
New Sintered Li2O–Al2O3–SiO2 Ultra-Low Expansion Glass-Ceramic

Viviane O. Soares,‡,† Oscar Peitl,§ and Edgar D. Zanotto§

‡Department of Science, State University of Maring�a, Goioerê, 87360-000, Paraná, Brazil
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We developed a new Li2O–Al2O3–SiO2 (LAS) ultra-low
expansion glass-ceramic by nonisothermal sintering with con-

current crystallization. The optimum sintering conditions were

30°C/min with a maximum temperature of 1000°C. The best

sintered material reached 98% of the theoretical density of the
parent glass and has an extremely low linear thermal expan-

sion coefficient (0.02 3 10�6/°C) in the temperature range of

40°C–500°C, which is even lower than that of the commercial

glass-ceramic Ceran
�
that is produced by the traditional cera-

mization method. The sintered glass-ceramic presents a four-

point bending strength of 92 � 15 MPa, which is similar to

that of Ceran� (98 � 6 MPa), in spite of the 2% porosity. It

is white opaque and does not have significant infrared transmis-
sion. The maximum use temperature is 600°C. It could thus be

used on modern inductively heated cooktops.

I. Introduction

GLASS–CERAMICS of the Li2O–Al2O3–SiO2 (LAS) system
have been extensively investigated and commercialized

due to their very low (near zero) thermal expansion coeffi-
cient (TEC), excellent thermal shock resistance, high chemi-
cal durability, and attractive aesthetics.1 Cooktop plates for
kitchen stoves are the dominant products.2 They are also
used in telescope mirrors and high-temperature furnace win-
dows.3,4

Traditionally, glass-ceramics are produced by controlled
crystallization of certain glasses, which involves a two-stage
heat treatment for nucleation and subsequent crystalliza-
tion.5,6 This process requires the addition of proper nucleat-
ing agents to the parent glass formulation to promote the
formation of crystal nuclei. The most frequently used nucle-
ating agents are TiO2 and ZrO2 or their mixture, which is
proposed to be more effective.7

Glass-ceramics can also be produced via viscous flow sin-
tering of glass particles with concurrent crystallization. The
advantage of this process is that the high specific surface area
of the fine powders promotes surface crystallization even
without the addition of any nucleating agent.8 However, if
the surface crystallization process is rapid, the crystals
develop prior to the full densification, and the sintering is
hindered. The crystallized surface of the particles does not
flow, slowing down the sintering kinetics.9,10 Unfortunately,
glasses of the LAS system exhibit a high tendency for surface
crystallization. Therefore, producing high-density sintered
LAS glass-ceramics remains a challenge.

Although there are some published works on the sintering
of LAS glass-ceramics, the major problem with this process

achieving complete densification if a crystallized fraction
higher than 60% is desired remains unsolved.11–19

A comprehensive review of sintered LAS glass-ceramics is
presented in Ref. 20. The previous studies demonstrated that
obtaining a dense (99%), low-expansion (TEC < 0.5 ppm/°C)
sintered LAS glass-ceramic is not trivial. To the best
of our knowledge, a sintered glass-ceramic with these two
properties combined has never been reported.

The objective of this study is to obtain a sintered LAS
glass-ceramic with a relative density close to one and a ther-
mal expansion coefficient close to zero. The main properties
of our sintered GC are compared with the commercial mate-
rial Ceran� produced by Schott by the traditional method.

II. Experimental Procedure

Several LAS glasses within the chemical composition range
(mol%) of 60–70 SiO2, 10–20 Al2O3, 5–10 Li2O, and 1–4
MgO plus other minor oxides were obtained from analytical-
grade chemicals. The mixtures of precursor powders were
melted in a platinum crucible at 1600°C for 3 h in an electrical
furnace in air. The melts were quenched into water, and the
small (~2 mm) pieces of glass were crushed in a high-impact
planetary ball mill (Fritsch pulverisette) using an agate jar and
agate balls that were 20 mm in diameter. Two distinct size dis-
tributions were obtained using the milling conditions:
450 rpm for 60 min and 450 rpm for 60 min followed by
550 rpm for 30 min. These two powders were mixed in a
weight ratio of 2:3 to improve the particle packing and, conse-
quently, to maximize the green density of the compacts, as
determined by the Alfred model for particle packing21,22 and
experimentally in Ref. 23 The resulting particle size distribu-
tion was measured by a laser diffraction particle size analyzer
(Horiba–LA930). A high-impact planetary ball mill was
employed because it permits a short milling time with consid-
erable reduction in particle size. According to M€uller,24 the
reduction of milling time implies particles with a small num-
ber of defects per unit area, which can act as nucleation sites
(Ns). Consequently, surface crystallization is reduced, and sin-
tering is improved. A conventional horizontal ball mill was
employed to obtain a particle size distribution quite similar to
that obtained by the planetary ball mill. The milling time used
was 34 h, and an agate jar and agate balls of 20 mm in diame-
ter were used. A higher Ns is expected in this case. The ball
milling was performed to compare the sinterability of this
powder with that of the powder obtained by high-impact mill-
ing. The possible use of ball milling was considered because it
is the most common industrial milling process.

