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Abstract

The role of each oxide component on the structure of molten glass and on their densification and crystallization behaviours is expected to be
more easily assessed for compositions comprising a small number of components. In the present work, binary (Li2O–SiO2), ternary (Li2O–
Al2O3–SiO2), and quaternary (Li2O–K2O–Al2O3–SiO2) glass compositions were selected. The aim was to investigate the relationships between
the compositions and structure of the glasses, namely, the effects of each component on the extent of liquid-in-liquid phase separation, their
thermal behaviour and the phase assemblage in the disilicate glass–ceramics. The distribution of structural units in the experimental glasses was
assessed using 29Si MAS-NMR spectroscopy. Adding Al2O3 played a dual role as network former and modifier when added to the binary system
by enhancing Q2 and diminishing Q3 structural units. The processing window for sintering, the difference between the onset of crystallisation and
glass-transition temperature (Tc−Tg), was too narrow for the less polymerised network structures (binary and ternary systems), hindering the
densification of the corresponding glass powder compacts. Oppositly, compositions in the quaternary system featured excellent densification
behaviour coupled with high mechanical strength. These features derive from a more rigid glass network comprising four coordinated (AlO4/2)

−

units and K+ cations in its vicinity.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The binary alkali silicate glasses may be considered as the
original type of all silicate glasses consisting of several
components [1–3]. Among the binary alkali silicate glasses
the lithia–silica system has gained a great interest for the
preparation of glasses and glass–ceramic materials [4–6].
Lithium meta- and di-silicate phases might be formed depend-
ing on the SiO2/Li2O ratio, presence of nucleating agents,
thermal history of parent glasses, etc. [7]. The S-shaped path of
the melting curve in the Li2O–SiO2 system shows that it has to
certain extent a tendency to segregation [2]. The glasses with
SiO2 contents higher than the stoichiometric lithium disilicate
Li2Si2O5 (here after referred as LD) tend to separate into a
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matrix phase with a composition almost similar to that of LD
along with an isolated droplet SiO2 rich phase, while glasses
with Li2O contents o30 mol% usually turn out to be
opalescent or opaque on cooling owing to phase separation
[2]. The composition of the droplet phase tended to a limiting
value, i.e. towards the disilicate compound that was reached
within the Li2O content of 14–16 mol% in the entire glass,
which thereafter remained constant until a composition of
33.3 mol% [2].
The glass–ceramics derived from this parent binary system

exhibit some unfavourable characteristics in terms of their
mechanical strength and chemical durability which hinder their
use in several technological areas. Although chemical dur-
ability, which is of major importance for dental materials, has
been improved via adding Al2O3 and K2O to stoichiometric
LD compositions [8,9], special attention was drawn to non-
stoichiometric LD glass–ceramics. The latter have proven to be
ghts reserved.
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Table 1
Compositions of the experimental glasses (mol%).

# Li2O–SiO2 Li2O–Al2O3–SiO2 Li2O–K2O–Al2O3–SiO2

A1 A2 A3 B1 B2 B3 C1 C2 C3

Li2O 26.59 28.09 30.59 26.59 28.09 30.59 22.96 22.96 22.96
K2O — — — — — — 3.63 5.13 7.63
Al2O3 — — — 2.63 2.63 2.63 2.63 2.63 2.63
SiO2 73.41 71.91 69.41 70.78 69.28 66.78 70.78 69.28 66.78
SiO2/Li2O 2.76 2.56 2.27 2.66 2.47 2.18 3.08 3.02 2.91
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potential candidates for different functional applications due
their improved mechanical, chemical and thermal properties
[10–15]. It is noteworthy that according to Höland and Beall
[7] the term ‘non-stoichiometric’ implies that SiO2/Li2O molar
ratio deviates greatly from 2:1 and the system is rendered
considerably more complex with numerous additional oxides,
including nucleating agents. The introduction of SiO2-excess
to stoichiometric lithium disilicate glass along with additives,
such as ZrO2, Al2O3, ZnO, CaO, K2O, and P2O5, has been
suggested by Echeverria and Beall [16–18]. Later, P2O5 was
found to play a crucial role in lithium disilicate transformation
and crystallization [19,20]: P2O5 (as nucleating agent) at the
amount of 1.5–2.5 mol% resulted in glass–ceramics with fine-
grained interlocking microstructures, conferring the final
products high mechanical strength. A powder processing of
lithium disilicate glass–ceramics in a multi-component system
with a wide compositional range (in wt%) 57–80 SiO2, 11–19
Li2O, 0–13 K2O, 0–5 Al2O3, 0–8 ZnO, 0.1–6, La2O3, and 0.1–
11 P2O5, was thoroughly investigated by Ivoclar-Vivadent
company to produce the material IPS Empresss2 [21–24].

