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The influence of the crystallisation temperature on the structure and properties of Li2O-Al2O3-SiO2 (LAS) glass-ceramics with 
a high aluminium content was investigated. Glass-ceramics with ultra-low CTE and high transmittance were successfully 
prepared by the melt-quenching method and a two-step heat treatment. The crystallisation behaviour of the glass was studied 
via DSC and XRD. Besides, FTIR, Raman and FE-SEM were used to explore the structure of the samples under different 
crystallisation temperatures. The results showed that a β-quartz solid solution with nano-size precipitated from the glass 
after the heat treatment and when the crystallisation temperature was 820 °C, the bending strength and microhardness 
reached 156 MPa and 1082.09 HV, respectively.

INTRODUCTION

 Glass-ceramics are formed by controlling the 
devitrification process inside the glass during the heat 
treatment [1]. The properties of such materials mainly 
depend on the type and faction of the crystalline phases 
precipitated in the glass [2]. Since glass-ceramics 
were invented by Stookey [3], different glass-ceramic 
categories have been developed. LAS glass-ceramics 
are widely utilised owing to the excellent thermal 
performance and transparency, which have been applied 
in the field of astronomical telescopes, cookware, 
tableware, 3D printing, etc. [4-6]. Many studies have 
been carried out on the glass-ceramics thermal expansion 
coefficient (CET), i.e., Venkateswaran et al. [7] prepared 
an LAS glass-ceramic with a CET of 3 × 10-7 K-1. 
Soares [8] prepared LAS glass-ceramics with a CET 
of 0.2 × 10-7 K-1 by adjusting the heat treatment system. 
Al-Harbi et al. [4] prepared a porous LAS glass-ceramic 
with a controllable pore structure via gel injection 
moulding, and its CET was 0.11 × 10-7 K-1. 
 Furthermore, high transmittance is also an important 
advantage of LAS glass-ceramics with a β-quartz 
solid solution as the main crystal phase. The main 
factors affecting the transmittance of a material  
are the optical scattering and particle absorption. For 
LAS glass-ceramics, the absorption is dominated 

by various transition metal ions in the residual glass 
whereas scattering comes from the precipitation  
of crystalline phases [9, 10]. The main crystal phase in 
this study regarding LAS glass-ceramics, a β-quartz solid 
solution, has a nano-grain size, resulting in the scattering 
of light at about 1/10 of the wavelength of visible light 
[6]. In addition, the determination of the heat treatment 
also has a significant influence on its transmittance. The 
grain size of the precipitated crystals can be controlled 
by adjusting the heat treatment schedule [11,12]. 
 In the current research, there are few reports on the 
preparation of high transmittance as well as ultra-low 
expansion LAS glass-ceramics. In order to manufacture 
LAS glass-ceramics with these properties, the nano-
sized β-quartz solid solution phase should mainly 
be obtained by adjusting the composition and heat 
treatment conditions. When the Al2O3 content is low, the 
lithium disilicate phase is more likely to be precipitated 
[12]. Moreover, only when the Al2O3 content is high, 
the β-quartz solid solution phase is easily precipitated 
[37], but it will transform to the β-spodumene solid 
solution with a larger grain size at higher temperatures 
[9]. In the optimal composition of transparent ultra-
low expansion LAS glass-ceramics, the Al2O3 content  
is generally in the range of 17 ~ 24 wt. % [38], and the 
Al2O3 content in common commercial LAS transparent 
glass-ceramics is generally less than 25.5 wt. % [6]. 
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However, there are not many studies on the Al2O3 
content in which it is more than 25 wt.%. Zhao et al. 
[2] prepared mullite nanocrystalline glass-ceramics  
in which the transmittance reached 75 %, but its flexural 
resistance was not significant. In the low-expansion 
transparent LAS glass-ceramics prepared by Wu et al. 
[39], when the Al2O3 content reached the highest value 
(25.5 wt. %), its visible light transmittance was not high 
(< 70 %). Kumar et al. [13] prepared LAS glass-ceramics 
with a visible light transmittance of more than 80 %, 
but its thermal expansion coefficient showed a negative 
expansion only in the low temperature range, and  
the Al2O3 content was 25 wt.%. Zhang et al. [14] prepared 
a low-expansion transparent LAS nanocrystalline glass 
with a transmittance of 85 % (thickness of 1.2 mm) via 
thermoelectric treatment, and the Al2O3 content was 
24 wt. %. Our previous research shows [9] that increasing 
the Al2O3 content will inhibit the transformation from  
a β-quartz solid solution to a β-spodumene solid 
solution, which is beneficial to obtain a smaller grain 
size, thereby improving the visible light transmittance  
of the glass-ceramics, so the Al2O3 content designed 
in this paper is 26 wt. %, and the LAS glass-ceramics 
with low expansion and high transmittance are prepared 
through the exploration of heat treatment conditions.
 What is more, the Al2O3 content is generally in the 
range of 10 wt. % to 25 wt. % in the LAS glass-ceramics 
with the main crystalline phase of a β-quartz solid solution, 
and the research on LAS glass-ceramics with a high Al2O3 
content (> 25 wt. %) have rarely been reported [9, 15, 16]. 
In this work, the innovation is the determination of the 
crystallisation temperature of LAS glass-ceramics with  
a high Al2O3 content (26 wt. %). Moreover, the LAS glass-
ceramics treated at 820 °C for 2 h had good properties: 
high transmittance of 88 % in the visible wavelengths, 
low CET of -0.682 × 10-7 K-1 in the range of 30 – 500 °C, 
and the bending strength and microhardness reached 
to 156 MPa and 1082.09 HV, respectively. The results 
indicated that it is of great significance for broadening 
the application of LAS glass-ceramics in transparent 
kitchenware and optic devices.

