
more negative values.

At 740 °C (L740), in addition to the peak at —75 ppm, two new
resonances are evident at ~—-92 and —110ppm that can be
assigned to lithium disilicate and cristobalite, respectively
[28,29]. Interestingly, the lithium disilicate is not discernible in
the XRD pattern of L740 glass-ceramics (Fig. 1). The broad
amorphous background due to the residual glass does not change
significantly compared to the spectrum of the L650 sample.

Upon heat treating at 820°C (L820), only the resonance
corresponding to lithium disilicate at —92 ppm [28] is evident.
This proves conclusively that the L820 glass-ceramic is composed
of single phase lithium disilicate, confirming the XRD analysis
(Fig. 1). Further, a change in the shape of the amorphous
background is observed along with a shift to less negative
chemical shifts as compared to L740 samples.

3.3. 3P MAS-NMR

The 3'P MAS-NMR spectra of the LAS glass heat treated at
different temperatures are displayed in Fig. 3. To observe changes
in the crystallinity of the phosphate phase closely, we have
recorded 3'P NMR spectra for LAS glasses heat treated at 610 °C
(L610) and 630 °C (L630). The spectra of the as prepared glass (LO),
those heat treated at 550°C (L550) and heat treated at 610°C
(L610) are nearly identical. The broad resonances centered
on 9 and 2ppm are indicative of the amorphous environment
around the P atoms. The resonance at 9ppm can be assigned
to orthophosphate (Q°) groups [30], in accordance with the
chemical shift of Li3PO4 and K3PO,4 at 10.4 and 11.7 ppm [31,32],
respectively. Since the 3'P chemical shift is very sensitive
to the field strength of charge compensating cation of the
POz~ structural units, the chemical shift at 9 ppm indicates that
cations other than K* and Li* assume the role of charge
compensation. These may be Ti**, AI** or B3*. In addition, the
31p spectra contain a broad resonance centered on 0ppm. This
could arise from the presence of Q' groups, as observed in other
silicate glasses containing P,0s [30]. In silicate glasses containing
P,0s, B,03, Al,O3 and TiO,, connections between phosphate
groups and the glass network were revealed through 3'P
resonances in the —4 to —8ppm region that indicated the

Q" (orthophosphate)

QU pyrophosphate)
J L820

L i 1 1 1 1 1 1
40 30 20 10 0 -10 =20 =30
Chemical Shift[ppm]

Fig. 3. 3'P MAS-NMR spectra of LAS glass heat treated at various temperatures
according to Table 1.
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presence of P-O-Al [33], P-O-B [34,35] or P-O-Ti [36] bonds that
can be considered as Q! sites. In the sample heat treated at 630 °C
(L630), the Q° resonance shifts from 9 to 10 ppm and becomes
sharper, indicating the onset of orthophosphate crystallization. As
the crystallization temperature increases to 650, 740 and 820°C
for L650, L740 and L820 samples, respectively, the resonance at
~10ppm becomes even sharper indicating the increasing
crystallinity of the orthophosphate phase. The chemical shift of
the resonance is very close to that of pure LisPO4 [31], implying
that the large quantity of Li,O in the glass composition precludes
the crystallization of a mixed (LiK);PO, phase that we had
observed in similar glasses containing a lesser quantity of Li,O
[19]. We notice that the LisPO4 crystals observed in NMR spectra
are not detected by XRD (Fig. 1), thus validating the interest of
complimentary NMR analysis. This is discussed Ilater in
conjunction with the XRD results.

3.4. 2?7Al MAS-NMR

The 27Al MAS-NMR spectra of the LAS glass heat treated at
different temperatures are shown in Fig. 4. When 27Al MAS-NMR
spectra are collected at 18.8 T, the effects of quadrupolar broaden-
ing are significantly reduced leading to nearly Gaussian line-
shapes (Fig. 4). The spectra show a single peak in the 55-60 ppm
region, attributed to Al(4) [37,38]. The 2’Al resonances remain
unaffected by the thermal treatment and no sharp resonances are
evident, precluding the crystallization of an Al containing phase.
However, a closer inspection reveals a small shift in the resonance
to less positive values for samples heated at 650 and 740 °C and a
narrowing of the resonance in the latter case.