In spite of the numerous studies found on non-stoichiometric
glasses in the Li2O–SiO2 system, compositions with SiO2/Li2O
molar ratios43:1 were scarcely investigated [3,25,26]. We have
recently reported on glass compositions with SiO2/Li2O molar
ratios far beyond that of lithium disilicate stoichiometry [27–31],
namely within the range of 3.13–4.88 and containing Al2O3 and
K2O, which were compared with a bicomponent glass 23Li2O–
77SiO2 (mol%) [27,29,30]. The later composition exhibited a
cloudy appearance upon cooling while the Al2O3 and K2O
containing compositions resulted in transparent glasses due to
the presence of Al3+, which acted as network former decreasing
the volume fraction and mean diameter of droplet phase.
Sintering and crystallization studies of 23Li2O–77SiO2 glass
powder compacts revealed high fragility, and low flexural
strength and density. In contrast, good densification behaviour
resulted from adding equimolar amounts of Al2O3 and K2O to the
Li2O–SiO2 system to obtain the composition 22.96Li2
O–2.63Al2O3–2.63 K2O–71.78SiO2 (mol%, SiO2/Li2O molar
ratio of 3.13), and a glass–ceramic with improved mechanical
strength [30]. A further insight into the effect of K2O on
structure–property relationships and devitrification behaviour of
glasses was made starting from the above referred glass
(22.96Li2O–2.63Al2O3–2.63K2O–71.78SiO2) and adding incre-
mental amounts of K2O [28,31]. These studies revealed that
excess K2O contents within the range of 2.63–12.63 (mol%)
enhanced the liquid–liquid immiscibility as denoted by an
increasing of the mean droplet size and their distribution density.
On the other hand, increasing K2O contents resulted in 29Si
MAS-NMR spectral changes: decreasing Q4 units accompanied
by an increase of Q3 units and the appearance a new Q2

population, suggesting depolymerisation of the silicate glass
network, while 27Al MAS-NMR revealed an enhanced role of
Al2O3 as glass network former. This role implies the association
of a cation in the vicinity of each tetrahedral unit in order to
maintain local charge neutrality of the (AlO4/2)

− units with four
bridging oxygens (BO). However, for K2O/Al2O3 molar
ratios41, there was the formation of a larger fraction of non-
bridging oxygens (NBO) due to the excess of K2O. Additionally
K2O was found to promote surface crystallization in glasses with
the predominant formation of lithium metasilicate (LMS) phase.
Only in low-K2O compositions LD was formed, resulting in
glass–ceramics with high mechanical strength (∼173–224 MPa),
good chemical resistance (∼25–50 μg cm−2) and low total
conductivity (∼2� 10−18 S cm−1 for GK0) making the materials
suitable for a number of practical applications [31].
To deepen the study of the structure of LD glasses the role

of Al2O3 in Li2O–SiO2 glasses needs to be further clarified.
Accordingly, the main objective of this work is to evaluate the
effect of Al2O3 on the structure, properties and phase forma-
tion in glasses of 3 different systems: (i) Li2O–SiO2; (ii) Li2O–
Al2O3–SiO2; (iii) and Li2O–K2O–Al2O3–SiO2. Solid state
magic angle spinning nuclear magnetic resonance (MAS-
NMR) was employed to provide information on the local
environment of silicon and aluminium in experimental glasses.
The sintering behaviour and properties of the corresponding
glass powder compacts was also a target subject during this
study, in particular using a hot stage microscopy technique.