MATERIAL AND METHODS

Preparation of parent glass

 The parent glass within the chemical composition 
(wt. %) of 60 SiO2, 26 Al2O3, 5 Li2O, 1.573 TiO2,  
2.427 ZrO2, 2 BaO, 2.5 ZnO, 0.5 Na2O were obtained 
from analytical grade chemicals, Li2O was introduced 
by Li2CO3, Al2O3 was introduced by Al(OH)3, Na2O 
was introduced by Na2CO3, and BaO was introduced 
by BaCO3. The parent glass was melted at 1650 °C 
for 3 hours. After being formed on a 400 °C graphite 
heating plate, a glass block with a size of 40 mm  
× 40 mm × 25 mm was obtained. Then the formed block 

glass was placed in a muffle furnace at 550 °C for 2 h  
to eliminate the internal stress to obtain the parent glass. 
The parent glass was cut into multiple 4 mm × 4 mm  
× 4 mm glass strips by an internal cutting machine, and 
then treated in the muffle furnace, both the nucleation 
and crystallisation time were 2 h, the heating rate was  
10 °C∙min-1.

Characterisation

 Differential scanning calorimetry (DSC, STA449F3, 
NETZSCH) was used for the thermal analysis. After  
the parent glass was ground into a powder with a ball 
mill and passed through a 200-mesh sieve, a small part 
was taken in an Al2O3 crucible and heated from 25  
to 1200 °C, the heating rate was 10 °C∙min-1. The 
glass-ceramics phase analysis was carried out by X-ray 
powder diffractometer (XRD, D8 Advance, Bruker), 
the scanning range was 10 – 80 °. The structure  
of the glass-ceramics was determined by Fourier 
transform infrared spectrometer (FTIR, Nicolet 6700, 
Thermo Electron Scientific Instruments) in a range 
of 200 – 2000 cm-1. After polishing the glass-ceramic 
wafers, the transmittance was conducted by ultraviolet-
visible spectrometer (Lambda 750 S, PerkinElmer)  
in a range of 200 – 800 nm, the thickness of the samples 
was 2 mm. The structure of the polished samples was 
tested by Raman spectrometer (Horiba Jobin Yvon, 
France). The microstructure of the glass-ceramics was 
examined by a scanning electron microscope (SEM, 
Zeiss Ultra Plus, Zeiss). The cross-section of the samples 
was polished and etched with 5 wt. % HF for 60 s, 
and then cleaned in an ultrasonic cleaner for 30 min.  
A thermal expansion meter was used to test the coefficient 
of thermal expansion (CET) of the samples (25 mm  
× 4 mm × 4 mm), the heating rate was 10 °C∙min-1. 
The three-point bending strength of the glass-ceramics 
was measured by a universal laboratory machine (AG-
IC50KN, Shimadzu) with a span of 25 mm, the results 
were determined by calculating the average value of five 
samples. A Vickers microhardness tester (HVS-1000) 
was applied to measure the Vickers hardness of the glass-
ceramics, the loading pressure and time were 1.98  N  
and 10 s, respectively. The samples were measured  
12 times and averaged