3.5. "B MAS-NMR

The ''B NMR spectra of the LAS glass heat treated at different
temperatures, collected at 18.8 T, are shown in Fig. 5. At this static
magnetic field the effect of second order quadrupolar broadening
is considerably mitigated and the BO3; and BO,4 peaks are clearly
resolved. The spectra consist of two groups of resonances
centered at ~10 to 15ppm and ~ -5 to Oppm, which can be
assigned to BO3 and BO,4 units, respectively [39]. In addition, in
Fig. 5 it is observed that two different types of BO3; and BO, sites
contribute to the overall BO3; and BO4 resonances. The BOs

L3820

L740

L650

L550

Lo

y
y
—

e

T
100 80 60 40 20 0 [ppm]
Chemical Shift [ppm]

Fig. 4. 27Al MAS-NMR of LAS glass heat treated at various temperatures according
to Table 1, recorded at 18.8T.

L820

20 10 0 -10
Chemical Shift[ppm]

Fig. 5. ''"B NMR spectra of LAS glass heat treated at various temperatures
according to Table 1, recorded at 18.8T.

resonance includes contributions from peaks at ~15 and 10 ppm.
The former are due to BOs; symmetric sites containing three
bridging or non-bridging oxygen atoms (referred to as BOssym),
while the later result from BO3; asymmetric sites, each containing
one or two bridged oxygen atoms (referred to as BOsasym) [39],
which are unlikely in the glass reported here. Further, the
resonances are broad precluding the presence of any crystalline
boron containing phase that would be revealed by the presence of
sharp resonance [19]. In Fig. 5 it is evident that the spectra of LO
and L550 samples are almost identical while for the sample
heat treated at 650°C (L650), the "B NMR spectrum shows
considerable change. The BOs fraction indeed increases at the
expense of BO4 and the fraction of BOsasym increases and
becomes more abundant than BOssym. Interestingly, in the
sample heat treated at 740°C (L740), the BO,4 resonance shows
a contribution at ~0ppm (marked as BOj in Fig. 5). This is
attributed to B coordinated to 1 B and 3 Si as will be discussed in
detail subsequently. The intensity of the BO4 resonance at 0 ppm
increases upon heat treatment at 820 °C.

4. Discussion

In glass-ceramics, the nature and relative fractions of phases
strongly affect the thermo-physical properties. Thus, a complete
understanding of the glass-ceramics’ behaviour necessitates the
characterization not only of crystalline phases but also of the
residual glass. Complementary to XRD, which is the most
common method for crystalline phase identification, NMR is a
powerful tool for such study because it enables the characteriza-
tion of both amorphous and crystalline phases, the observation of
each nucleus separately (particularly light elements like boron,
which are difficult to observe in crystals with XRD), the detection
of phases present in very low amount, and the quantification of
the proportion of crystals and amorphous phases. Moreover, the
use of a high-field (18.8 T) NMR spectrometer enables us to obtain
an improved sensitivity and resolution especially for quadrupolar
nuclei like 2’Al and ''B.

In the following discussion, we use the NMR results to describe
the crystallization process of an LAS glass containing both P,0s5
and TiO,. We focus our attention on the evolution of the residual
glass, where valuable information can be gleaned through NMR.
In our previous study [20] on LAS glasses nucleated by P,0s and
TiO,, it was observed using XRD that lithium metasilicate is the
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first phase to form at ~650 °C followed by cristobalite at ~740 °C,
and finally lithium dislicate forms at ~800°C. The samples
crystallized at 820 °C were composed entirely of lithium disilicate.
We had concluded that P,0s incorporation helps in the crystal-
lization of lithium silicate phases while TiO, mitigates the
formation of quartz, leading to the formation of single phase
glass-ceramics. In the present report, we focus on a single
composition in order to get deeper insights into the phase
evolution during the thermal treatment. The 2°Si MAS-NMR
spectra (Fig. 2) corroborate the X-ray diffractograms and it also
brings further information. Indeed, after the nucleation heat
treatment, NMR reveals that the Q* contribution in L550 increases
compared to LO sample. In addition, the Q? resonance of the L550
sample is shifted to less negative values compared to LO sample
(~—77ppm) which is close to that of crystalline lithium
metasilicate (—75ppm) [27]. Similar increase in the network
polymerization and a shift of Q? resonance to a value near that of
crystalline lithium metasilicate was observed by Clayden et al.
[40] in binary lithium silicate glasses heat treated at 500 °C. Since
there is no evidence for crystallization, the change in network
polymerization can be attributed to formation of atomic scale
inhomogenities. These are regions that are enriched in alkali
species compared to the surrounding glass and are consequently
less polymerized. Crystallization can occur more easily in the
regions of lower polymerization and it is likely that Li,SiO3 first
crystallizes in such regions [40]. Concurrently, it must be
emphasized that crystalline nuclei are not observed at this stage
of the process. It is also possible that this could be the beginning
of crystal growth and that the crystalline fraction is below the
detection threshold of XRD and NMR. The heat treatment at
650 °C results in the crystallization of lithium metasilicate, from
which we can deduce that the fraction of Li,O in the residual glass
decreases. From the continuous random network theory [41], it is
known that Li;O is a network modifying oxide, the reduction of
which increases the polymerization of the glass network. This is
evident in the 2°Si NMR spectrum of the residual glass of L650
sample that shows an increase of polymerization since the
residual glass resonance is now centered on —110ppm. In L740
samples, crystallization of lithium disilicate and cristobalite is
evidenced by the sharp resonances at —92 and -110ppm
[28,29].

