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Abstract

La-doped Li2O–Al2O3–SiO2 (LAS) glass-ceramics were prepared by solid phase reaction. Their crystallization, morphologies and properties
were investigated. The crystallization temperature of LAS glass-ceramics decreased due to the La2O3 addition. For the La-doped LAS glass, the
β-quartz solid solution (s.s.) was initially formed, and then the β-quartz s.s. transformed to β-spodumene at higher temperature. The La2O3

addition played a role of network modifier in the LAS glass altering their network structure. With increasing the La2O3 content, the flexural
strength decreased, and the thermal expansion coefficient increased.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Compositions based on the ternary Li2O–Al2O3–SiO2 (LAS)
system are extensively applied in industry for glass-ceramic
production because of their low expansion coefficient, high
transparency and excellent thermal shock resistance [1–3].
Recently, much attention has been concentrated on the rare-
earth-doped LAS glass-ceramics, which are composed of a
glassy matrix with rare earth containing nanocrystals and act as
active optical materials for photonic applications [4–10].
Dymnikov et al. [4] investigated the structure of luminescence
centers of Nd3+ in LAS glass-ceramics and revealed that Nd3+

ions entered into β-spodumene (Li2O �Al2O3 � 4SiO2) structure.
Zheng et al.[9] prepared the Y-doped LAS glass-ceramics and
found that the main crystalline phase of Y-doped LAS glass-
ceramics was β-spodumene, which was formed directly with-
out the transformation from β-quartz solid solution (s.s.) to
β-spodumene during the crystallization treatment. Hu et al.[10]
prepared Ce-doped LAS glass and found that the transforma-
tion of glass to β-quartz s.s., and β-quartz s.s. to β-spodumene
were accelerated by the addition of CeO2. Their results
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indicated that the addition of 5 wt% CeO2 serving as a flux
also promotes crystallization.
In the present study, La-doped LAS glass-ceramics have

been prepared, and the effect of La2O3 content on their
crystallization, mechanical properties and thermal expansion
coefficient was investigated.
2. Experimental

The raw materials were reagent-grade SiO2, Al2O3, Li2CO3,
Na2CO3, KNO3, Sb2O3, NH4H2PO4, MgO, TiO2, ZrO2, ZnO,
H3BO3 and La2O3. The composition in wt% of the base LAS
glass-ceramic was: Li2O(4.1), Al2O3(22.0), SiO2(63.2), ZnO(1.0),
MgO(1.5), TiO2(2.0), ZrO2(2.0), Na2O(0.6), K2O(0.3), B2O3(1.0),
Sb2O3(1.1) and P2O5(1.2). The doping content of La2O3, which
based on the total amount of the LAS glass, varied from 0, 2.5, 5.0
to 7.5 wt% (denoted as LAS, La1, La2 and La3, respectively). The
desired amounts of the raw materials were melted in an electric
furnace at 1650 1C for 3 h until a bubble-free liquid was formed,
and then the melt was cast in a pre-heated mold. At last, to obtain
glass-ceramics, these samples were heat-treated at different tem-
peratures as shown in Table 1.
Differential scanning calorimetry (DSC) analysis was carried out

using the thermal analyzer (Netzsch STA449C). The measurements
ghts reserved.
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Table 1
Heat-treatment of La-doped LAS glass-ceramics.

Nucleation Crystallization Appearance

LAS 600 1C/2 h 765 1C/2 h Transparent
600 1C/2 h 800 1C/2 h Translucent
600 1C/2 h 860 1C/2 h White opaque

La1 570 1C/2 h 740 1C/2 h Transparent
570 1C/2 h 770 1C/2 h Translucent
570 1C/2 h 840 1C/2 h White opaque

La2 570 1C/2 h 770 1C/2 h Translucent
La3 570 1C/2 h 770 1C/2 h Translucent

Fig. 1. Differential scanning calorimetry (DSC) analysis of LAS glass.