RESULTS AND DISCUSSIONS

Thermal analysis

DSC analysis of parent glass

 As shown in Figure 1, Tg is the glass transition 
temperature and Tc is the crystallisation temperature. 
The heat treatment schedule of the parent glass  
is usually designed according to the Tg and Tc [17]. 
The heat treatment included two steps: nucleation 
and crystallisation. The nucleation process was when 
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TiO2 and ZrO2 were added as the nucleating agents  
to promote the phase separation and self-nucleation  
in the glass forming process. The crystallisation 
increased the temperature on the basis of the nucleation 
to allow the crystal nuclei to grow and form large-
sized crystals [18]. In this study, the influence of the 
crystallisation temperature and performance of high-
Al2O3 LAS transparent glass-ceramics was discussed 
while keeping the nucleation temperature and time 
consistently. Crystal nuclei are usually precipitated 
ranging from 30 – 100 °C above the Tg [4]. Tg is 572 °C 
as shown in Figure 1, the nucleation temperature was 
chosen to be 600 °C. The crystallisation temperature was 
selected near the Tc [19]. Glass-ceramics with different 
crystallisation temperatures of 760, 780, 800, 820, 840 
and 860 °C, marked as C-760, C-780, C-800, C-820, 
C-840 and C-860, respectively were used.

Structural analysis

XRD analysis of the glass-ceramics

 The XRD of the glass-ceramics are presented  
in Figure 2. When the crystallisation temperature was 
760 °C, the peak representing the glass phase appeared 
at 2θ = 10 – 30 °, indicating that there was no crystal 
or little crystal content in the glass at 760 °C. With  
an increasing crystallisation temperature, the XRD  
of the glass-ceramics began to show obvious diffraction 
peaks in the C-780 sample. The XRD patterns  
of the five samples were similar. It was noted that the 
crystal phase of all the samples was a hexagonal β-quartz 
solid solution (LixAlxSi1-xO2, PDF Number: 25-8813). 
The crystallinity (R < 5 %) was calculated by the full 
spectrum fitting, the results are shown in Figure 3. The 
crystallinity and reference specific ratio of the samples 
were as follows: C-780 was 80.51 %, R = 4.21 %; 
C-800 was 82.97 %, R = 4.21 %; C-820 was 83.55 %, 
R = 3.84 %; C-840 was 83.69 %, R = 4.13 %; C-860 
was 84.5 %, R = 4.72 %. It is generally believed that  
the lower the R value, the higher the calculation 

accuracy. It can be seen that the crystallinity increased 
from 80.51 % to 84.05 %, with an increase in the 
crystallisation temperature. It showed that the content 
of the β-quartz solid solution is continuously increasing.

SEM analysis of the glass-ceramics

 The microstructure of the precipitated crystals  
is exhibited in Figure 4. It is noted that some nanoparticles 
were formed in the C-760 sample, which may be a part 
of the crystals. The XRD diffraction peak was a broad 
peak, which was attributed to the low crystal content. 
In this system, TiO2 and ZrO2 were the nucleating 
agents, many nanocrystals were formed during  

Figure 1.  DSC of the parent glass with a heating rate 
of 10 °C∙min-1.