In the L820 sample, lithium disilicate is the only phase evident.
No more lithium metasilicate is observed probably because at this
temperature, lithium disilicate forms by the reaction of SiO (from
cristobalite or the residual glass) with lithium metasilicate as
given below:

L125103 + SIOZ g Li2$i205

Headley and Loehman [16] showed using electron microscopy
that the Li,SiO3 and cristobalite (SiO,) in the above reaction grow
epitaxially on crystals of LisPO4;. We may then expect that
crystalline LisPO4 would be observed before the crystallization
of the major silicate phases. However, when the 3'P MAS-NMR
spectra are considered, it is observed that the orthophosphate
peak (at ~10ppm) develops in conjunction with the major
silicate phases observed in XRD and 2°Si NMR (Figs. 1 and 2,
respectively). The 3'P spectra of both the parent glass and the
glasses nucleated at 550 °C and the glass heat treated at 610 °C are
similar, indicating the similarity in the environment about the P
atoms in these samples. By 630 °C, the orthophosphate resonance
narrows compared to the sample heat treated at 610°C. This
indicates the increasing crystallinity of LisPO4 present in the glass.
It is interesting to compare the >!P NMR spectrum of the as
prepared glass with that of another LAS glass of composition
(mol%) 20.5Li,0-4.0Al,03-68.9Si0,-3.0K,0-2.7B,05-1.0P,05 as

LizPO,4 (Q orthophosphate)

Glass prepared as part of this study

LAS-P glass from Ref. 19

H PILIEE PRI
L A B e e e e e e B e L

20 10 0 -10
Chemical Shift (ppm)

Fig. 6. >'P MAS-NMR spectra of LAS glass prepared in this study as compared to a
similar LAS glass from Ref. [19]. The glass reported in Ref. [19] contains 1.0 mol%
P,05 as compared to the glass of this study that contains 0.5 mol%.

shown in Fig. 6. This glass was referred to as LAS-P in our previous
investigation [20]. Since the glass reported here (LAS-PT) contains
a lower concentration of P,0s, it is expected to contain a lower
fraction of Q! pyrophosphate structural units as compared to
LAS-P, since it was reported that the lower fraction of P05 would
result in lower fraction of pyrophosphate (Q!) units [42].
However, in Fig. 6 the large fraction of Q! units in the present
(LAS-PT) glass is readily evident. As mentioned in the Results
section, the resonance centered at 0 ppm indicates the presence
of P-O-Al [33] P-0O-B [34,35] or P-O-Ti [36] bonds. Since the
glass investigated here differs from LAS-P only with regards to
the incorporation of TiO,, it is most likely that the formation of
P-O-Ti complexes is responsible for the enhanced intensity of the
0 ppm resonance as compared to LAS-P [36].

As temperature at which the glass is heat treated increases from
650 to 800°C, the crystallinity of the LisPO4 phase increases. The
emergence of crystalline LisPO4 concurrently with the LiSiOs and
SiO, phases indicates that it is not a precursor for Li;SiO3 and SiO,
(cristobalite) as previously expected. This agrees well with the results
of Holland et al. [17] whose NMR investigations have concluded that
LisPO4 is not the predecessor phase to lithium silicate. Our
observations are also in agreement with the results of Goswami
et al. [18] whose observations indicate that crystalline LizPO, is not a
nucleating agent for complex lithium-zinc-silicate glasses.

