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Abstract

Lithium zinc silicate glasses of composition (mol%): 17.5Li,0—~(72—x)SiO,—xZn0O—5.1Na,0—1.3P,05—4.1B,03, 5.5<x<17.7, were
prepared by conventional melt-quenched technique and converted to glass-ceramic by controlled crystallization process. >°Si and *'P
MAS-NMR was used to characterize the structure of both glass and glass-ceramic samples. Despite the complex glass composition, Q%
0* and Q" sites are identified from 2°Si MAS-NMR, which relative intensities are found to vary with the ZnO content, indicating a
network depolymerization by ZnO. Moreover, well separated 0 and Q* resonances for low ZnO content indicates the occurrence of
phase separation. From *'P MAS-NMR, it is seen that phosphorus is mainly present in the form of ortho-(Q°) and pyro-phosphate (Q")
structural units and variation of ZnO content did not have much effect on these resonances, which provides an additional evidence for
phase separation in the glass. On conversion to glass-ceramics, lithium disilicate (Li,Si>Os), lithium zinc ortho-silicate (Li3Zng 5Si0y),
tridymite (SiO») and cristobalite (SiO,) were identified as major silicate crystalline phases. Using °Si MAS-NMR, quantification of these

silicate crystalline phases is carried out and correlated with the ZnO content in the glass-ceramics samples. In addition, *

P spectra

unambiguously revealed the presence of crystalline LisPO4 and (Na,Li);PO, in the glass-ceramics.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Lithium zinc silicate (LZS) glass-ceramics find wide
applications for the fabrication of hermetic glass-ceramic-
to-metal (GCM) seals with variety of metals and alloys
[1,2] because of their tuneable thermal expansion char-
acteristics (50-200 x 1077 K~'). Number of studies has
been carried out on the thermo-physical properties of this
system [3-14]. For instance, the crystallization behaviour
and thermo-physical properties of LZS glass-ceramics with
low ZnO content (4.3mol%) have been reported [8—12].
Schweiger and co-workers [3] have studied the effect of
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P,Os5 on crystallization and microstructure of this glass-
ceramics system. They inferred that the phase transforma-
tions and crystallization of lithium disilicate during heating
were mainly affected by P,Os content of the samples, and
that 1.5-2.5mol% P,Os as nucleating agent produces a
glass-ceramic with fine grained interlocking microstruc-
tures after heat treatment. The influence of K,O and P,Os
on crystallization sequence of Li,O-ZnO-SiO, glass-
ceramics containing low ZnO content was investigated by
McMillan and co-worker [12]. Small addition of K,O
varies the crystallization sequence and the phase composi-
tion of resulting glass-ceramics.

Recently, a study on the thermo-mechanical properties
of this LZS system with variable ZnO to ZnO + SiO; ratio
has been carried out by Sharma et al. [13]. They reported
that the thermo-mechanical properties of LZS glass-
ceramics are dependent on the bulk composition and
subsequently on the major crystalline phases developed
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during the heat treatment. They have optimized the process
parameters to tune the thermal expansion characteristics of
LZS glass-ceramics, making them suitable for sealing
applications with Cu and stainless steel SS-321 [14]. In a
recent work by this group, crystallization behaviour during
sealing process for low and high ZnO content samples was
also studied with different heat schedules [2].

Since the physico-chemical properties of glass-ceramics
are governed by the relative concentration of different
crystalline phases as well as on the nature of residual glassy
phase, it is important to characterize the local environment
of the crystalline and amorphous components formed
during conversion of glass to glass-ceramics. Although a
number of studies related to various physical and thermo-
mechanical properties were carried out on this LZS system,
not much work related to the structural aspects of this
material using MAS-NMR is available in the literature.
Dupree et al. and Holland et al. reported on early stages
of crystallization in lithium disilicate glasses containing
P,0O5 using NMR [15,16]. From the evolution of chemical
shifts and relaxation time of Q% species, they inferred
the presence of liquid-liquid phase separation in lithium
silicate glass containing 2wt% P,0Os, which was not
detectable even with Transmission Electron Microscopy
(TEM).

