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Properties of Li2O–ZnO–Al2O3–SiO2 glass-ceramic system 
prepared by spray pyrolysis
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Li2O–ZnO–Al2O3–SiO2 (LZAS) glass-ceramic system was studied in the high temperature spray pyrolysis. Small amount of 
P2O5 was used as nucleation agent. Fine-sized Li2O–ZnO–Al2O3–SiO2 glass powders with amorphous phase and spherical 
shape were formed by spray pyrolysis at temperatures between 1300 and 1500°C. The mean size of the glass powders prepared 
at a temperature of 1500°C was 0.7 μ m. The glass transition temperature (Tg) of the glass powders was 551.2°C. The two 
crystallization exothermic peaks were observed at 703.8 and 923.8°C. Densifications of specimens occurred at sintering 
temperatures of 800 and 900°C, in which interconnected network microstructure was formed by tiny dendritic crystals. The 
specimens sintered at temperatures of 600 and 700°C had LiAl(SiO3)2 crystal structure. On the other hand, the specimens 
sintered at temperatures between 800 and 1000°C had LiAlSi2O6 (β-spodumene) crystal structure.
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1. Introduction
Glass-ceramics are used in various fields including electronics, 

biomedical, optical, etc.1)–5) Glass-ceramics are polyphase 
materials consisting of at least one crystalline phase and a glass 
phase. Glass-ceramics are produced by partial crystallization of 
the glass systems. Nucleation and growth of crystals in the glass 
matrix produce the glass-ceramics. The various oxides such as 
TiO2, ZrO2, and P2O5 are generally used as nucleation agents.1),2)

Li2O–ZnO–Al2O3–SiO2 (LZAS) glass-ceramics are widely 
studied because of their adjustable thermal expansion 
coefficients (TECs). Therefore, LZAS glass-ceramics with 
various compositions were studied as sealant materials of metals 
in various application fields. Lu et al. studied the effect of heat 
treatment condition on crystallization behavior and thermal 
expansion coefficient of Li2O–ZnO–Al2O3–SiO2–P2O5 glass-
ceramics, in which P2O5 was used as nucleation agent.1)

Demirkesen et al. studied the effect of Al2O3 additions on the 
thermal expansion and crystallization behaviors of Li2O–ZnO–
SiO2 glass-ceramic.3),4)

In previous studies, LZAS glasses with various compositions 
were prepared by conventional melting and quenching method 
and subsequently converted to glass-ceramics by nucleation and 
crystallization processes in the condition of controlled heating 
process. Reagent-grade materials of Li, Zn, Al, and Si compo-
nents were mixed uniformly by mixing apparatus. After mixing, 
the powders were put into Pt or Pt/Rh crucible and molten in the 
temperature range of 1400–1500°C for several hours, and then 
the molten glass was quenched into distilled water to form cullet. 
The cullet was dried and milled to the glass powders. The LZAS 
glasses prepared by conventional melting and quenching method 
had large size and irregular morphology.

Spray pyrolysis is one of the more promising processes for the 
preparation of improved ceramic and metal powders.6)–10) Spray
pyrolysis was also applied to the preparation of glass powders.11)–14)

The glass powders with amorphous phases were directly 
prepared by high temperature spray pyrolysis even at short resi-
dence time of glass powders inside the hot wall reactor as several 
seconds. The glass powders prepared by spray powders had sub-
micron size, spherical shape and non-aggregation characteristics. 
The prepared glass powers had also narrow size distribution even 
without sieving process. However, glass-ceramic systems were 
not well studied in the spray pyrolysis.

In this study, Li2O–ZnO–Al2O3–SiO2 (LZAS) glass powders 
were directly prepared by high temperature spray pyrolysis. 
Small amount of P2O5 was used as nucleation agent. The effect 
of preparation temperature on the morphologies, crystal struc-
tures, and thermal properties of the powders were investigated. 
The crystallization behavior of the prepared glass powders under 
controlled heating process was investigated.

† Corresponding author: Y. C. Kang; E-mail: yckang@konkuk.ac.kr Fig. 1. Schematic diagram of the ultrasonic spray pyrolysis process.
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2. Experimental procedure
Glass powders with a 12 mass% Li2O–20 mass% ZnO–15 

mass% Al2O3–51 mass% SiO2–2.0 mass% P2O5 composition 
were directly prepared by high-temperature spray pyrolysis. 
Figure 1 shows the schematic diagram of the spray pyrolysis 
process. The spray pyrolysis equipment used consisted of six 
ultrasonic spray generators that operated at 1.7 MHz, a 1,000-
mm-long tubular alumina reactor of 50-mm ID, and a bag filter. 
The glass powders were prepared by spray pyrolysis at temper-
atures between 1000°C and 1500°C. The spray solutions were 
obtained by adding lithium nitrate, zinc nitrate, aluminum 
nitrate, TEOS (tetraethyl orthosilicate), and nitric acid to distilled 
water. The overall solution concentration was 0.5 M. The spray 
solution was atomized with ultrasonic spray generators and intro- Fig. 2. XRD patterns of the powders prepared by spray pyrolysis.

Fig. 3. SEM photographs of the powders prepared by spray pyrolysis at different temperatures.
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duced into a hot reaction column, where the droplets were dried, 
decomposed, and melted. Rapid quenching of the melted glass 
outside of the reactor formed the glass powder. The flow rate of 
air used as a carrier gas was 10 L/min. The glass powders were 
added with a 5% polyvinyl alcohol (PVA) solution and pressed 
into disc-shaped compact with a 15 mm diameter using uniaxial 
press of 1000 kg force. The samples were then heat treated at 
400°C for 2 h to eliminate the PVA, followed by sintering at tem-
peratures between 700 and 1000°C for 2 h and cooled naturally 
to room temperature while furnace power was off.