2. Experimental procedure

2.1. Glass preparation

Table 1 presents the detailed compositions of the experi-
mental glasses along with their corresponding SiO2/Li2O
ratios. A total of 9 glasses divided into 3 groups namely A,
B and C belonging to the Li2O–SiO2, Li2O–Al2O3–SiO2 and
Li2O–K2O–Al2O3–SiO2 system, respectively, were synthe-
sised. Compositions of group B were prepared from the A
series by replacing SiO2 with Al2O3. In group C glasses
(similar to those investigated in the study [28]) composition C1
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derived from B1 by replacing Li2O by K2O while C2 and C3
were obtained via increment of K2O concentration at the
expense of SiO2. Powders of technical grade SiO2 (purity
499.5%) and of reactive grade Al2O3, Li2CO3, and K2CO3

were used. Homogeneous mixtures of batches (∼100 g),
obtained by ball milling, were calcined at 800 1C for 1 h and
then melted in Pt crucibles at 1550 1C for 1 h, in air. All the
glasses were produced in bulk by pouring glass melts on
bronze mould in two different sets: the glasses of one set were
immediately annealed at 450 1C for 1 h while the other set of
glasses was kept in air to be preserved in the non-annealed
condition. Additionally, glass frits were produced by quench-
ing the melt in cold water. The obtained frits were dried and
milled in a high-speed agate mill. The mean particle size of the
glass powders as determined by light scattering technique
(Beckman Coulter LS 230, CA USA; Fraunhofer optical
model) was about 5–10 mm.

2.2. Thermo-physical properties of glasses

Non-annealed glass samples with particle sizes in the range of
500–1000 μm (collected by sieving of crushed non-annealed glass
blocks) and weighing 40 mg were contained in an alumina crucible
(the reference material was α-alumina powder) to perform
differential thermal analysis (DTA, Setaram Labsys, Setaram
Instrumentation, Caluire, France) in order to evaluate the glass
transition temperature Tg, the crystallization onset temperature, Tc
and peak temperature of crystallization, Tp (β¼20 K min−1).

The coefficient of thermal expansion (CTE) of the annealed
glasses was measured by dilatometry using prismatic samples
of bulk glasses with cross section of 3� 4 mm2 (Bahr Thermo
Analyse DIL 801 L, Germany; heating rate 5 K min−1).

Archimedes' method (i.e. immersion in ethylene glycol) was
employed to measure the apparent density of the bulk annealed
glasses which was further applied along with compositions of
glasses to calculate their excess volume (Ve) according to a
procedure described elsewhere [30].

2.3. Structural characterization of glasses

29Si MAS-NMR spectra were recorded on a Bruker ASX
400 spectrometer operating at 79.52 MHz (9.4 T) using a
7 mm probe at a spinning rate of 5 kHz. The pulse length
was 2 ms and 60 s delay time was used. Kaolinite was used as
the chemical shift reference. 27Al MAS-NMR spectra were
recorded on a Bruker ASX 400 spectrometer operating at
104.28 MHz (9.4 T) using a 4 mm probe at a spinning rate of
15 kHz. The pulse length was 0.6 ms and 4 s delay time was
used. Al(NO3)3 was used as the chemical shift reference. The
Qn distributions were obtained by curve fitting and spectral
deconvolution using DMFIT programme (version 2011) [32].

2.4. Crystalline phase analysis and microstructural evolution
in glass–ceramics

Bulk parallelepiped glass samples were non-isothermally
heat treated at 600, 700, 800 and 900 1C for 1 h, at a heating
rate of 2 K min−1. Glass powder compacts were heat treated at
800, 850 and 900 1C for 1 h at the heating rate of 2 K min−1.
The amorphous nature of the parent glasses and the nature of
crystalline phases present in the glass–ceramics were deter-
mined by X-ray diffraction (XRD) analysis (Rigaku Geigerflex
D/Mac, C Series, Japan; Cu Ka radiation, 2θ between 101 and
601 with a 2θ-step of 0.02 deg s−1). The crystalline phases
were identified by comparing the obtained diffractograms with
patterns of standards complied by the International Centre for
Diffraction Data (ICDD).
Archimedes' method was employed to measure the apparent

density of the sintered glass-powder compacts. Microstructure
observations were done at polished (mirror finishing) and then
etched surfaces of samples (by immersion in 2 vol% HF
solution for 2 min) by field emission scanning electron
microscopy (SEM, Hitachi SU-70, Japan) under secondary
electron mode.