A Netzsch DSC 404 (Netzsch, Selb, Germany) was
employed for determination of the characteristic tempera-
tures (Tg, Tx, and Tm) of the glass powders using a heating
rate of 10°C/min.

The number of nucleation sites per unit area (Ns) was
measured for the powder obtained by ball milling. A green
compact uniaxially pressed at 60 MPa for 15 s was heat trea-
ted at 30°C/min up to 860°C and subsequently etched (by
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immersion in 2 vol% HF solution for 15 s) and coated with
a thin layer of gold. The heat treatment used was enough to
develop easily observable crystals separated from each other.
A scanning electron microscope (FEI Magellan 400 L; FEI,
Hillsboro, OR) was employed to analyze the partially crystal-
lized surface of the sintered sample. The number of crystals
was measured for each micrograph and divided by the con-
sidered area using the software ImageJ for image analysis. A
total of 13 micrographs were measured.

A hot stage microscope (HSM) (MisuraHSM ODHT–
Expert system solutions) was used to sinter a single sample
made from each powder: one prepared by ball milling (BM)
and the other by planetary milling (PM). Cylindrical samples
(diameter 3 mm, height 3.5 mm) were prepared by uniaxial
pressing at 25 MPa for 15 s. A constant heating rate of
30°C/min was applied, and images of the samples were cap-
tured by a video camera every 2°C. The HSM software ana-
lyzed the images automatically and recorded the axial linear
shrinkage as a function of temperature. This experiment was
carried out to evaluate the effect of milling conditions on the
sinterability of the LAS glass-ceramics.

Cylinders (diameter 10 mm, height 4 mm) were produced
by uniaxially pressing the glass powders at 65 MPa for 15 s,
using 2 wt% of a commercial ceramic binder. The samples
were then treated at 500°C for 120 min in an electric furnace
to remove the binder. Isostatic pressing at 200 MPa for 60 s
was performed (using the powder obtained by PM) to pro-
duce samples of dimensions 50 mm 9 11 mm 9 5 mm.

Sintering was performed in an electric tubular furnace that
supported high heating rates. Cylindrical samples, uniaxially
pressed as described previously, were heated at 30°C/min
until the maximum sintering temperature without any hold-
ing time. The samples were cooled down inside the furnace,
and the average cooling rate was ~15°C/min. The sintering
temperatures employed were 950°C, 1000°C, and 1050°C. In
a second experiment, the heating rate was varied in the range
of 10°C/min to 80°C/min up to 1000°C to determine the best
sintering condition.

After sintering, the samples were ground with SiC abrasive
paper and were then polished in a suspension of CeO2. The
porosity of the sintered samples was determined by optical
microscopy (Leica DM-RX with a CCD camera DFC 490;
Leica, Wetzlar, Germany) and image analysis using the Ima-
geJ software.

The crystalline phases formed in samples sintered at
1000°C and 1050°C were determined by X-ray diffraction
(XRD) using a Siemens-D5005 diffractometer (Siemens AG,
Munich, Germany), with CuKa radiation in the 2h range
from 15° to 70° using continuous scans at 2°/min.

Scanning electron microscopy with a secondary electron
(SE) detector (SEM, Phillips TMP) was employed to observe
the microstructure of polished and etched (by immersion in
2 vol% HF for 15 s) transversal sections of the samples
coated with a thin layer of gold.

The thermal expansion coefficient (TEC) was determined
using a Netzsch DIL 402 (Netzsch, Selb, Germany) PC dila-
tometer and a heating rate of 5 K/min in air. Samples of
3 mm 9 2 mm 940 mm were prepared by cutting and pol-
ishing to obtain parallel faces. A commercial glass-ceramic
produced by Schott by the traditional method of melting and
forming followed by internal crystallization (Ceran�) and the
sintered glass-ceramics were evaluated.

