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Abstract

The effect of TiO2 additions on the morphology and mechanism of sintering b-spodumene (Li2O.Al2O3
.4SiO2, LAS4) glass-cera-

mics using organometallic precursor powders was investigated by X-ray diffractometry (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and electron diffraction (ED). The crystalline phase formation in the calcination

of LAS4 precursor powders added with TiO2 has shown a major phase of b-spodumene and a minor phase of rutile. The fraction
and size of pores decrease rapidly with sintering temperature increasing from 950 to 1350 �C. The pores were mainly interconnected
at the sintering temperatures 4 1050 �C; and become completely isolated at the sintering temperature of 1250 �C. The rutile pre-

cipitated in sintering of b-spodumene glass-ceramics prepared from LAS4 precursor powders with TiO2, appears in two different
forms: the one with the size of about l.0 mm mainly segregates and agglomerates at the grain boundaries of b-spodumene; and the
other consists of a few precipitates dispersed within the b-spodumene grains. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Low thermal expansion glass-ceramics have several
applications where the dimensional stability and/or
ability to resist thermal shock are necessary. Li2O–
Al2O3–SiO2 glasses are known as base glasses for low
thermal expansion glass-ceramics and many experi-
ments have been conducted on phase equilibria1�3 and
crystallization4�11 in this system.
b-Spodumene (Li2O.Al2O3

.4SiO2, LAS4) has a tetra-
gonal dipyramid crystal structure12 which is uniaxial
positive.3 Li and Peacor13 pointed out that the structure
of b-spodumene consists of a 3-dimensional network of
Si–O and Al–O tetrahedra. These tetrahedra are ran-
domly distributed in the network; with the Li ions in the
interstitial positions.
Conventionally, glass-ceramics have been fabricated

by usual glass forming techniques, e.g. blowing, pressing,
or casting, followed by nucleation and crystallization.
Glass-ceramics also can be produced by sintering and

crystallization of glass powders. This permits the
reduction of processing temperature and the fabrication
of complex shapes using a variety of ceramic formation
techniques, e.g. dry pressing, slip casting, tape casting,
extrusion, and injection molding.12

Most crystallizable glass powders are difficult to sinter
because of the large surface area for nucleation, pro-
moting crystallization from the surface of every glass
particle toward the center and inhibiting effective sin-
tering to achieve full density.14 Although several work-
ers attempted to sinter b-spodumene glass-ceramics by
using spodumene composition glass powders,15,16 it has
been shown that stoichiometric spodumene glass does
not sinter well. Adding a small amount of B2O3 and/or
P2O5 was found to be necessary to control the sintering/
crystallization behavior of the b-spodumene glass-
ceramics. It is well known that it is not easy to sinter
b-spodumene glass-ceramics without proper sintering
aid agents, unless the alkoxide-derived precursors are
used.17�19 The incorporation of sintering aid agent can
result in a large thermal expansion increase. Therefore,
the preparation of homogeneous fine b-spodumene
powders has been considered to be indispensable.
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In the present study, the spodumene (Li2O.Al2O3
.4-

SiO2,LAS) precursor powder with a chemical composi-
tion of Li9+, Al3+ and Si4+ ions in a stoichiometric
molar ratio of 1:1:2 was prepared by sol-gel processing.
The TiO2 powders were prepared by a wet method using
Ti(OC2H5)4 as a starting material. The effect of TiO2

addition on the morphology and mechanism for sintering
of b-spodumene glass-ceramics was examined by differ-
ential thermal analysis (DTA), X-ray diffractiometry
(XRD) analysis, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and electron
diffraction (ED) analysis.

The purposes of this investigation are to (i) demonstrate
the effect of TiO2 addition on the crystallization of b-
spodumene in the LAS4 precursor powders, (ii) observe
the morphology of sintered LAS4 precursor powders
with TiO2 additive, and (iii) observe the microstructure
in the sintering of b-spodumene precursor powders
containing TiO2.