Figure 3.  Crystallised fraction of the glass-ceramics (volume 
percentage).

Figure 2.  XRD pattern of the glass-ceramics.
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the nucleation process [20]. TiO2, ZrO2 and ZrTiO4 were 
first formed during the heat treatment process, and the 
crystals grew in the enrichment zone [14, 21, 22]. For 
the C-780 sample, the largest size of crystals of about 
10 nm was observed. Most of the crystals were in contact 
with adjacent crystals because of the high crystallinity.  

The grain size in the C-780 sample was uneven 
and presented a dispersed state. When increasing  
the crystallisation temperature, samples with a grain size 
about 10 – 20 nm were obtained, the remaining glass  
in the glass-ceramics became smaller, and the number  
of crystals increased significantly. According to the XRD 
results, Scherrer’s equation can be used to calculate  
the average nanocrystal size.
Scherrer’s equation:

where D is expressed as the average size of the 
nanocrystals; K is a constant (0.89); λ is the X-ray 
incidence wavelength (0.154 nm); β is the full-width  
at the half-maximum (FWHM) of the diffraction peak;  
θ is the diffraction angle [2]. The calculated average 
crystal sizes were 33.13 nm, 34.02 nm, 36.33 nm, 

36.34 nm, and 36.81 nm for the C-780, C-800, C-820, 
and C-840 glass-ceramics samples, respectively.  
The calculated average crystal size is shown in Table 1. 
The values were shown to be different from the SEM 
results, because the formula calculates the size of the 
aggregate crystals, which is significantly larger than 
that observed microscopically [14]. The accumulation  
of crystal particles in the C-840 glass matrix increased the 
internal voids [13], a large number of voids in the glass 
phase were filled by the accumulation of precipitated 
crystals from the C-860 sample, and the arrangement and 
distribution were tighter than the previous samples [4]. 
The high Al2O3 content resulted in an increase in the 

(1)

Figure 4.  SEM of the glass-ceramics.
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viscosity of the glass, which made it more difficult  
for the particle diffusion [8]. The crystals tended to 
grow on the nuclei formed by TiO2 and ZrO2 rather than 
homogeneous nucleation because of the increase in the 
nucleation barrier. Therefore, the crystal distribution 
was more uniform. A conclusion can be drawn that the 
increasing crystallisation temperature was beneficial 
to form well-dispersed grains and for the well-regular 
arrangement.

FTIR analysis of the glass-ceramics

 The structural changes of the parent glass and 
glass-ceramics were studied by FTIR in a range 
of 400 – 1600 cm-1. In Figure 5, compared with the 
parent glass, new absorption bands near 542, 829, and 
1024 cm-1 were observed in the glass-ceramics. Among 
them, the absorption band near 542 cm-1 was attributed  
to the in-plane bending vibration of Si-O-Al, and the band 
near 829 cm-1 was attributed to the symmetrical bending 
of Si-O-Si. The band near 1024 cm-1 originated from 
the asymmetrical flexural vibration of Si-O-Al. These 
new splitting vibrations were due to the precipitation 
of the β-quartz solid solution after the heat treatment  
of the glass. The glass-ceramics band shifted from a 
high wavenumber (462 cm-1) to a low wavenumber 
(452 cm- 1), which was due to the distortion of [SiO4] 
in the β-quartz solid solution [23]. Bands around 431, 
542, 752, 829, 1021 and 1068 cm-1 were observed 
in all the glass-ceramics, and the strongest band was 
700 – 900 cm- 1. The absorption groups corresponding 
to the infrared wave numbers are shown in Table. 2.  