The aim of our study was to obtain structural data on
LZS glass-ceramics developed for sealing applications [13].
Despite the complexity of these multi-component glasses,
we managed to characterize phosphorus, silicon and boron
speciation in LZS glasses and glass-ceramics with various
amounts of ZnO, which will be called “LZSH” hereafter.
ZnO was indeed shown to advantageously to replace SiO,
in the glass composition, leading to thermo-mechanical
properties better suited for sealing applications. *°Si and
'P MAS-NMR was used to characterize the local
environment around the main glass forming elements.
Unfortunately, recording ®’Zn solid state-NMR spectra is
not possible on these samples since it is a quadrupolar
nucleus (I = 5/2) with a very low sensitivity (1.18 x 10™* vs.
"H), mainly due to its low Larmor frequency. "“°Li, >*Na
and '"B NMR spectra revealed no useful information in
relation with the aim of the present work and will thus not
be further mentioned here. We will first report the *°Si and
*'P NMR spectra of LZSH glasses and of the correspond-
ing glass-ceramics. The different resonances will be
assigned to structural units and quantified. The results will
then be discussed to highlight two important features for
glass-ceramics evaluation: the phase separation in the
glasses and the crystallization process.

2. Experimental

Lithium zinc silicate glasses of composition (mol%):
17.5Li,0—(72—x)Si0»—xZn0O-5.1Na,0-1.3P,05—4.1B,03,
where x varied from 5.5 to 17.7 (Table 1), were prepared
using 99.7% silica and analytical grade Li,CO3;, KNO;,
NaNO;, H3;BO;, ZnO and (NH4),HPO, as starting

Table 1

Nominal compositions of LZSH glasses (mol%)

Sample SlOz ZnO L120 P205 NazO B203
LZSH1 67.1 5.5 17.0 1.3 5.0 4.1
LZSH2 63.9 8.3 17.3 1.3 5.1 4.1
LZSH3 60.8 11.2 17.4 1.3 5.1 4.2
LZSH4 57.6 14.1 17.6 1.3 5.2 4.2
LZSH5 53.6 17.7 17.8 1.3 5.2 4.3

materials. The batch was subjected to calcination at
850 °C. It was repeated twice after thorough mixing and
grinding to ensure the complete mixing and decomposition
of the constituents. The charge was then melted in a
covered Pt-10% Rh crucible at a temperature of about
1450 °C (depending on the ZnO content) in a raising and
lowering hearth furnace and held for 1-2h for a homo-
geneous mixing, followed by pouring into a preheated
graphite mould. The poured glass was annealed at about
450 °C for 2—4 h before cooling down to room temperature.
Clear, transparent and bubble free glasses were obtained
for all compositions. These base glasses were converted to
glass-ceramics by controlled crystallization using DTA
data. The details of the experimental procedure are
discussed in our earlier paper [13].

MAS-NMR studies on 2°Si nuclei were carried out using
a Bruker Avance 100 spectrometer at a Larmor frequency
of 19.8 MHz. The samples were packed in a 7mm diameter
zirconia rotor and subjected to a spinning speed of 4kHz
and a 90° pulse of 2.3 ps duration with a delay time of 180s.
For quantitative measurement, we have recorded spectrum
with 20min delay time and verified that this relaxation
delay was sufficient for quantitative measurement. Tetra-
methylsilane has been used as the reference material for
»Si MAS-NMR studies. For *'P MAS-NMR, a Bruker
Avance 400 machine was used at a frequency of
161.98 MHz. *'P NMR spectra were obtained by applying
45° pulse of 2.2us duration with a delay of 60s. The
samples were packed in a 4 mm diameter zirconia rotor and
spun at the spinning speed of 12.5 kHz. H;PO,4 was used as
the reference materials for *'P MAS-NMR. The NMR
spectra were decomposed into individual components using
the DM-FIT software [17]. Intensities of spinning side
bands were included in the deconvolution in order to take
into account for the chemical shift anisotropy in the site
quantification, and relaxation delays were verified to be
long enough to enable sufficient relaxation.