The flexural strength was measured for the best glass-
ceramic developed and the commercial Ceran�. A four-point
bending setup with an outer span of 30 mm and an inner
span of 10 mm at a crosshead speed of 0.1 mm per 60 s was
employed. Six flexure bars (9 mm 94 mm 9 42 mm) for
each condition were used for the bending tests. The sample
surfaces were ground with 400 mesh SiC paper. This test was
performed according to ASTM C158-84.

Thermal shock resistance was also evaluated for the best
sintered glass-ceramic. The four-point bending strength was

measured for six samples after heating them at 500°C and
600°C and quenching in a bath of water and ice at 0°C
(DT = 500°C and DT = 600°C).

The transmission spectra of the best glass-ceramic, sintered
up to 1000°C at 30°C/min, was measured by a UV/VIS
spectrometer (Lambda 20; Perkin Elmer, Waltham, MA) in
the range 200–1100 nm. A sample 2 mm thick and polished
on both surfaces was evaluated.

III. Results

The particle size distributions of some glass powders
obtained by high-impact and conventional ball milling are
shown in Fig. 1. The glass powders exhibit a bimodal distri-
bution, with maxima at ~0.6 and 6 lm. A quite similar distri-
bution was obtained for both milling processes.

Figure 2 shows the DSC curves of the two glass powders
in which the characteristic temperatures can be identified.
The glass transition temperature (Tg) is 665°C, and the tem-
peratures of maximum crystallization (Tx) are 893°C and
883°C for the powders obtained in the high-impact grinder
and ball mill, respectively, whereas the liquidus temperature
(Tm) is ~1240°C for both. A second exothermic peak at
1130°C can be observed. Considering that the particle size
distributions are very similar for the two powders, the dis-
placement of Tx indicates a higher Ns for the ball-milled
powder.

The parameter Ns for the ball-milled powder was mea-
sured by SEM using a total of 13 images similar to that
shown in Fig. 3. The average value and standard deviation
were (1.6 � 0.8) 9 1013 crystals/m2. In a previous work, Ns
for the powder obtained by high-impact mill was measured,
and its value was (6 � 1) 9 1012 crystals/m2.20

Figure 4 shows the linear shrinkage, measured by HSM
using a heating rate of 30°C/min, for powder compacts
obtained by high-impact milling and conventional ball milling.
The temperature at which sintering starts is ~780°C, corre-
sponding to the first 1% in linear retraction. The sintering rate,
considered as dL/L0/dT, is �0.16% per °C in the temperature
range 810°C–884°C and it is identical for both powders. The
powders show the same sintering kinetics in the initial stage of
sintering (when crystallization is negligible), as expected. The
temperatures of sintering saturation are ~884°C and 905°C for
the powders obtained by balling milling and high-impact mill-
ing, respectively. In the temperature range 910°C–1050°C, no
detectable linear retraction was observed.

Compacts from the powder obtained by high-impact mill-
ing were sintered at 30°C/min up to 950°C, 1000°C and
1050°C. The porosities measured for each temperature are
shown in Table I. Considering that the porosity obtained
was only 1.7%, the best sintering temperature was 1000°C.
For comparison, a compact of the powder obtained by ball

Fig. 1. Particle size distributions of glass powders obtained by
high-impact and conventional ball milling.
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milling was sintered up to 1000°C at 30°C/min, and the
residual porosity was 11%.

Figure 5 shows optical micrographs of a polished cross
section of an LAS glass-ceramic sintered at 30°C/min up to
different temperatures. In Fig. 5(a), irregular pores are

observed for a sample sintered up to 950°C; in Fig. 5(b), a
highly dense surface can be observed; and in Fig. 5(c), spher-
ical pores with a broad size distribution are observed, which
can be related to the degassing, which occurs for sintering at
high temperatures. Figure 5(d) shows the compact from the
powder obtained by conventional ball milling; irregular pores
and a highly porous sample are observed.