In the β-quartz solid solution, the Al3+ replaced Si4+, 
along with larger cationic voids occupied by Li+, where 
the regular arrangement of the internal structure will be 
formed, which can strengthen the mutual vibration between  
the molecules and cause the band to move to low wave 
numbers (452 to 431 cm-1). The [SiO4] in the β-quartz 
solid solution was arranged in order, the Si-O-Si was more 
symmetrical, which narrows the internal bond length and 
bond angle, resulting in a higher band intensity and peak 
shape [24]. Therefore, the symmetrical structure in the 
crystal, the bond length distribution and the low angle 
between the bonds lead to sharp and strong absorption 
bands. The bands of 752 and 829 cm-1 became narrower, 
and a sharper trend was shown in the absorption peak 
band, which was related to the decrease in the silicate 
framework polymerisation of the glass. Glass-ceramics 
were easily crystallised due to the reduced stability  
of the glass network. The conclusion is that the increase 
in the crystallisation temperature was beneficial to the 
precipitation of the β-quartz solid solution.

Raman analysis of the glass-ceramics

 The existence of or change in the internal structural 
units of the glass-ceramics was reflected by Raman 
spectroscopy. The Raman diagram of the glass-ceramics 

Table 1.  The crystal grain size of the glass sample after  
the crystallisation treatment calculated by the XRD results.

Samples C-780 C-800 C-820 C-840 C-860

Average
size (nm) 

33.13 34.02 36.33 36.34 36.56

Table 2.  Infrared vibration groups of the glass-ceramics.

Wave 
number   Characteristic vibration
(cm-1) 

1068 Asymmetric stretching vibration 
 of Si-O-Si and Si-O-Al

1021 Asymmetric stretching vibration 
 of Si-O-Al

752,725 Symmetrical stretching vibration 
 of Si-O-Si and O-Si-O
542  Flexural vibration of Si-O-Al
462,452,431 Flexural vibration of Si-O-Si

Figure 5.  FTIR diagram of the parent glass (C-glass) and glass-
ceramics (the grey area is the position of the new splitting 
absorption vibration peak).
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is shown in Figure 6. The vibration peak of the bridging 
oxygen of the four-membered ring formed by the [SiO4] 
tetrahedron [25] (D1 band) was near 481 cm-1. The 
vibration peak of 549 cm-1 indicated that there was a 
three-membered ring structure (D2 band) formed by 
the [SiO4] tetrahedron in the glass-ceramics structure, 
corresponding to the three-membered ring containing 
one or more Si+ replaced by Al3+. The D2 band 
obviously increased on the C-760 sample compared 
with the C-glass, indicating that part of the β-quartz 
solid solution was precipitated, which verified the SEM 

analysis. With an increasing crystallisation temperature, 
the band shifts of the glass-ceramics samples were 
increased at 481 cm-1 and 549 cm-1. This was caused  
by the decrease in the Si-O-Si bond angle and the 
increase in the vibration frequency after the Al3+ replaced 
the Si4+ [26]. The peak kept narrowing and the intensity 
increased, and more Al3+ entered the glass network [27], 
which also corresponded to the increased precipitation of 
the β-quartz solid solution. The peaks of 850 – 1250 cm-1 
corresponded to the vibration of the silicon-oxygen 

tetrahedron Qn, which was caused by the tensile vibration 
of the end groups of the silicon-oxygen tetrahedron 
with different non-bridging oxygen atoms [28].  
The number of bridging oxygen atoms was represented  
by n, a larger n represents a denser glass network [9]. It can 
be seen that the peak position was basically unchanged, 
and the peak intensity gradually rose with the increase 
in the crystallisation temperature. The deconvolution 
results of 800 – 1250 cm-1 of the parent glass are 
shown in Figure 6b. The main peak corresponds to Q3.  
The increase in the peak intensity of the glass-ceramics 
was mainly due to the increase in the Q3, which was also 
related to the precipitation of the β-quartz solid solution 
[25]. This showed that the increasing temperature was 
beneficial to the precipitation of the β-quartz solid 
solution, which was consistent with the FTIR analysis.

