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Abstract: Glass-ceramic materials of strontium barium niobate system were prepared through a melt-quenching method. The effects 
of crystallization temperature on the microstructure, dielectric property, breakdown strength and energy storage density of barium 
strontium niobate glass-ceramics were studied. The crystallization mechanism of the glass-ceramics was discussed and should be 
one-dimensional interfacial growth. The results indicate that the breakdown strength remarkably increases with the increase of 
crystallization temperature. The glass-ceramic heat treated at 900 °C was found to possess optimal properties with breakdown 
strength of 1300 kV/cm and energy storage density of 2.8 J/cm3, which is promising dielectric materials for high energy storage 
density dielectrics. 
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1 Introduction 
 

With the development of the pulse power 
technology, the capacitors are required to have high 
energy storage density [1,2]. Among the dielectric 
materials available, the ferroelectric glass-ceramics are 
considered the most promising candidates, owing to the 
synergistic effect of high dielectric constant (from the 
precipitated crystalline phases) and high breakdown 
strength (due to the pore-free nature of the residual glass) 
[3−6]. Because the energy storage density is determined 
by the product of dielectric constant and breakdown 
strength squared, improvements in dielectric constant 
and breakdown strength have a more pronounced effect 
on the energy storage density [7]. 

Recently, many types of glass-ceramics containing 
ferroelectric phase such as strontium barium titanate 
(BST) and strontium barium niobate (SBN) [8,9] have 
been reported. Most current glass-ceramics systems for 
high energy storage are based on silicate glass system, 
which often need to be melted above 1500 °C. It is found 
that the addition of Na2O, PbO, BaF2 and CeO2 in silicate 

glass systems could reduce the melting temperature and 
improve the dielectric properties [7,10−12]. Additionally, 
the earlier works have found that the dielectric constant 
of the glass-ceramics was highly affected by the heat 
treatment temperature. SHYU and CHEN [13] reported 
the influence of sintering temperature on crystallization, 
dielectric and ferroelectric properties of the BaO−SrO− 
TiO2−Al2O3−SiO2 glass-ceramics. CHEN and ZHANG 
[14] found that heat treatment temperature was the main 
contribution to the optimized energy density of the 
Na2O−SrO−BaO−Nb2O5−B2O3−SiO2 glass-ceramics. As 
far as we know, there are few studies of the 
crystallization mechanism and the effects of 
crystallization temperature on dielectric properties in 
SrO−BaO−Nb2O5−B2O3−SiO2 glass-ceramics. 

In this work, the glass-ceramics of SrO−BaO− 
Nb2O5−B2O3−SiO2 system are prepared by  
conventional melt casting followed by controlled 
crystallization. The crystallization mechanism is 
discussed, and the phase evolution, microstructure, 
dielectric properties, P−E hysteresis loops and energy 
storage density as a function of crystallization 
temperature are investigated. 
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2 Experimental 
 

Powders of analytical reagent grade, comprising 
BaCO3 (>99.5%), Sr2CO3 (>99.5%), Nb2O5 (>99.5%), 
H3BO3 (>99.5%) and SiO2 (>99.0%), were used as the 
starting materials. The nominal composition of the 
starting glass was 21BaO−21SrO−18Nb2O5−30SiO2− 
10B2O3 (mole fraction, %). The glass-ceramics were 
prepared by mixing the respective oxide powders and 
melting them in a corundum crucible in air at 1450 °C 
for 1 h. The melt was quickly removed from the furnace, 
poured onto pre-heated copper plate and pressed to form 
glass sheets with a thickness of about 2 mm. Then, the 
as-quenched glasses were annealed at 600 °C for 10 h to 
remove residual stresses and furnace-cooled to room 
temperature. Glass-ceramics were formed by heat 
treating these glasses in air at 800, 830, 850 and 900 °C, 
respectively, for 2 h with a heating rate of 3.5 °C/min 
based on differential thermal analysis (DTA). 

The glass crystallization temperatures were 
determined by differential thermal analyses (Model 
STA-449-F3-Jupiter, Netzsch). Approximately 10 mg of 
ground glass was used for DTA measurement from 200 
to 900 °C at a rate of 10 °C/min in air. Each sample was 
examined by various heating rates (5, 10, 15, and 20 
°C/min). The activation energy (E) and Avrami exponent 
(n) were calculated according to the data of DTA. 
Glass-ceramics were examined by X-ray diffraction 
diffractometer (XRD) (Model D8-Advance, Bruker) at 
room temperature to investigate the phase evolution. The 
microstructure of these crystallized samples was 
analyzed by scanning electron microscopy (SEM, Model 
JSM 5610LV, JEOL). For electrical measurements, these 
samples were polished to achieve parallel and smooth 
faces, and silver electrodes were sputtered on both faces. 
The frequency dependencies of relative dielectric 
constant and dielectric loss tangent were measured using 
a precision multifunction LCR meter (Model HP4292A, 
Agilent) at room temperature. For dielectric breakdown 
strength (BDS) measurements, a DC field load was 
applied to the sample with 0.08−0.10 mm thickness in 
silicon oil using a high voltage power source (Model 
MARX, Tianjin Dongwen Company, China). A DC 
voltage ramp of about 1 kV/s was applied to the 
specimens until dielectric breakdown. The point where a 
spike in current was observed was used to identify the 
dielectric breakdown. At least 10 specimens were used 
for each composition during BDS testing. 
 