XRD patterns of an LAS glass-ceramic sintered at
1000°C, 1050°C, and 1000°C with a subsequent heat treat-
ment at 630°C for 912 h are shown in Fig. 6. The crystalline
phase formed at 1000°C is Virgilite (LixAlxSi3�xO6) with a
b-quartz structure, which is metastable and transforms to
b-spodumene (LiAlSi2O6) at high temperatures.25 For a
sample sintered up to 1050°C, XRD peaks corresponding to
b-spodumene can be observed. To evaluate the thermal sta-
bility of Virgilite, a sample sintered up to 1000°C was treated
at 630°C for 912 h. As shown by Fig. 7 no phase transfor-
mation occurs. The application of this material in cooktop
panels requires a maximum use temperature of ~600°C, and
to ensure a low level of thermal expansion, crystallographic
phase transformations must be avoided. Therefore, it is
imperative to retain the Virgilite phase during use of this
ceramic.

The effect of the powder compaction method on sintering
and the surface quality of the GC were evaluated. For com-
pacts obtained by isostatic pressing, a relative green density of
68% � 2% was obtained, whereas for compacts obtained by
uniaxial pressing, this value was only 60% � 2%. Samples
produced by uniaxial and isostatic pressing, sintered in the
same condition, are compared in Fig. 8. As seen in Fig. 8(a),
uniaxial pressing leads to defects, such as density gradients,
especially in large samples (60 mm 9 20 mm 9 4 mm). The
main advantages of isostatic pressing observed in this study
were a high green density, homogeneity, and reproducibility of
the compact.

The porosity as a function of heating rate for sintered
GCs is shown in Fig. 9. The maximum sintering temperature
was achieved at 1000°C. Higher temperatures were not used
to avoid the formation of the undesired phase b-spodumene,
which has a positive TEC. Heating rates of 10°C/min to
80°C/min were employed and, as seen in Fig. 9, the optimum
sintering heating rate is ~30°C/min.

The microstructures of all the sintered glass-ceramics
(1000°C; 30°C/min) consist of large glass portions (“glass
islands”) and smaller rounded Virgilite crystals embedded in
a residual glass, as observed in Fig. 10. During the sintering
process, the particle surface crystallizes, and crystal impinge-
ment creates a crystallized layer in each particle. The coarse
particles remain vitreous inside. This can be visualized in
Fig. 10(a), in which portions of residual glass are indicated
by arrows. Figure 10(b) shows a relatively broad size distri-
bution of crystals. Their morphology is mostly spherical, and
due the high crystallized fraction, most crystals are in contact
with their neighbors. In a previous work, the crystalline vol-
ume fraction of Virgilite for this same heat treatment was
estimated from the Rietveld refinements of a 1–1 mixture by
weight of alumina and sintered glass-ceramic powder. It was
found to be 84.1% � 0.3% Virgilite, 4.6% � 0.2% an extra
crystalline phase attributed to b-spodumene and 11% a
residual glassy phase.26

Fig. 2. DSC curves of LAS glass powders obtained by high-impact
and conventional ball milling.

Fig. 3. SEM micrograph of an etched surface from a partially
sintered compact heated up to 860°C at 30°C/min. Several crystals
can be observed on the glass particle surfaces. The powder was
obtained by ball milling.

Fig. 4. Linear shrinkage obtained by HSM using a heating rate of
30°C/min comparing two powder compacts: one obtained by high-
impact milling and the other by conventional ball milling.

Table I. Porosity as a Function of Sintering Temperature
Using a Heating Rate of 30°C/min

Powder obtained by Sintering temperature (°C) Porosity (%)

High-impact milling 950 7 � 2
1000 1.7 � 0.2
1050 3.4 � 0.2

Ball milling 1000 11 � 2

New sintered Li2O–Al2O3–SiO2 3



The sintered glass-ceramic shows a higher dimensional sta-
bility up to 600°C compared with the commercial Ceran�, as
seen in Fig. 11. The TEC of Ceran� is -0.3 9 10�6/°C, (mea-
sured in the temperature interval 40°C–500°C), whereas the
TEC of our best sintered LAS glass-ceramic is 0.02 9 10�6/°C.
However, Ceran� withstands a higher use temperature; its soft-
ening point is approximately 700°C. For our sintered glass-
ceramic, the residual glass starts to flow at ~650°C, as shown in
Fig. 11 by the change in the slope of the thermal expansion
curve.

The measured four-point bending strength is 98 � 6 MPa
for Ceran� and 92 � 15 MPa for the sintered LAS
glass-ceramic. These values are quite similar when taking the
standard deviation into account. Figure 12 shows that the
mechanical strength of sintered LAS glass-ceramic is
unchanged after the samples are submitted to a thermal shock
treatment up to 600°C. This behavior indicates an excellent
thermal shock resistance for this new sintered glass-ceramic.