3. Results
3.1. MAS-NMR of LZSH glasses

2Si MAS-NMR spectra for LZSH glass samples with
variation of ZnO content are shown in Fig. 1(a). They were

decomposed into three individual components centred at
0~ —80, =91 and —110 ppm (Fig. 1(a)), which are assigned
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Fig. 1. (a) ®Si MAS-NMR spectra of LZSH glasses with variation of ZnO content. A typical spectrum deconvolution is shown for LZSH-3G sample.
(b) »’Si MAS-NMR spectra of LZSH glass-ceramics with variation of ZnO content (5 = —64.8: LiZng sSiOy, 6 = —92.25: Li»Si,Os, d = —107.73:

cristobalite, 6 = —111.8: tridymite).
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Fig. 2. Variation in relative concentration of silicon Q" units with ZnO
content. Lines are drawn as a guide to the eye.

to 0%, 0 and Q" structural units, respectively [18]. The
relative amount of these sites vs. ZnO content is plotted in
Fig. 2. For increasing amount of ZnO, the amount of Q*
structural units decreases and that of Q” increases, whereas
that of Q° units remains nearly unchanged (Fig. 2) within
deconvolution incertitude. Fig. 2 thus indicates that for
increased amount of ZnO, more non-bridging oxygens are
formed at the expense of bridging oxygens of the silicate
network. Indeed, increased quantity of O units (and of Q°
in less extent) are observed at the expense of Q% units
(Fig. 2). It is further noticed that there is a shift of Q*
chemical shift to less negative value as the ZnO content
increases. This shift of Q% resonance is due to a
modification of the second neighbours of 2°Si in these Q*
sites as more Q° and Q° sites are formed. The shift of
the O* resonance thus confirms the depolymerization of the
silica network [19], which is the consequence of the
substitution of SiO, for ZnO in the glass formulation

because Si—O-Si groups are replaced by Si—-O-Zn (we
notice that this schematic view does not involve that Zn has
the same structural role that Si).

Fig. 3(a) shows the *'P MAS-NMR spectra for LZSH
glass samples with varying amount of ZnO. All spectra
show two broad resonances positioned at 9.5 and
—1.5ppm, with strong and low intensity, respectively.
They are assigned to Q° and Q' structural units,
respectively [20]. Whatever the ZnO content of the LZSH
glasses, the relative amount of Q° sites remains larger than
that of Q' sites and no significant variation of the
intensities is observed. Moreover, only a small shift to
larger values is observed for the resonance position of Q°
and Q' with the variation of ZnO content, which suggests
that the short range order around *'P nuclei in the glass
samples is not affected by the variation of ZnO content.
This point will be further commented in Section 4.

3.2. NMR of LZSH glass-ceramics

The °Si MAS-NMR spectra of LZSH glass-ceramics
samples with variation of ZnO content are shown in
Fig. 1(b). Sharp peaks superimposed on a broad resonance
are observed on these spectra. The broad resonance
between —108 and —92.5 is characteristics of the residual
glassy phase present in the glass-ceramic samples, whereas
the sharp peaks observed at —64.8, —92.8, —107.7, and
—111.8 ppm indicate the presence of crystalline phases, in
conformity with XRD data [13]. The peak at —64.8 ppm is
assigned to the Q silicate sites of lithium zinc ortho-silicate
(Li3Zng 5Si04) [21], the peak at —92.8 ppm to lithium
disilicate (Li»Si,Os) [21], the peak at —107.7ppm to
cristobalite (SiO,) [21], and the peak at —111.8 ppm to
tridymite (SiO,) [21]. The relative intensities of the
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Fig. 3. 3'P MAS-NMR of LZSH (a) glass and (b) glass-ceramic samples with variation of ZnO content. (c) Example of fit of >'P NMR spectrum of the
LZSH4-GC glass-ceramics. The same fit with two different line shapes (Gaussian and Lorentzian) was applied to all spectra. (d) Calculated and observed
3P NMR chemical shift of Q0 ortho-phosphate resonances of LZSH glasses with variation of ZnO content.