2. Experimental procedure

2.1. Sample preparation

The precursor powders with a spodumene composition
(Li2O.Al2O3

.4SiO2,LAS4) were prepared from tetra-
ethylorthosilicate [Si(OC2H5)4, TEOS], aluminum trisec-
butoxide [Al(OC4H9)3, ASB] and lithium nitrate
(LiNO3) as the starting materials. The TEOS, ASB and
LiNO3 were supplied by Janssen Chemical Co. (Belgium),
Aldrich Co. (USA) and Fluka Co. (Switzerland), respec-
tively. The preparation process of the spodumene pre-
cursor was described in detail in our previous report.20,21

The TiO2 powders were prepared from Ti-ethoxide
(Ti(OC2H5)4) as a starting material. Ti(OC2H5)4 was
supplied by Ferak Co.(Germany). The schematic flow-
chart of the TiO2 powders preparation by a precipitation
process is shown in Fig 1.
The LAS4 precursor powders containing 5.0 wt.%

TiO2, were prepared from the calcined LAS4 precursor
powders. The mixture was blended for 4 h in a labora-
tory ball mill containing aluminum oxide balls and eth-
anol. Pellets were prepared from 0.45 g dried powder
mixtures by uniaxial pressing at 176 MPa in a stainless

Fig. 1. Schematic diagram of the wet-method for preparing TiO2

powders using Ti(OC2H5)4 as a starting materials.

Fig. 2. XRD patterns of Ti(C2O4)2 calcined at various temperatures

for 4 h: (a) 450 �C, (b) 550 �C, and (c) 650 �C. A: anatase-type TiO2 ;

R: rutile-type TiO2.

438 M.-C. Wang et al. / Journal of the European Ceramic Society 23 (2003) 437–443



steel die with a diameter 30.0 mm. The pellets were sin-
tered in air at a heating rate of 4 �C.min�1 to 950–
1350 �C and held 5–10 h.

2.2. Characterization

The crystalline phase was identified by anXRD analysis.
The XRD was done with a Rigaku X-ray diffractometer
with CuKa radiation and a Ni filter, at a scanning rate
of 0.25�C.min�1. The samples were prepared by crush-
ing the sintered bodies and passing the powder through
a �325 mesh sieve. A Jeol JSM-840 scanning electron
microscopy was used to examine the surface morphol-
ogy of polished, fractured, and etched (5 parts HF, 2
parts HCl and 93 parts H2O) samples coated with a thin
gold film.
The transmission electron microscopic (TEM) epami-

nation was carried out using a JEM 200 microscope
operated at 200 kV. Electron diffraction (ED) pattern
was made on thinned foil specimens of the sintered
samples. The 3 mm diameter TEM disks were cut from
the bulk with an ultrasonic cutter and mechanically
thinned by hand to a thickness of 80 mm or less using
diamond paste. The final thinning was done by ion-milling
to electron transparency.

3. Results and discussion

3.1. Phase evolution of Ti(C2O4)2

The X-ray diffraction (XRD) patterns of the dried pre-
cipitates of Ti(C2O4)2 calcined at various temperatures for
4 h are shown in Fig. 2. The effect of calcination on the
evolution of different crystalline forms of titanium
dioxide is as follows: (a) at 400 �C; the anatase-type
titanium dioxide is precipitated, and the major reflection

Fig. 3. Typical SEM micrograph of the precipitates of Ti(C2O4)2 after

drying at 50 �C for 72 h.

Fig. 4. DTA curves for LAS precursor powders with 0, 5 and 10 wt.%

TiO2 at a heating rate of 10
4�C.min�1 respectively. (a) 0 wt.% (b) 5.0

wt.% and (c) 10.0 wt.%.