2.5. Sintering and crystallization of glass powder compacts

A side-view hot-stage microscope (HSM, Leitz Wetzlar,
Germany) equipped with a Pixera video-camera and image
analysis system was used to investigate the sintering behaviour
of glass powder compacts. The cylindrical shaped samples
from glass powder compacts with height and diameter of
∼3 mm were prepared by cold-pressing the glass powders. The
cylindrical samples were placed on a 10� 15� 1 mm3 alu-
mina (499.5 wt% Al2O3) support and the measurements were
conducted in air with a heating rate (β) of 5 K min−1. The
temperature was measured with a chromel–alumel thermocou-
ple contacted under the alumina support. The temperatures
corresponding to the characteristic viscosity points (first
shrinkage (TFS), maximum shrinkage (TMS), softening (TD),
half ball (THB) and flow (TF)) were obtained from the graphs
and photomicrographs taken during the hot-stage microscopy
experiment [33].
Apart from HSM investigation, the sintering process was

explored using non-isothermal heat treatment of glass-powder
compacts. Rectangular bars (4� 5� 50 mm3) prepared by
uniaxial pressing (80 MPa) were sintered at 800, 850 and
900 1C for 1 h. A heating rate of 2 K min−1 was maintained in
order to prevent deformation of the samples.

3. Results

3.1. Casting ability and microstructure of glasses

Melting at 1550 1C for 1 h was adequate to obtain bubble-
free homogenous glasses from all the investigated composi-
tions. The absence of any crystalline inclusions was confirmed
by XRD and SEM analyses (not shown). Cloudy appearance
was characteristic only of A1, while no evidences of opacity in
the other non-annealed glasses was detected by naked eye. The
SEM images of as cast non-annealed samples (Fig. 1) revealed
nanosized droplet phase embedded in the glass matrix suggest-
ing occurrence of liquid–liquid phase separation in all inves-
tigated glasses. The droplet size and density distribution
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Fig. 1. SEM images of the experimental non-annealed bulk glasses (etched with 2 vol% HF solution for 1 min).

Table 2
Thermo-physical properties of the experimental glasses.

Glass d (g cm−3) Ve (cm
3 mol−1) NBO/T CTE70.1 (10−6 K−1) Tg72 (1C) Tc72 (1C) Tc−Tg (1C) Tp72 (1C)

A1 2.3270.03 1.0570.03 0.72 9.9 498 587 89 737
A2 2.3370.01 0.9070.03 0.78 10.8 495 606 111 733
A3 2.3570.04 0.6670.03 0.88 11.1 491 612 121 717
B1 2.3670.01 1.1770.01 0.63 9.6 504 662 158 781
B2 2.3670.04 1.0870.04 0.68 10.6 500 639 139 773
B3 2.3770.02 0.9270.02 0.78 11.7 495 620 117 746
C1 2.3770.01 1.0870.04 0.63 11.5 503 695 192 806
C2 2.3870.01 0.9770.05 0.68 11.5 500 663 163 800
C3 2.4070.01 0.7670.04 0.78 12.7 496 658 162 778
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seemingly decreased from glass A1 to A3 (series A) and from
glass B1 to B3 (series B) while increased from C1 to C3 in
series C.

3.2. Structure and thermo-physical properties of glasses

3.2.1. Density, excess molar volume and thermal properties
The density values of glasses varied in the range 2.32–

2.40 g cm−3 (Table 2). The observed general trend indicates
that density increases in the sequence C4B4A and, conse-
quently, glasses from the Li2O–K2O–Al2O3–SiO2 system
featured the highest density (2.37–2.40 g cm−3) while the
binary (Li2O–SiO2) glasses are the less dense ones (2.32–
2.35 g cm−3). Density increments with addition of Al2O3