Performance analysis

 The linear CTE of the LAS glass-ceramics is mainly 
determined by the content of the β-quartz solid solution 
crystals. The β-quartz solid solution is composed of 
an [AlO4] tetrahedron and an [SiO4] tetrahedron. The 
vertices of these two tetrahedrons are connected together 
through O atoms to form a ring structure [24, 29, 30]. 
At a high temperature, the repulsive force between the 
ions in the crystal reduced due to the expansion of the 
ions in the xy plane. In order to maintain the stability 
of the Li-O bond and the tetrahedron in the crystal, 
the crystal network shrinks along the c-axis direction, 
and the strong negative expansion at c is presented in 
the c-axis direction [24]. This is the reason for the low 
thermal expansion of the β-quartz solid solution.

 The CTE of the glass-ceramics is exhibited in 
Figure 7. The thermal expansion of the C-760 sample 
was positive and lower than the parent glass, which 
further showed that the β-quartz solid solution was 
precipitated at the crystallisation temperature of 760 °C. 

Figure 6.  (a) Raman spectra of the parent glass and glass-
ceramics, (b) Raman deconvolution results of the parent glass 
at 800 – 1250 cm-1 (R2 is greater than 0.99).

Figure 7.  CTE of glass-ceramics.
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The CTE in the C-780 sample approached zero 
expansion, the positive expansion of the glass phase 
was offset by the negative expansion of the precipitated 
β-quartz solid solution, making the sample to have close 
to zero expansion. From the C-800 to C-860, the samples 
showed negative expansion and the thermal expansion 
curves were relatively familiar, indicating that the 
number of β-quartz solid solution crystals precipitated 
inside the glass-ceramics increased with an increase  
in the crystallisation temperature. When the crystallisation 
temperature was higher, the crystal content tended  
to stabilise. The average CTE is shown in Figure 8.  

As the temperature increased, the average CTE decreased. 
The average CTE of the 800 – 860 °C samples were  
all negative. According to the XRD analysis, there 
was no obvious increase in the crystal content, which  
was the reason why the CTE remained stable.  
The thermal expansion performance of the glass-
ceramics was stable, which is of great significance  
for applications in cookware and in other areas.
 According to the Rayleigh-Ganz scattering theory, 
the main factor affecting the transmittance is the crystal 
size [30]. The Rayleigh–Ganz–Debye light-scattering 
[31] showed that if crystal grain size further reduces  
to a nanometre level, the transmittance of transparent 
glass-ceramics will be greatly improved.
 The transmittance in the visible light range 
(380 – 780 nm) and a photograph of the glass-ceramic 

samples are displayed in Figure 9. These samples have 
high transmittance in the visible light band. In the 
ultraviolet range, all the samples have strong absorption. 
The ultraviolet absorption of the glass-ceramics  
is related to the amount of bridging oxygen in the residual 
glass phase, the lower the bridging oxygen, the more the 
absorption limit wavelength increases [14]. It showed 
that an increased crystallisation temperature reduces the 
degree of polymerisation of the glass network, where 
the number of bridging oxygen atoms are decreased in 
the residual glass phase. This is consistent with FTIR 
and Raman results. With an increasing crystallisation 

temperature, the visible light transmittance of the samples 
successively increased, and the highest was 88 % in the 
C-860 sample. The transmittance of the glass-ceramics 
in the visible light range were greater than 82 % in the 
C-780 sample. The increase in the transmittance was 
due to the precipitation of the nanocrystals and the size 
was less than 40 nm, it can be seen that the grain voids 
gradually decrease with an increase in the temperature 
as seen in the SEM. The transmittance slightly increased 
with the grain size which may be due to the increase  
in the number of scattering sources due to the decrease  
in the grain boundary fraction [32]. According to the SEM 
analysis, the increase in the crystallisation temperature 
was beneficial to the uniform distribution grains  
in the glass-ceramics, the uniformly arranged grains 
showed lower light scattering loss, the optical 

Figure 8.  Changes in the average CTE of the glass-ceramics.