Fig. 5. XRD patterns of the LAS4 precursor powders containing 5.0

wt.% TiO2 as sintered at various temperatures for 5 h: (a) 950 �C and

(b) 1350 �C. S: b-spodumene, R: rutile.
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corresponds to (101), (103), (004), (112), (200), (105), (211)
and (204) of the anatase-type TiO2; (b) at 500

�C, the
crystallized phases maintain the anatase–type TiO2, and
(c) at 700 �C, the XRD patterns are representative of the
anatase and rutile type crystals. No other phases are
found. The crystallinity of the rutile phase is improved by
increasing calcination temperature from 600 to 700 �C.
Fig. 3 shows the SEM micrograph of the morphology

and particle size of the dried precipitates of Ti(C2O4)2
from Ti(OC2H5)4–ethanol–H2C2O4 solution. The parti-
cles of Ti(C2O4)2 from this solution are of the polygonal
shape. The particle of Ti(C2O4)2 has the largest edge of
0.6 mm, and the lowest edge of 0.1 mm.

3.2. -Phase evolution of the LAS4 powder with TiO2
additive-

The DTA curves for the samples at a same heating
rate of 10 �C.min�1 were shown in Fig. 4. On heating
the LAS4 precursor with no TiO2 [Fig. 4(a)], a sharp
exothermic reaction peak at 682 �C was due to the for-
mation of b-spodumene.20 For the LAS4 precursor
powders with 5.0 and 10.0 wt.% TiO2, the exothermic
peaks of b-spodumene phase formation were at 700 and
714 �C, respectively. It can be seen that the exothermic
reaction temperature of LAS4 precursors containing
TiO2 powders was higher than that without TiO2 addi-

Fig. 6. SEM surface morphology of the LAS4 precursor powders containing 5.0 wt.% TiO2 as sintered at different temperatures for 10 h: (a) 950
�C,

(b) 1050 �C, (c) 1150 �C, (d) 1250 �C and (e) 1350 �C.
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tion, and the exothermic peak shifts to a higher tem-
perature with increasing TiO2. This phenomenon is
opposite to the result of Barry et al.22

Fig. 5 shows the XRD patterns of the sintered bodies
for the uncalcined Li2O–Al2O3–4SiO2(LAS4) powders
added with 5.0 wt.% TiO2 and sintered at 950 and
1350 �C for 5 h, respectively. The compact body sintered
at 950 �C for 4 h only has the sharp peaks corresponding
to the crystalline phase of the b-spodumene and a small
amount of rutile TiO2 are observed. No broad scattering
spectrum indicates that the crystallization process of the
amorphous LAS4 precursor powders approaches comple-
tion. As the compact body is sintered at 1350 �C for 5 h,
the b-spodumene phase is apparently promoted at higher
temperatures, and a minor crystalline, rutile TiO2, also
appears. The above behavior of the phase evaluation in
the present process is the same as that of the gel-derived
Li2O–Al2O3–4SiO2–nTiO2 powders.

23�25

3.3. Morphology of sintered bodies

According to the XRD analysis, the LAS4 precursor
powders added with TiO2 and sintered at 950 �C con-
tain mainly b-spodumene and a small amount of rutile.

The surface morphology of the LAS4 precursor com-
pacts containing 5.0 wt.% TiO2 and sintered at different
temperatures for 10 h was shown in Fig. 6. By reducing
the sintering at 950 �C for 10 h, TiO2 addition can pro-
duce b-spodumene glass-ceramics with a little particle
coalescence [Fig. 6(a) and (b)]. The largest voids were
much greater than that obtained at other sintering tem-
peratures. The fraction and size of the pores decrease
rapidly with increasing temperature from 950 to
1350 �C. Fig. 6 indicates that the pores were mainly
interconnected at 950–1050 �C, and become isolated as
the sintering temperature was increased to 1250 �C. The
grain structure in Fig. 6(a) was not well-defined. How-
ever, the well-defined grain structure can be seen for the
samples sintered at higher temperatures [Fig. 6(d) and
(e)]. The grain size of the samples sintered at 1350 �C
was much greater than that at 1050 �C.
On the surface of the sintered bodies as shown in

Fig. 6, no rutile was formed at the sintering temperature
ranging from 950 to 1150 �C. As the sintering tempera-
ture is raised to 1250 �C, the rutile with needle mor-
phology is initially precipitated on the surface of the
sintered bodies. The needle rutile precipitates with
increasing sintering temperature.