Fig. 2. XRD patterns of LAS glass-ceramics annealed at different
temperatures.
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were performed with LAS and La1 glass powders in Pt crucible
with Al2O3 as the reference material in the temperature between
20 1C and 1000 1C with a heating rate of 10 1C min−1. The
crystalline phases in the glass-ceramics were analyzed using an X-
ray diffractometer (XRD, RIGAKU D/max-RB). The glass-
ceramics were etched in an HF solution (5%) for 90 s, and then
their morphologies were observed using a scanning electron
microscopy (SEM, JSM-5610LV). Infrared spectra of the glass-
ceramics were obtained using an infrared Fourier spectrometer
(Nicolet170) in the range of 400–2000 cm−-1. Four-point bending
was used to obtain flexural strength (modulus of rupture) of the
glass-ceramics at room temperature. The coefficient of thermal
expansion of the glass-ceramics was measured using a thermo-
dilatometer (PEY) in the temperature ranging from 20 to 400 1C.

3. Results and discussion

3.1. Heat-treatment of LAS glass-ceramics

Fig. 1 shows the DSC curve of LAS glass. The glass
transformation point (Tg) ranged from 590 to 600 1C. There
were two exothermic peaks at around 809 1C and 863 1C,
which corresponded to the crystallization and phase transfor-
mation. In order to choose an efficient nucleation temperature
for LAS glass-ceramics, the LAS glass was heated at the
nucleation temperature of 600 1C for 2 h and then heated at
crystallization temperatures (Tc) 765, 800 and 860 1C for 2 h.
The XRD results of LAS glass-ceramics are shown in Fig. 2.
At Tc¼765 1C, the main phase was β-quartz s.s. in the LAS
glass-ceramics. With increasing Tc to 800 1C, the β-quartz s.s.
phase coexisted with the β-spodumene phase. At higher Tc
(860 1C), the peak intensity of β-spodumene phase increased.
These results indicate that the phase transformation of glass to
β-quartz s.s., and β-quartz s.s. to β-spodumene.

Fig. 3 depicts the morphologies of LAS glass-ceramics after HF
solution(5%)-etching. At Tc¼765 and 800 1C, the LAS glass-
ceramics consisted of very small size grains and the grain size was
about 100 nm. With increasing Tc, the grain size increased. The
grain size of the LAS glass-ceramics heated at 860 1C was more
than 500 nm, and it also became white opaque.

3.2. Heat-treatment of La-doped LAS glass-ceramics

Fig. 4 shows the DSC curve of La1 glass (2.5 wt% La2O3

addition). The glass transformation point (Tg) ranged from 539
to 575 1C. There were also two exothermic peaks at around
769 1C and 838 1C, which corresponded to the crystallization
and phase transformation. Compared with the LAS glass, the
temperatures of crystallization and phase transformation
decreased. The La1 glass was heated at the nucleation
temperature of 570 1C for 2 h and then heated at crystallization
temperatures (Tc) 740, 770 and 840 1C for 2 h to obtain the
glass-ceramics. The XRD results of La1 glass-ceramics are
shown in Fig. 5. At Tc¼765 1C, a broad scattering spectrum
was observed, because small amount of β-quartz s.s. was
formed in the La1 glass. As the glass sample was heated at
higher Tc of 770 1C, the peak intensity of β-quartz s.s.
increased and the broad scattering spectrum disappeared. The
β-quartz s.s. phase coexisted with the β-spodumene phase in
the La1 glass-ceramics heated at 840 1C. For the La-doped
LAS glass, the phase transformation of glass to β-quartz s.s.



Fig. 3. Morphologies of LAS glass-ceramics annealed at different tempera-
tures: (a) 765 1C, (b) 800 1C and (c) 860 1C.

Fig. 4. Differential scanning calorimetry (DSC) analysis of La1 glass.

Fig. 5. XRD patterns of La1 glass-ceramics annealed at different temperatures.
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firstly happened, and then the β-quartz s.s. transformed to
β-spodumene, which coincided with the results of Ce-doped
LAS glass-ceramics reported by Hu et al.[10]

Fig. 6 depicts the morphologies of La1 glass-ceramics after
HF solution(5%)-etching. For the La1 glass-ceramics heated at
Tc¼740 1C, it was difficult to find the grains. At Tc¼770 1C,
the La1 glass-ceramics consisted of fine grains and the grain
size was about 100 nm. With increasing Tc, the grain size
increased. The grain size of the La1 glass-ceramics heated at
840 1C was about 1000 nm. With increasing Tc from 740 to
840 1C, the La1 glass-ceramics changed from transparent to
white opaque.