resonances of the crystalline phases were found to vary
with the ZnO content as shown in Fig. 4(a). At low ZnO
concentration, Li»Si»Os is found to be present as the major
crystalline phase along with cristobalite and smaller
amount of LizZngsSi04. When ZnO content increases,
the intensity of the peak related to LizZng sSiO4 increases
and tridymite is progressively observed in place of
cristobalite. The intensity of Li,»Si>Os resonance decreases
with ZnO content and finally disappear for higher content
of ZnO (17.7mol%). These variations are in accordance
with those previously observed on XRD patterns [13], but
NMR enables an easy quantification of the relative amount
of different crystalline phases in glass-ceramics samples, as
well as the relative amount of residual glassy phase, which
are reported in Fig. 4(b).

In Fig. 3(b), two narrow resonances are observed on the
3P NMR spectra of the glass-ceramics, located at 10.1 and
11.3ppm, and their relative intensities change with the
ZnO content. Since these chemical shifts are out of the
range of pyro-phosphate Q' units [22], they are assigned
to ortho-phosphate Q° units. The resonance at 10.1 ppm

is unambiguously assigned to LisPO4 [16] crystalline
phase. The peak at 6~ 11.3ppm may be assigned to a
Najs_,Li PO, solid-solution because this chemical shift is
intermediate between that of Nas;PO, (13.4ppm) and
LizPO4 (10.1 ppm). This situation was already observed
in other phosphate solid-solutions [23]. Indeed, the much
smaller width of these resonances (half width at half height
is 1.1 ppm) compared to that observed in glasses (Fig. 3(a))
suggests that they both stem from crystalline phases
and not from residual glassy phase. However, on deconvo-
lution the resonance at 10.1 ppm could be fitted with
Lorentzian line shape, but the other one at 11.3 ppm could
only be fitted with Gaussian line shape. The former
resonance can thus be assigned to the crystalline LizPOy
phase, but the Gaussian line shape of the resonance at
11.3 ppm indicates some disorder around the phosphorus
site. This disorder probably originates from the variation
of x values because Nas_,Li, PO, is a continuous solid-
solution [24]. The evolution of the intensities of the two *'P
resonances (Fig. 3b) indicates that the relative quantity of
LisPO, crystals decreases with increased ZnO content in
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Fig. 4. (a) Percentage of silicate crystalline phases in LZSH glass-ceramics
with variation of ZnO content, measured from the relative intensities
of ?°Si MAS-NMR spectra. Lines are drawn as a guide to the eye.
(b) Percentage of glassy and total silicate crystalline phases in LZSH
glass-ceramics with variation of ZnO content, measured from the
relative intensities of >’Si MAS-NMR spectra. Lines are drawn as a guide
to the eye.

the glass-ceramics (excepted for the lowest ZnO content).
This is probably due to the precipitation of lithium-
containing crystalline silicate phases (as discussed in the
next section), which decreases the concentration of Li* and
thus increases the formation of Nas_ Li PO; We noticed
that no pure NazPO, phase could be detected in these
samples, probably because the Na™ concentration is much
less than Li* one. We thus conclude that all P,Os is
involved in crystalline phases in LZSH glass-ceramics and
that no P,Os could be detected in the remaining glassy
phase.

4. Discussion

We have shown in a previous paper that the substitution
of ZnO for SiO, in LZSH glasses has large effects on the
crystalline phase distribution and on the properties of the
glass-ceramics [13]. Thus, the aim of this work was to
investigate the structure of these materials before and after
crystallization process. Glass-ceramics are obtained by
nucleation and crystal growth process. For lithium silicate
materials of composition similar to our glasses, nucleation

is often initiated by liquid immiscibility [25]. We will thus
separate the discussion of NMR results in two parts: we
will first show that solid-state NMR brings information
about the occurrence of an amorphous phase separation in
these glasses. Then, we will show that in the glass-ceramics
both the residual glass phase and the crystalline phases can
be characterized with solid-state NMR.