(density ∼4.00 g cm−3) were expected assuming additive
properties argument. But the same reasoning seems to fail
when decreasing SiO2/Li2O and SiO2/K2O ratios. This might
be explained considering the decreasing trend observed in the
excess molar volume (Ve) of the glasses (Table 2). Assuming
that sizes of Li and K cations are smaller than interstices their
attraction to oxygen ion might cause decrease in the interstices'
size [33,34]. In particular, Li ions actually compact the
structure enough to offset their lower atomic mass, while K
ions expand the structure, but not enough to offset their
increase in atomic mass – relative to Si in each case.
The coefficient of thermal expansion (CTE) values of the

glasses followed the sequence C4B4A (Table 2). Accord-
ingly, within each group, the CTE increased upon decreasing
of SiO2/Li2O or SiO2/K2O ratios (e.g. C34C24C1). The
experimentally obtained trends are in good agreement with the
CTE values calculated using a linear model of Appen that
considers additive thermal expansion properties of oxides [35].
The DTA plots of glasses with a heating rate (β) of

20 K min−1 (Fig. 2) revealed well-defined features comprising
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endothermic and exothermic peaks from which transition point
(Tg), temperature of onset crystallization (Tc) and peak
temperature of crystallization (Tp), were determined (Table 2).
General decreasing trends of Tc and Tp with decreasing the SiO2/
Li2O ratio can be depicted from data reported in Table 2 and,
being accompanied by a similar variation trend of Tg in each
group. The observed lowering of Tg is in accordance with the
calculated increasing number of non-bridging oxygens per
tetrahedron (NBO/T) further supporting the hypothesis of
depolymerisation of the glass network.
-150-130-110-90-70-50
29Si chemical shift (ppm)

Q 2

Q 3

Q 4

Fig. 3. 29Si MAS-NMR spectra of glasses: (a) A1, (b) B1 and (c) C1. Dashed
curves show the spectral deconvolution components used for fitting the data.
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Fig. 4. 27Al MAS-NMR spectra of glasses of series B and C.
3.2.2. Structure analysis by MAS-NMR
29Si MAS-NMR spectra of the experimental glasses feature

broad bands, denoting the amorphous nature of these materials
[36]. As expected depolymerisation trends were revealed in
each series upon increasing modifier oxides (Li2O, K2O)
concentration that correlates with calculated NBO/T numbers
(Table 2). Likewise redistribution of silicon atoms occurs upon
introducing of small amount of alumina in the binary Li2O–
SiO2 system. This feature can be revealed from Fig. 3
demonstrating 29Si MAS-NMR spectra of A1, B1 and C1
glasses. As a matter of fact, in the binary Li2O–SiO2 system Si
atoms are distributed among Q3 and Q4 species whilst with
addition of 2.63 mol% alumina those become localised in less
polymerized Q2 units. Considering the fact that the fraction of
Q4 species is almost unaffected (Fig. 3), Q2 units in B1 glass
apparently appeared at the expense of Q3 groups. In the
contrast, the formation of Q2 units was suppressed in glass C1
which was derived from glass B1 by partial substituting of
K2O for Li2O. Such development would result in the repoly-
merisation of glass network.

27Al MAS-NMR spectra of glasses from series B and C are
shown in Fig. 4. Comparison of the spectra revealed that B
series glasses demonstrate 27Al chemical shift towards lower
values. In particular, spectra indicate increasing coordination
numbers, Al[5] and Al[6], in detriment of Al[4], [37–39]. This
suggests the dual role of Al2O3 as network former and modifier
oxide in the Li2O–Al2O3–SiO2 system.
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Fig. 5. X-ray diffractograms of experimental bulk glasses after heat treatment at different temperatures for 1 h. LS: lithium silicate (Li2SiO3, ICCD card 01-029-
0828); LD1: lithium disilicate (Li2Si2O5, ICCD card 00-072-0102); LD2: lithium disilicate (Li2Si2O5, ICCD card 00-015-0637); LAS: virgilite (LixAlxSi3-xO6, ICCD
card 00-031-0707).
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3.3. Crystallization behaviour of bulk glasses