The 27Al MAS-NMR spectra (Fig. 4) show very little variation in
glasses and glass-ceramics. The dominant contribution to the
spectrum in all cases is from the peak at ~55 ppm that is assigned
to tetrahedrally coordinated Al (Al(4)) as mentioned in the Results
section. The presently chosen composition is highly peralkaline
(Al;03/Li;0=0.19 < 1). The large fraction of alkali ions means that
Al(4) is energetically stable. In such coordination, the AI** ions
strengthen the glass network and mitigate crystallization during
melt quenching. The presence of any other Al coordination, Al(5)
and AI(6), is ruled out by means of 2’Al MAS-NMR spectra
recorded at 18.8 T. The NMR spectra in conjunction with XRD
indicate that Al does not participate in the formation of crystalline
phases. Although all the spectra seem featureless, a closer
inspection reveals that 2’Al resonance shifts to less positive
values in samples L650 and L740 and a narrowing of the
resonance in the latter case. This is an indirect effect of the
crystallization of the lithium silicate phases, especially since
crystallization of Al containing phase is not observed. We have
already observed in Fig. 2 that the crystallization induces an
increase in the polymerization of the residual glass and thereby
modifies the 2’Al chemical shift [37,38].

The "B MAS-NMR spectra however, show a considerable
variation with heat treatment. The ''B MAS-NMR spectra show a
change at 650 °C (L650). At this temperature, lithium metasilicate
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phase is crystallized as seen in the XRD and 2°Si MAS-NMR
spectra (Figs. 1 and 2). The formation of this phase reduces the
alkali oxide content of the residual glass. Since the ''B NMR
spectra do not show any sharp peaks, it is certain that B remains
in the residual glass. The reduction in the number of charge
compensating cations leads to the following change in the
coordination of B atoms [43]. Since the BO requires the presence
of alkali oxides for charge compensation.

BO4 < BO3sym+NBO

The conversion of BO4 to BOs causes the observed reduction in
the BO, fraction. The non-bridging oxygen (NBO) atom created in
(2) may then convert the symmetric BO3 structural units into an
asymmetric BO5 structural unit as evident in the ''B spectra of the
L650 sample. This is given below:

BO3sym+NBO < BOsasym

Interestingly, by 740 °C, two different BO, sites are also evident
(a new one evident at ~0ppm in addition to the resonance at
—5ppm). This is probably a BO4 structural unit coordinated with
1B and 3Si atoms, while the original BO4 sites at ~—5ppm
corresponds to a BO4 structural unit coordinated with 4Si atoms
[39]. As the alkali silicate phases form, the fraction of Si relative to
B in the residual glass also decreases. As a result of this, the
probability of having a B-O-B linkage increases. The emergence of
the peak at ~0ppm is an indication of the changing structure of
the residual glass. This is further corroborated by the reduction in
glass transition temperature (Tg) of the L740 glass-ceramic sample
(Table 3) indicating the reduction of Si in the residual glass. 3'P
NMR shows that phosphates are participating in the crystal-
lization process. There is indeed no more evidence for the
presence of amorphous phosphate phase at 740 and 820 °C. The
observed chemical shift indicates the presence of only LisPO4
crystals, whereas mixed (Li, K) orthophosphate are present before
crystallization, together with a significant quantity of Q! sites
connected through P-O-Al, P-O-B or P-O-Ti bonds. It is however
not clear if the disappearance of the Q! sites upon crystallization
is a consequence of glass network reorganization (like the
observed boron evolution), or if it may be at the origin of the
network evolution prior to crystallization. However, the observed
evolution of the network structure on the 2°Si spectrum of L550
prior to the Q! dissipation seems to indicate that the phosphates
do not participate in the nucleation process.

5. Conclusions

The use of MAS-NMR allowed us to characterize amorphous
and crystalline phases that are formed during the entire crystal-
lization process of a complex multi-component glass. 2°Si MAS-
NMR confirms that heat treatment at 820°C results in a single
phase glass-ceramic composed entirely of lithium disilicate. In
addition, the use of NMR allowed us to observe already a change
in the network structure of glasses nucleated at 550°C, thus
possibly indicating the formation of inhomogenities or nuclei in
the glass. The >'P MAS-NMR spectra indicated that the crystalline
phosphate (LisPO4) phase develops in conjunction with the
primary crystalline silicate phases, which indicates that crystal-
line LisPO4 does not act as nucleation sites in the LAS glasses
studied. The unchanging nature of the 2’Al spectra indicate that Al
is tetrahedrally coordinated in all cases and a small shift in the
position of the resonance occurs with crystallization of the major
silicate phases. The ''B MAS-NMR spectra show significant
changes with the crystallization of silicate phases. Although the

boron atoms do not participate in the crystallization process, their
coordination evolves as a consequence of the modification of the
polymerization of the residual glass matrix.
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