Fig. 7. The polished microstructure of the LAS4 precursor powders added with 5.0 wt.% TiO2 and sintered at 1350
�C for 5 h. (a) The rutile precipitated

and segregated at the grain boundaries of the b-spodumene grains and a few tiny precipitated dispersed within the b-spodumene grains; (b) the image
scanning of Fig. 7(a) for Ti element; (c) the line scanning of Ti element; (d) the rutile at the b-spodumene grain boundaries with a liquid base.
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3.4. Microstructure of sintered bodies

The polished microstructure of the LAS4 precursor
powders added with 5.0 wt.% TiO2 content and sintered
at 1350 �C for 5 h was shown in Fig. 7. Fig. 7(a), shows
that rutile precipitated in this sintered sample appears in
two different forms. The larger precipitates, about 1 mm,
were segregated and agglomerated at the grain boundaries
of the b-spodumene crystalline grains. A few precipitates
were dispersed within the b-spodumene crystalline grains.
The image scanning analysis of Fig. 7(a) for titanium was
shown in Fig. 7(b). The result also indicates that tita-
nium was mainly segregated at the grain boundaries.
The line scanning analysis of titanium was shown in
Fig. 7(c). Most of titanium are trapped in the grain
boundaries of the b-spodumene crystalline grains. The
rutile resides mostly at the b-spodumene grain bound-
aries with a residue of a formerly liquid phase as shown
in Fig. 7(d).
The TEM micrograph of the LAS4 precursor powders

added with 5.0 wt.% TiO2 and sintered at 1350 �C
for 5 h is shown in Fig. 8. The larger crystalline
phase is b-spodumene. The size of the rutile precipitates
is about 0.50 mm and is formed and agglomerated along
the grain boundaries. The selected area diffraction pat-
tern of Fig. 8(c), shows the zone axis of [1 2 1] of the
tetragonal rutile. According to Figs. 7 and 8, the micro-
graphs also reveal in addition the larger precipitates
along the grain boundaries, and smaller precipitates as
well. During sintering, TiO2 segregates and agglomerates

to form larger precipitates along the grain boundaries
and causes the depletion of titanium content in this
area. This enhanced segregation is perhaps due to the
higher strain field in the regions near the grain bound-
aries permitting a faster segregation rate.10

4. Conclusion

The effects of TiO2 addition on the morphology and
mechanism of sintering of b-spodumene precursor
powders have been investigated. The results obtained in
the present study were summarized as follows.

1. The crystallinity of the anatase-type TiO2 was
improved with increasing calcining temperature up
to 600 �C, and the rutile TiO2 forms directly as a
result of phase transformation of the anatase-type
TiO2. At 700

�C, the phases consist of anatase and
rutile TiO2, and no other phase was identified. The
crystallinity of the anatase-type phase decreases,
and the rutile phase increases with increaseing cal-
cining temperature from 600 to 700 �C.

2. For the samples of the LAS4 precursor powders
added with 5.0 wt.% TiO2 and sintered at 950 to
1350 �C for 5 h, the crystallization phases were
found to be mostly b-spodumene plus a minor
phase of rutile.

3. When LAS4 is heated at 950 �C for 10 h, a poor
sintering, results with the largest voids being

Fig. 8. TEM micrograph of the LAS4 precursor powders contianing 5.0 wt.% TiO2 as sintered at 1350 �C for 5 h: (a) bright field image; (b) dark

field image; (c) electron diffraction pattern corresponding to the rutile phase
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much greater than those sintered at other tem-
peratures. Both fraction and size of pores decrease
rapidly with increasing temperature from 950 to
1350 �C. Grain size of the samples sintered at
1350 �Cwas much greater than that at 1050 �C and
was accompaniedwith discontinuous grain growth.

4. When sintering temperature was raised to 1250 �C,
rutile needles were initially precipitated on the
surface, and increase in content with sintering
temperature.

5. The larger precipitates of TiO2 about 1.0 mm
were mainly segregated and agglomerated at the
grain boundaries of b-spodumene crystalline
grains. A few precipitates of TiO2 were dispersed
with in b-spodumene crystalline grains.
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