4.1. NMR evidence for amorphous phase separation

The well separated Q° and Q* resonances on the *’Si
NMR spectra for low ZnO content (Fig. 1(a)) indicate the
possibility of some amorphous phase separation. The
structural features of a technologically useful multi-
components material are complex, since various constitu-
ent oxides are added for tuning the characteristics. As a
result, the MAS-NMR spectra of such multi-component
system are broad and featureless, owing to the large
distribution of the environments [26]. Broad and feature-
less 2Si resonances could thus be expected for our glasses.
Hence, for the higher silica content LZSH glass, the well-
resolved O resonance can be considered as an evidence of
silica phase separation during quenching. Phase separation
is indeed common in silicate glasses with high silica content
[27]. This amorphous phase separation was not detected
during the glass formation process (no opacity was visible),
and not by microscopic observation with SEM. This phase
separation is thus probably limited to the submicron/
nanometer range, below the resolution limit of SEM.

A second evidence for amorphous phase separation is
provided indirectly by *'P MAS-NMR. *'P chemical shift
is sensitive to the average field strength of the cation to
which phosphorous is coordinated in glass [28]. Since Zn>"
has a larger field strength than the other modifying cation
(Na™, Li"), a shift to higher field (more negative chemical
shift values) was expected if the ortho- or pyro-phosphate
anions were charge compensated by all the cations present
in the glasses. Since the intensities of the Q' pyro-
phosphate resonances remain low whatever the ZnO
content is, we could not observe any significant shift for
these Q' sites on the *'P NMR spectra (Fig. 3(a)).
Nevertheless, significant features could be obtained from
Q" sites: Fig. 3(d) shows the chemical shift values
calculated considering an average distribution of all
modifying cations around Q° phosphate units. While
increasing ZnO content in the glasses, a shift to higher
field (i.e. smaller c.s. values) is calculated (assuming a
random distribution of cations around phosphate units,
c.s. 18 calculated from 6 = X¢;0;, where 9§, is the chemical
shift of an ortho-phosphate crystalline phase and ¢; is its
content in mol%). However, in Fig. 3(d) a shift to lower
field is actually observed for measured Q° chemical shifts
on *'P NMR spectra. The shift of NMR resonances of the
0° ortho-phosphates to the opposite side compared to the
calculated values (Fig. 3(d)) means that Zn®" ions are not
bonded to these phosphate anions. Since this is very
unlikely in a homogeneous glass and considering previous



274 M. Goswami et al. | Journal of Solid State Chemistry 181 (2008) 269-275

studies indicating strong complexation of phosphate anion
with divalent cations [29], this is another evidence for the
occurrence of a phase separation in glass. Furthermore,
this absence of bonding between phosphate and Zn>*
indicates that ZnO is located in a different phase than that
containing the phosphate anions. Since it is known that
phosphate anions are located after amorphous phase
separation in the less polymerized phase [30], our NMR
results suggest that the amorphous phase separation
produces a phase rich in Q% and Q silicate sites, in which
are located phosphate anions and a phase rich in 0* and Q°
silicate sites, which contains most of Zn>*. The degree of
amorphous phase separation decreases with increasing
amount of ZnO in the LZSH glass formulation (as
evidenced by less separated Q* sites in Fig. 1(a)), probably
because the depolymerization of the silica network by ZnO
results in less quantity of O* sites.

4.2. NMR analysis of LZSH glass-ceramics

The relative proportion of the different crystalline phases
present in LZSH glass-ceramics is dependent on the ZnO
content, as was shown qualitatively by XRD [13]. NMR
brings complementary information to those XRD results.
The quantification of the different crystalline phases is
indeed important for optimizing the properties of the
glasses, which influences the thermo-mechanical properties
of the glass-ceramics [13].