Table 3.  The CET of the glass-ceramics in different temperature ranges (10-7).

Temperature C-glass C-760 C-780 C-800 C-820 C-840 C-860
 (°C) 
 30 – 400 4.943 1.035 -0.213 -0.818 -0.841 -0.897 -0.885
 30 – 500 5.102 1.187 -0.065 -0.671 -0.680 -0.734 -0.730
 30 – 600 5.113 1.353 0.023 -0.554 -0.517 -0.587 -0.607
 30 – 700 5.297 1.522 0.164 -0.436 -0.395 -0.470 -0.471

Figure 9.  Transmittance spectra and photograph of the glass-
ceramics (thickness of 2 mm).
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transparency was higher, so that the light transmittance 
of the samples improved [30, 33].

 The ability of the material to resist external pressure 
is reflected by the bending strength, and the resistance  
of the material to deformation is reflected by the hardness 
[34]. The mechanical properties of the glass-ceramic 
samples at different crystallization temperatures are 
presented in Figure 10. With an increasing crystallisation 
temperature, the same trend in the changes was shown  
in the bending strength and microhardness, which 
initially increased to the maximum and then decreased. 
It was noted that the bending strength of the glass-
ceramics was enhanced from 115 to 156 MPa and then 
decreased to 130 MPa and the microhardness increased 
from 820 to 1082 HV and then decreased to 1025 HV 
with the increasing crystallisation temperature. The 
maximum values all appeared in the C-820 sample, 
which were 156 MPa and 1082.09 HV, respectively. It can 
be explained for these aspects: when the crystallisation 
temperature was 760 °C, fewer crystals precipitated, 
and the ability to resist the external stress was weak, 
so the bending strength was lower. With an increasing 
crystallisation temperature, the amount of the β-quartz 
solid solution precipitated increased. The increase  
in the crystals can better prevent cracking and bending 
fractures, thus the bending strength was consequently 
improved [35]. The dislocation mobility was limited 
to the smaller β-quartz solid solution, and the number  
of crystals led to an increase in the hardness [33]. 
Starting from C-820, it can be seen that the bending 
strength and microhardness both showed a downward 
trend. In some areas of the glass-ceramics, it was difficult  
to improve the mechanical properties due to the obvious 
growth stress of the crystal compaction [36]. On the 
one hand, as the temperature increased, a large number  
of fine crystals were precipitated. The content of the grain 
boundaries in the glass-ceramic structure increased. The 
non-concentration of stress between the different grain 
boundaries led to the appearance of a lot of micro-

holes and internal cracks, resulting in a decrease in the 
mechanical strength [21]. On the other hand, the glass 
phase was not sufficiently connected to the crystals. 
After being subjected to external forces, the ability  
to resist external forces decreases, which led to a decrease 
in the mechanical strength.

CONCLUSIONS

 The effect of the crystallisation temperature  
on the crystallisation behaviour, structure, and properties 
of LAS glass-ceramics with a high Al2O3 content was 
investigated in this paper. The main conclusions are 
summarised as follows.
 (1) When the crystallisation temperature ranged 
from 760 to 860 °C, the precipitation of a β-quartz 
solid solution was promoted. In addition, the size of the 
crystals inside the samples were all less than 20 nm, and 
the crystal phase was mainly composed of Q3 structure 
units.
 (2) The CTE of the glass-ceramics showed  
a negative correlation with the crystallisation temperature, 
while the visible light transmittance demonstrated  
a positive one. Moreover, as the temperature changed from 
760 to 860 °C, the bending strength and microhardness 
of the glass-ceramics showed a tendency to first increase 
and then decrease. 
 (3) As the crystallisation temperature was 820 °C, 
the bending resistance and microhardness of the glass- 
ceramics reached the maximum, 156 MPa and 
1082.09 HV, respectively. At the same time, the CTE  
of this sample was -0.395 × 10-7 K-1 in the range 
of 30 – 700 °C, and the visible light transmittance  
was 85 %.
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