3.3.1. Phase assemblage
All the investigated glass compositions were amorphous

after heat treatment at 600 1C. Fig. 5(a–i), presents the X-ray
diffractograms of the investigated bulk glasses heat treated
within the temperature interval of 700–900 1C. LD was
recorded as the single crystalline phase in the glasses of A
series at 700 1C and 800 1C (Fig. 5(a, b)). The intensity of the
peaks of LD slightly increased with the rising temperature and
traces of cristobalite appeared at 900 1C (Fig. 5(c)). The
addition of Al2O3 in the Li2O–SiO2 system enhanced the
intensity of LD peaks and the formation of lithium aluminium
silicate (LiAlSi2O6—LAS) (Fig. 5(d–f)). On the other hand,
earlier studies [28,31] demonstrated that adding an excessive
amount of K2O tends to suppress the crystallization of LD and
to promote the formation of LMS due to its lower activation
energy for crystallization in comparison to LD [40,41]. More-
over, adding alkali oxides to silicate glasses decreases the melt
viscosity, increases the fraction of NBO and enhances the
tendency of the glass towards devitrification [42]. Indeed, in
the C series, LD was formed only in the composition C1 with
the lowest K2O content [28,31].

3.3.2. Microstructure
Figs. 6–8 compare the SEM micrographs of A and B series

of glasses heat treated at different temperatures. Etching with
2 vol% HF solution leads to serious dissolution of both crystal
and amorphous phase. In the temperature interval 600–700 1C
the small droplets underwent coalescence into bigger agglom-
erates at a rate that was higher in B series. This might be
related to the conversation from the initial droplet/matrix
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Fig. 6. SEM images of bulk glasses series A1 and B1 heat treated at 700, 800 and 900 1C for 1 h (etched with 2 vol% HF solution for 2 min).
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structure to an interconnected structure that seemingly occurs
upon heating of B series glasses. Simultaneously, LD crystals
start to precipitate at 700 1C, being more evident in B series,
which can be seen from corresponding XRD patterns (Fig. 5).
Bulk glasses of series A and B exhibited ability towards bulk
nucleation and crystallization of LD whilst glasses of series C
were prone to surface crystallization. Formation of dendritic
crystals characteristic for LMS [28] can be clearly observed in
the C samples heat treated at 800 1C. In general, a dissolution
rate in the lithium silicate system appreciably increases in the
following gap LMS (cryst.)4LD (cryst.)4LD (glass)
4quartz glass [2]. This observation pointed clearly that in
glasses of C series at 900 1C LMS was first selectively etched
out by HF acid before LD and glassy phase went into solution
[28].
3.4. Sintering and crystallization of glass powder compacts

3.4.1. Sintering process
The experimental compositions from series A and B exhibited

poor densification ability and resulted in porous and brittle
samples, contrasting with the glass-powder compacts from series
C that could be densely sintered [31]. In particular, samples from
the binary system (series A) were extremely fragile. The
incorporation of Al2O3 enhanced the sintering ability but not in
desired extent to get proper densification. Samples of the different
series heat treated at 900 1C for 1 h showed the following
bending strength values: 2.4070.3 MPa (A1), 7.4070.6 MPa
(B1) and 201716.0 MPa (C1). These considerable differences
reflect the great importance of selecting the proper doses of both
oxides (Al2O3 and K2O) in order tune the densification ability
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Fig. 7. SEM images of bulk glasses A2 and B2 heat treated at 700, 800 and 900 1C for 1 h (etched with 2 vol% HF solution for 2 min).
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and the final properties of the sintered glass powder compacts in
the present systems.

The HSM curves of the glass powder compacts of series A, B
and C plotted in Fig. 9 show that densification generally occurs
through viscous flow at temperatures slightly higher than Tg and
dense materials are produced when the sintering process is
completed before crystallization begins [36]. The glasses of
series B exhibit just a single and small sintering step corre-
sponding to a shrinkage volume of about 6–8%, while glasses of
series C present two steps of sintering and a total variation of A/
A0 close to 0.60, i.e. a volume shrinkage of about 40%,
corresponding to practically full densification [36].

The observed changes in the profiles of the samples A3, B3 and
C3 during sintering (Fig. 10) reveal that the characteristic
temperatures corresponding to softening (TD), half ball (THB) and
flow (TF) for the Li2O–K2O–Al2O3–SiO2 (C) system were reached
significantly earlier in comparison to those observed in the Li2O–
SiO2 and Li2O–Al2O3–SiO2 system. Moreover, in the glasses
belonging to former systems sintering was completely retarded
followed by abrupt dimensions changed at temperatures close to
incongruent melting of LD.