Glass-ceramics used in electrical cooktops with an electri-
cal resistance wire must meet specific transmission specifica-
tions in the visible (to be nearly opaque) and in the near IR

(a) (b) (c) (d)

Fig. 5. Optical micrographs of polished cross sections of an LAS glass-ceramic sintered at 30°C/min up to: (a) 950°C, (b) 1000°C, (c) 1050°C
and (d) 1000°C for a compact from the powder obtained by conventional ball milling.

Fig. 6. XRD patterns of an LAS glass-ceramic sintered at 1000°C
and 1050°C. Circles: hexagonal Virgilite (LixAlxSi3�xO6; 0.5 < x < 1)
JCPDS 31-0707; squares: tetragonal b-spodumene (LiAlSi2O6)
JCPDS 35-0794.

Fig. 7. XRD patterns of an LAS glass-ceramic sintered at 1000°C
and the same glass-ceramic heat treated at 630°C for 912 h.

(a)

(b)

Fig. 8. Optical micrograph of a polished cross section of LAS
glass-ceramic sintered at 30°C/min up to 1000°C: (a) uniaxial
pressing at 65 MPa; (b) isostatic pressing at 200 MPa.

Fig. 9. Porosity as a function of heating rate for LAS glass-
ceramics sintered up to 1000°C.
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(to be transparent) spectral regions. A typical transmission in
the IR for the commercial glass-ceramic is approximately
80%. The developed sintered glass-ceramic does not present

a significant IR transmission, as seen in Fig. 13, and thus
may be used only in inductively heated cooktops.

IV. Discussion

Conventional ball milling is not an adequate grinding proce-
dure for the LAS glass-ceramic developed here. The milling
time required to obtain a similar PSD is extremely high
(34 h) when compared with high-impact milling (90 min),
and the resulting Ns is quite high, impairing its sinterability.
According to M€uller,24 appropriate milling of glass powders,
such as the use of short milling times, can improve sinterabil-
ity due to less numerous crystal nucleation sites at the pow-
der surface. Short milling times are associated with a lower
Ns, which favors viscous flow over crystallization. The PSD
obtained by ball milling is similar to that obtained by high-
impact ball milling (Fig. 1). However, when sintered at the
same conditions, the powder obtained by ball milling does
not sinter, and its porosity is ~6.5 times higher than the pow-
der obtained by high-impact milling [Fig. 5(d)].The poor sin-
terability of the powder obtained by ball milling is clearly
due to its higher Ns. The premature crystallization of particle
surfaces, as can be observed by the exothermic peak in DSC
(Fig. 2), hinders sintering by viscous flow.

The evolution of porosity as a function of sintering tem-
perature at a heating rate of 30°C/min is shown in Fig. 3 for
the powder obtained by high-impact planetary ball milling.
At 950°C, the pores have an irregular shape, and the maxi-
mum densification was not reached. At 1000°C, a few pores
stay inside the sample and maximum densification is
observed. At 1050°C, spherical pores are observed, and the
porosity significantly increases. The change in the pore pat-
tern at higher temperatures can be explained by the reduction
in the residual glass viscosity. The air inside the pores tends
to expand, and the low residual glass viscosity allows the
pore to become spherical. The degassing during further crys-
tallization raises the porosity, and new pores are formed. To
improve densification, sintering temperatures higher than
1000°C must be avoided.

Isothermal heat treatments at temperatures above 900°C,
especially at the maximum sintering temperature, lead to the
crystallization of phases of positive TEC and degassing (due
to excessive crystallization). These facts justify the sintering
heat treatment employed in this work: no subsequent heat
treatment is performed to promote further crystallization.
Spherical pores and a high crystallized fraction can be
observed in Fig. 14, which shows an LAS glass-ceramic sin-
tered up to 1080°C and subsequently heat treated at 980°C
for 20 min.

The main phase formed in the sintered glass-ceramic is
Virgilite. It has a stuffed b-quartz structure, and it crystal-
lizes as a metastable phase, which tends to transform into
b-spodumene at higher temperatures. b-spodumene can be

(a)

(b)

Fig. 10. Polished and etched cross section of an LAS glass-ceramic
sintered up to 1000°C at 30°C/min: (a) optical micrograph and (b)
SEM micrograph.

Fig. 11. Linear thermal expansion curves of our sintered glass-
ceramic and the commercial glass-ceramic Ceran�.