The thermal properties of the prepared glass powders were 
studied using differential scanning calorimeter (DSC, Netzsch, 
STA409C, Germany). The morphologies of the glass powders 
and sintered pellets were investigated using scanning electron 
microscopy (SEM, JEOL, JSM–6060, Japan). The crystal 
structures of the powders were studied using X-ray diffraction 
(XRD, RIGAKU, D/MAX-RB) with Cu Kα radiation (λ = 
1.5418 × 10–10 m). The compositions of the glass powders were 
analyzed by using energy dispersive X-ray (EDX). Surface areas 
of the powders were measured by Brunauer–Emmett–Teller 
(BET) method using N2 as adsorbate gas.

3. Results and discussion
The crystal structures of the powders prepared by spray pyrol-

ysis at various temperatures were shown in Fig. 2. The powders 
prepared at temperatures of 1000 and 1200°C had XRD peaks of 
LiAl(SiO3)2 (JCPDS # 31-0706) as main crystal structure. How-
ever, the powders prepared at temperatures of 1300 and 1500°C 
had broad peaks between 20 and 30° in the XRD patterns. There-
fore, glass material without crystal structure was formed at a 
preparation temperature of 1300°C by melting and quenching 
process.

Figure 3 shows the SEM photographs of the powders prepared 
at various temperatures. The residence time of the powders 
inside the hot wall reactor was changed from 0.46 to 0.33 s when 
the temperature of the reactor was changed from 1000 to 
1500°C. The powders had spherical shapes and micron sizes irre-
spective of the preparation temperatures. Evaporation of powders 
did not occur even at a high temperature of 1500°C. Nano-sized 
glass powders were formed by chemical vapor deposition 
process if evaporation of some components of powders 
occurred.12),13) One powder was formed from one droplet. How-
ever, the mean sizes and inner structures of the powders were 

affected by the preparation temperature. The mean sizes of the 
powders prepared at temperatures of 1000 and 1500°C were 0.95 
and 0.72 μ m. The powders prepared at low temperatures below 
1200°C had hollow morphologies. On the other hand, the pow-
ders prepared at temperatures above 1300°C had dense structures 
and fine sizes. In the XRD patterns as shown in Fig. 2, the glass 
materials were prepared at temperatures above 1300°C. Glass 
materials with amorphous phase were formed by melting and 
quenching process. Therefore, melting of the powders inside the 
hot wall reactor occurred at temperatures above 1300°C. Melting 
of the powders produced the glass powders with dense structures 
and fine sizes. Figure 4 shows the BET surface areas of the pow-
ders prepared at various temperatures. The BET surface areas of 
the powders decreased from 4.89 to 2.23 m2/g when the reactor 
temperature was changed from 1000 to 1300°C. Formation of 
glass phase by melting of the powders decreased the BET surface 
areas of the powders.

Figure 5 shows TG and DSC curves of LZAS glass powders 
prepared by spray pyrolysis at a preparation temperature of 
1500°C. The glass transition temperature (Tg) of the glass pow-
ders was 551.2°C. The two crystallization exothermic peaks 
were observed at 703.8 and 923.8°C. The thermal properties of 
the glass powders prepared by spray pyrolysis were different 
with those of the powders prepared by conventional melting and 
quenching process.5) The total weight loss of the powders in the 
temperature range of 40–1000°C was 0.67%.

Figure 6 shows the SEM photographs of surfaces of the spec-
imens sintered at various temperatures. The specimens were 
prepared from the glass powders obtained by spray pyrolysis at 
a temperature of 1500°C. Sintering between the powders started 
at a temperature of 700°C. On the other hand, the spherical 
morphology of the glass powders maintained at a sintering tem-
perature of 700°C. Densifications of specimens occurred at sin-
tering temperatures of 800 and 900°C, in which interconnected 
network microstructure were formed by tiny dendritic crystals. 
The shapes of crystals formed at sintering temperatures of 900 
and 1000°C were different. Figure 7 shows the XRD patterns of 
the specimens sintered at various temperatures. The specimens 
sintered at temperatures of 600 and 700°C had XRD peaks of 
LiAl(SiO3)2 (JCPDS # 31-0706) as main crystal structure. On the 
other hand, the specimens sintered at temperatures between 800 
and 1000°C had XRD peaks of LiAlSi2O6 (β-spodumene, 
JCPDS # 130251) as main crystal structure.

Fig. 4. BET surface areas of the powders prepared by spray pyrolysis at 
different temperatures.

Fig. 5. TG/DSC curves of the glass powders prepared by spray pyroly-
sis.
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4. Conclusion
Sintering characteristics of Li2O–ZnO–Al2O3–SiO2 (LZAS) 

glass powders prepared by high temperature spray pyrolysis 
were investigated. In the spray pyrolysis, the LZAS glass pow-
ders were directly prepared by melting and quenching process at 
preparation temperatures above 1300°C. One glass powder was 
formed from one droplet. Therefore, the mean size of LZAS 
glass powders could be controlled by changing the concentration 
of the spray solution. The crystallization behaviors of the 
prepared glass powders under controlled heating process were 
investigated from the microstructures and crystal structures of 

the sintered specimens.
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Fig. 6. SEM photographs of the specimens sintered at different temperatures.

Fig. 7. XRD patterns of the specimens sintered at different temperatures.
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