The conversion of LZSH glasses into glass-ceramics
results in the presence of sharp resonances >°Si spectra
(Fig. 1(b)), due to crystalline phases. A broad resonance
remains on *’Si spectra of LZSH glass-ceramics, which
indicates the presence of residual glassy phase. These >Si
spectra can be decomposed into individual components,
which brings an easy way of quantification of the relative
amount of the crystalline and amorphous phases, as shown
in Fig. 4(a) and (b). It is observed that the increase of ZnO
content in the glasses results in the formation of
LizZn( sSiO4 crystals at the expense of Li»Si,Os. SiO,
crystalline phases are always present whatever the ZnO
content, but cristobalite crystals are observed at low ZnO
content and progressive growth of tridymite crystals occurs
at higher ZnO content (above 11.2mol% ZnO). This was
already observed in other glass-ceramics [16], but no clear
explanation can be given. This could be related to the
occurrence of the phase separation in the glass, which
induces the formation of a silica-rich phase (as evidenced
by Q* sites in *Si spectra). For larger ZnO content the
extent of phase separation is expected to decreases (which
is confirmed by less separation of Q% sites), and SiO,
crystals may be formed through a rearrangement of the
silicate network upon crystallization. The glass with highest
silica content produces mainly cristobalite and lithium
disilicate crystals, which was observed in similar LZS glass-
ceramics compositions [31].

3'P NMR shows that the presence of LisPO, and
Naj;_,Li, PO, crystalline phases has no direct relation with

the ZnO content and with the presence of the different
silicate crystalline phases. This is in accordance with
previous study [16], which reported that crystalline
phosphate is not acting as nucleating agent for crystal-
lization of lithium silicate phases, but it may be indirectly
involved by enhancing initial amorphous phase separation
in the glass. Our NMR results confirm that such behaviour
is also observed in complex glass compositions. NMR was
able to detect and quantify a small amount of Li;PO,4 and
Nas_,Li PO, crystals, which could not be detected by
XRD. Moreover, NMR is also able to characterize the
partition of phosphate between crystal and glassy phase
and we have shown that no P,O5 could be detected in the
residual glassy phase in LZSH glass-ceramics.

5. Conclusions

Structural studies using *’Si and *'P MAS-NMR were
carried out on LZS glass and glass-ceramic samples of
nominal glass composition (mol%): 17.5Li,O—(72—x)-
Si0»—xZn0-5.1Na,0-1.3P,054.1B,03, where x varied
from 5.5 to 17.7. We report data on the glass to glass-
ceramic conversion involving phase separation and quan-
tification of crystalline phases, which have never been
reported on such complex multi-component glass composi-
tion.

From *’Si MAS-NMR spectra, it is observed that Q% Q°
and Q% structural units are present as a major network
forming units in the glass samples and their relative
intensities are largely dependent on the amount of ZnO
content. For low ZnO content, well separated Q* and Q*
resonances indicate phase separation, which could not be
observed from SEM studies. From *'P MAS-NMR,
unchanged resonance positions of the Q° and Q' phos-
phorus sites with variation of ZnO content also provides an
additional evidence of phase separation in the glass.

Four sharp peaks positioned at 6 ~ —64.8, —92.8, —107.7
and —111.8ppm are observed in glass-ceramic samples
from 2°Si MAS-NMR spectrum and are identified as
LizZn( sSi0y4, LirSirOs, cristobalite and tridymite, in
conformity with XRD data. Quantification of silicate
crystalline phases using >°Si MAS-NMR could be possible
and it well agrees with the XRD measurements.

Significant information was obtained from *'P MAS-
NMR, which showed that phosphorus is present in two
different environments in LisPO; and Nas;_ Li PO,
crystals. Since the relative intensity of these resonances
does not have any direct relation with the ZnO content and
with the growth of different crystalline silicate phases, it
can be inferred that P,Os is not acting as a nucleating agent
for the growth process.
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