Fig. 12. Four-point flexural strength as a function of the thermal
shock temperature of the sintered glass-ceramic and Ceran�. For
each point, six samples were probed.

Fig. 13. Infrared transmittance of the sintered glass-ceramic.
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observed in a sample sintered up to 1050°C, as shown in
Fig. 6. Virgilite possesses a negative TEC (�1.3 9 10�6/°C),
as determined in a previous work.26 Consequently, it can
decrease the TEC of glass-ceramics dramatically, allowing
values near zero. b-spodumene has a positive TEC
(0.9 9 10�6/°C), and its formation can be avoided in the
developed glass-ceramic for sintering temperatures up to
1000°C. The thermal stability of Virgilite was observed up to
630°C, which can be considered the temperature of applica-
tion for the sintered glass-ceramic.

The Clusters model of sintering27 predicts that high heat-
ing rates improve the sintering of crystallizing glass particles
because crystallization is shifted to higher temperatures.
However, because the sintering treatments used in this work
are nonisothermal, the use of excessively high rates may
result in porous bodies because the treatment time becomes
insufficient for sintering and the compact does not follow the
heating rate of the furnace. The optimum heating rate deter-
mined is 30°C/min, as shown in Fig. 8. For lower heating
rates, the surface crystallization happens in the initial stages
of sintering, hindering viscous flows, and some pores stay in
the compact, resulting in a high porosity. For heating rates
higher than 30°C/min, the temperature increases so rapidly
that the porous glassy powder compact, which has a low
thermal conductivity, does not follow the furnace tempera-
ture and, consequently, does not reach the necessary temper-
ature to sinter completely.

The higher dimensional stability of the sintered glass-cera-
mic up to 600°C compared with the commercial Ceran� is
shown in Fig. 10. The near-zero expansion is due to the bal-
anced proportions of crystals and the residual glass phase.
Virgilite has a negative TEC, which combined with a residual
glass with a positive TEC, gives the overall TEC of the glass-
ceramic. The volume fraction of Virgilite in our best sintered
glass-ceramic is 84%, whereas in Ceran�, this value is
~70%.26 However, the residual glasses of these glass-ceramics
are not identical. The calculated TEC of the residual glasses
applying the mixture rule are ~7 9 10�6/°C for sintered GC
and 2 9 10�6/°C for Ceran�. The presence of microcracks,
studied in a previous work,26 can also alter the expansion
behavior of our sintered glass-ceramic. This reduction in the
apparent thermal expansion due to grain-boundary micro-
cracking has been observed for magnesium and aluminum
titanate ceramics.28,29

The service temperature of any glass-ceramic is limited by
the softening temperature of the residual glass phase. Some
differences in the residual glass composition are responsible
for the higher softening temperature of Ceran�, which is
50°C higher than the sintered LAS glass-ceramic.

Although our sintered glass-ceramic presents residual
porosity and “glass islands” in its microstructure, the value
of its bending strength is quite similar to that of Ceran�.
The thermal shock resistance of the sintered glass-ceramic is
maintained up to 600°C.

The extremely low infrared transmittance in the sintered
glass-ceramic can be explained by the scattering of pores and
crystals with sizes up to 2 lm. Nevertheless, the developed
glass-ceramic can be applied in inductively heated cooktops.

V. Conclusions

A nonisothermal sintering process with concurrent crystalli-
zation of an adequate glass powder compact has been suc-
cessfully developed for the production of an ultra-low TEC
glass-ceramic of the LAS system.

The use of conventional ball milling is prohibited in this
process due to the significant increase in the number of the
nucleation sites, which promotes surface crystallization and
hinders viscous flow sintering. The sintering temperature of
our glass is limited to 1000°C due to the formation of
b-spodumene, which has a positive TEC, and also due to
degassing which increases the porosity of the glass-ceramic.
The optimum heating rate for our material was 30°C/min.

The best sintered glass-ceramic developed shows a residual
porosity of only 1.4%, a near-zero TEC (0.02 9 10�6/°C) in
the temperature range 40°C–500°C and a bending strength
similar to that of the commercial glass-ceramic Ceran�. It is
white opaque and lacks infrared transmission. The maximum
use temperature is 600°C, and it has an excellent thermal
shock resistance up to this temperature. Its softening point is
~650°C. These characteristics emphasize the potential appli-
cation of the present sintered glass-ceramic in induction
cooktop surfaces.
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