3.3. Properties of La-doped LAS glass-ceramics

Based on these results, to prepare the glass-ceramics samples
for optical and mechanical properties measurements, the heat-
treatment of the La-doped LAS glass-ceramics was selected. The
LAS glass was heated at 600 1C for 2 h and then 800 1C for 2 h,
while the La-doped glasses were heated at 570 1C for 2 h and
then 770 1C for 2 h. Fig. 7 displays the XRD results of the glass-
ceramics. The main phase of β-quartz s.s. was formed. With
increasing La2O3 content, they showed almost the same XRD
patterns. Fig. 8 demonstrates the morphologies of the glass-
ceramics after HF solution(5%)-etching. For the LAS and La1
samples, they consisted of fine grains and the grain size was about



Fig. 6. Morphologies of La1 glass-ceramics annealed at different temperatures:
(a) 740 1C, (b) 770 1C and (c) 840 1C.

Fig. 7. XRD patterns of La-doped LAS glass-ceramics with different La2O3

contents.
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100 nm. With increasing La2O3 content, the grain size increased,
which indicated that the La2O3 addition enhanced the grain
growth of the glass-ceramics.

The infrared spectra of the glass-ceramics are plotted in
Fig. 9. There were mainly two absorption envelopes centered
on 433 and 1078 cm−1. Low-frequency bands (400–500 cm−1)
were generally attributed to the vibrations of O–Si–O bonds.
The vibrations of Si–O–Si and Si–O–Al bonds were observed
in the region of 950–1200 cm−1. The center and intensity of all
peaks seemed to be independent on the La2O3 content, which
indicated that the La3+ ions acted as network modifier.
The values of flexural strength for the La-doped LAS glass-
ceramics are listed in Table 2, and Table 3 lists their thermal
expansion coefficient. With increasing La2O3 content, the
flexural strength decreased, and the thermal expansion coeffi-
cient increased. Usually, the physical properties of the glass-
ceramics depend on the microstructures and their major crystal
phases. As the La2O3 addition was introduced to the LAS
glass-ceramics, the major phases did not change (as shown in
Fig. 7), and the microstructures were obviously affected (as
shown in Fig. 8). These results indicate that the mechanical
properties of the La-doped glass-ceramics were mainly influ-
enced by their microstructures. There are three classes of
components for oxide glasses: network formers, intermediates
and modifiers. For La3+ ions, due to the large ionic radius (106.1
pm) and large coordinate number (46), it plays a role of
network modifier in the glass altering their network structure. The
rare-earth ions in the glass were compensated by nearby non-
bridging oxygen ions. The presence of non-bridging oxygen ions
lowered the relative number of strong bonds in the glass and
disrupted the network, which induced to decrease the crystal-
lization of the glass-ceramics. The La2O3 addition enhances the
grain growth of the glass-ceramics. With increasing the La2O3

content, the grain size increased. However, the glass-ceramics
were easily broken along the grain boundaries, and the larger
grain boundaries induced to decrease the flexural strength. At the
same time, due to the large polarization of La3+ ions, the bond
strength of Si–O and Si–O–Si was weakened, which also resulted
in the decrease of the flexural strength and the increase of the
thermal expansion coefficient.

4. Conclusions

The La-doped LAS glass-ceramics were prepared by the
solid phase reaction. The crystallization temperature of LAS
glass-ceramics decreased due to the La2O3 addition. For the



Fig. 8. Morphologies of La-doped LAS glass-ceramics: (a) LAS, (b) La1, (c) La2 and (d) La3.

Fig. 9. Infrared spectra of the La-doped LAS glass-ceramics.

Table 2
The flexural strength of La-doped LAS glass-ceramics.

LAS La1 La2 La3

Flexural strength (MPa) 105.66 90.55 68.20 47.90

Table 3
The coefficient of thermal expansion of the La-doped glass-ceramics in the
temperature ranging from 20 to 400 1C.

LAS La1 La2 La3

Thermal expansion coefficient (� 10−7 1C−1) 0.84 2.37 14.54 22.81
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La-doped LAS glass, the β-quartz s.s. was initially formed, and
then the β-quartz s.s. transformed to β-spodumene at higher
temperature. The La2O3 addition played a role of network
modifier in the LAS glass altering their network structure.
With increasing the La2O3 content, the flexural strength
decreased, and the thermal expansion coefficient increased.
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