4. Discussion

The phenomenon of amorphous phase separation in glasses
has become an important topic of glass research since the
fundamental investigations of Dietzel at the beginning of the
1940s [43]. It is a common phenomenon in silicate glasses that
results in a heterogeneous mixture of two immiscible amor-
phous phases [1,3,43,44]. Dietzel explained this phenomenon
on the basic field strength consideration [3,43]. Thus, in case
of cooling binary silicates both cations compete for the oxygen



1 µm 

1 µm 

1 µm A3 – 600 ºC B3 – 700 ºC

A3 – 700 ºC B3 – 800 ºC

A3 – 900 ºC B3 – 900 ºC

1 µm 

1 µm 5 µm 
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ions so as to surround themselves with the closest possible
packing. When the field strengths of both cations are the same
dissociation into two separate pure oxide phases often occurs.
Below the solidus temperature, glass immiscibility is called a
metastable phase separation and above that temperature it is
called a stable one [44]. Among different types of alkali
silicate glasses, lithium silicate glasses have the widest
immiscibility range, between pure SiO2 and close to
Li2O � 2SiO2 [3,43,44]. The viscosity of the melt at metastable
immiscibility region is respectively higher and the mass
transport will occur at slower rate [44], i.e. viscosity has a
major factor effect on the kinetics of metastable phase
separation. Apart of that, thermodynamic factors should be
also considered along with the quench rate that causes the
progress of separation into different phases. To make effort for
understanding this phenomenon in the 3 different systems
studied in the present work it is essential knowing the fact that
the phase separation may be effective in increasing the driving
force for precipitation of the crystalline phases [45].
With respect to the role of the modifier ions the results

obtained in the present work are well correlated with the data
reported by Schramm et al. [46] who investigated the extent of
Qn distributions for LD glasses in the composition region
between 15 and 40 mol% Li2O: the percentage of Q

4 decreased
with increasing amounts of Li2O, that of Q3 reached a
maximum at 30 mol% Li2O, and the percentage of Q2 showed
tendency to grow at higher Li2O concentrations. As for the role
of alumina it is well known that this oxide suppresses the
immiscibility temperature in many systems, eliminating any
visible evidence of immiscibility [45]. Thus, in alkali–alkaline
earth aluminosilicate glasses where the alumina to modifier
oxide concentration ratio is less than one, addition of alumina



Fig. 9. HSM curves for glass-powders: (a) B1, (b) B2, (c) B3, (d) C1, (e) C2 and (f) C3.
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would result in the replacement of Q3 by groups Q4, i.e. in
increase of the connectivity number [1]. However, according to
the results obtained adding Al2O3 to the Li2O–SiO2 binary
system caused decrease in Q3 units and increase of Q2 units
(Fig. 3). These structural changes are consistent with enhan-
cing a glass network modifier role of Al2O3 in Li2O–SiO2

system. It is well known that to strengthen the glass network
aluminium should be four-coordinated and each tetrahedral
unit should be associated with a cation in its vicinity in order to
maintain local charge neutrality of the (AlO4/2)

− units. This
scenario is valid for the C series glasses where charge
neutrality is assured by the presence of K2O [28,29,31].
However, in K2O-free glasses of series B (Li2O–Al2O3–

SiO2), aluminium tends partially to appear in five- or six-
coordinate aluminium species, which would result in depoly-
merising of the glass network. This can be due to a large
fraction of lithium cations captured in the Li-rich droplet phase
leaving the remaining lithium content at the silica rich matrix
being insufficient to satisfy the neutrality of the (AlO4/2)

− units
and an amount of Al3+ equivalent to that in excess over the
metal cation content will become a network modifier. The
higher coordination number of Al is well supported by the 27Al
MAS-NMR spectra of compositions B and C (Fig. 4), namely
by the 27Al chemical shifts of B glasses to lower values in
comparison to those of group C glasses.
The structural features of the glasses affect the formation of

crystalline phases. For instance, heat treating Al2O3-dopped
bulk glasses of B series resulted in precipitation of LD as the
major crystalline phase and LAS as the minor phase (Fig. 5(d–
f)). The formation of LAS that should be favoured by six
coordinated aluminium supports NMR results obtained from
the Li2O–Al2O3–SiO2 glasses. On the other hand, the prefer-
ential formation of LMS in C series of glasses was already
explained [27–29] using the model of Bischoff et al. and 29Si
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MAS-NMR results [47]. Moreover, earlier it was postulated
that K2O favoured the formation of LMS in preference to the
LD [48].

Recently, a crystallization kinetics study of the glasses in the
Li2O–SiO2, Li2O–Al2O3–SiO2 and Li2O–K2O–Al2O3–SiO2

systems [49] revealed that glasses comprising Al2O3 and
K2O present the lower crystallization propensity, i.e. earlier
crystallization and higher crystallization rate were observed in
the Li2O–Al2O3–SiO2 and Li2O–SiO2 systems compared to the
Li2O–K2O–Al2O3–SiO2 glasses. Additionally, the lower Tc
and Tp values of glasses from A and B series in comparison to
those of C series (Table 2) meant that the crystallization
process is delayed in C series glasses, while the resulting larger
Tc−Tg differences favour densification of glass-powder com-
pacts, a decisive factor to get strong glass–ceramics. This is in
accordance with structural changes since 29Si MAS-NMR data
revealed repolymerization of the glass network after addition
of both Al2O3 and K2O to the Li2O–SiO2 system. Narrowing
the Tc−Tg processing window in the less polymerised glass
networks of series A and B (Fig. 3) compared to C completely
hindered the densification of the glass powder compacts due
the early LD formation (Fig. 2). Nevertheless, glass viscosity
measurements should be performed to support the obtained
results.

Regarding the sintering process of C series glasses only, the
first step of densification was affected by crystallization. In
composition C1 (lowest K2O content), the first sintering step
was separated by the temperature range where LMS was
formed followed by a second sintering stage that occurred
simultaneously with formation of LD phase [27–29]. This can
be attributed to the formation of a more rigid glass network
containing four coordinated (AlO4/2)

− units and K+ cations in
its vicinity to maintain local charge neutrality. Therefore, a
small addition of Al2O3 along with K2O to pure Li2O–SiO2

system is crucial to promote glass stability against crystal-
lization, enhance the densification behaviour and the ultimate
mechanical strength. In the present study, beneficial effects of
adding both Al2O3 and K2O are only observed up to about
3 mol% of each oxide, being therefore a matter of process
optimization [29].
5. Conclusions

The effect of Al2O3 and K2O on structure, sintering and
devitrification behaviour of glasses in the Li2O–SiO2 system
along with the properties of the resultant glass–ceramics has
been investigated. The results can be summarized in the
following conclusions:
(1)
 The structure of A and C series of glasses consists
predominantly of Q3 and Q4 units and the silicate glass
network trends to depolymerise with decreasing
SiO2/Li2O and SiO2/K2O ratios.
(2)
 The partial replacement of SiO2 by Al2O3 in Li2O–SiO2

glasses (group B) enhanced the trend towards depoly-
merisation, reflected by increase in Q2 at the expense of
Q3 units, with Al2O3 playing dual role of a glass
network former and modifier. This latter role of Al2O3

in the Li2O–Al2O3–SiO2 system is supported by the
analysis of 27Al MAS-NMR spectra. All compositions
of group B show 27Al chemical shifts to lower values in
comparison to glasses in group C, revealing increasing
fractions of Al [5] and Al [6] in detriment of Al [4].
Moreover, crystallization of those glasses resulted in the
formation of LD and LAS phases.
(3)
 The experimental compositions from series A and B
exhibited poor densification ability resulted in porous
samples of brittle nature, contrasting with well sintered
glass-powder compacts from series C. This was due to
the formation of a more rigid glass network in glasses of
series C containing four coordinated (AlO4/2)

− units and
K+ cations in its vicinity to maintain local charge
neutrality. Therefore, a small addition of K2O to pure
Li2O–Al2O3–SiO2 system is crucial to enhance the
densification behaviour and the ultimate mechanical
strength.
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