3 Results 
 
3.1 Phase evolution and microstructure 

The XRD patterns of the samples prepared at 
different treatment temperatures are shown in Fig. 1. 

From Fig. 1, a broad dispersion peak is seen for the 
as-quenched glass. There are two distinct crystalline 
phases for samples crystallized at temperatures between 
800 and 900 °C. Figure 2 shows the SEM images of the 
glass-ceramic heat treated at different temperatures. The 
microstructures of the glass-ceramics vary with the 
crystallization temperature. It can be seen that the pores 
and un-uniform microstructure are observed clearly in 
Fig. 2(a). With the increase of temperature, the 
microstructure of the glass-ceramics becomes dense, as 
shown in Figs. 2(b) and (c). Typically, the glass-ceramic 
heated at 900 °C shows a uniform and dense 
microstructure (Fig. 2(d)). 
 

 
Fig. 1 XRD patterns of glass and glass-ceramics prepared at 
different temperatures 
 
3.2 DTA analysis 

DTA traces of the glasses heated at different heating 
rates ranging from 5 to 20 °C/min are shown in Fig. 3(a). 
As shown in each curve, there are two distinct 
exothermic peaks indicating the presence of different 
crystalline phases, which is consistent with the XRD 
results in Fig. 1. With the increase of the heating rates, 
the peak crystallization temperatures (Tp1 and Tp2) move 
to a high temperature. The activation energies of 
crystallization, Ea1 and Ea2, determined from the 
Kissinger equation corresponding to the first and 
secondary crystallization exothermic peak are shown in 
Fig. 3(b). 
 
3.3 Dielectric properties 

The variation of the dielectric properties measured 
at room temperature as a function of frequency is plotted 
in Fig. 4. As the crystallization temperature increases 
from 800 to 900 °C, the dielectric constant first increases 
and then decreases. The sample heated at 830 °C shows a 
maximum dielectric permittivity (~42), as shown in Fig. 
4(a). With the increase of crystallization temperature, the 
dielectric loss decreases. The dielectric loss of the 
samples obviously decreases with the increase of the 
frequency, as shown in Fig. 4(b). 
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Fig. 2 SEM micrographs of glass-ceramics heat treated at different temperatures for 2 h: (a) 800 °C; (b) 830 °C; (c) 850 °C; (d) 900 
°C 
 

 
Fig. 3 DTA curves of glasses with different heating rates (a) and plot of )/ln( 2

p ΦT  versus 1/Tp (b) 
 

 
Fig. 4 Dielectric constant (a) and dielectric loss (b) as function of frequency for different crystallization temperature 
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The Weibull distribution of the dielectric breakdown 
strength (BDS) for the glass-ceramics heat treated at 
various temperatures is show in Fig. 5(a). This statistical 
distribution is usually used to interpret the dielectric 
breakdown strength data using a variety of factors: 
intrinsic material factors like composition and bulk 
structure as well as extrinsic material factors like sample 
thickness, temperature, surface condition, ambient 
atmosphere [15]. The distribution is plotted by the 
two-parameter Weibull function [16], which are given by 
 
Xi=ln Ei                                     (1) 
 
Yi=ln{−ln[1−i/(n+1)]}                         (2) 
 
where Ei is the specific breakdown field of each 
specimen; n is the sum of specimens of each composition; 
i is the serial number of each specimen, which are 
arranged as follows: 
 
E1≤E2≤E3≤…≤Ei…≤En                         (3) 
 

 
 
Fig. 5 Weibull plot indicating failure distribution of glass- 
ceramics heated at different temperatures (a) and average BDS 
as a function of crystallization temperature (b) 
 

The two-parameter Weibull distribution function Yi 

(Xi) should be a line in the coordinate system. The slope 
of the line is the shape parameter β, which is related to 
the range of the BDS. The intercept on the X-axis is ln α, 

where α is the scale parameter which can reflect the 
magnitude of the BDS. The value of the Weibull 
modulus β was obtained by linear fitting of the 
experimental, as shown in Fig. 5(a). The greater the β is, 
the more reliable the model would be [17]. As can be 
seen, all these β values are bigger than 1 and all the plots 
show a relatively good linearity. The average BDS of the 
glass-ceramics as a function of crystallized temperature 
is shown in Fig. 5(b). From Fig. 5(b), it is observed that 
the average BDS is enhanced remarkably from 910 to 
1300 kV/cm when the crystallized temperature is 
increased from 800 to 900 °C. 

The variation of the volume resistivity of the 
glass-ceramics as a function of crystallized temperature 
is shown in Fig. 6. The volume resistivity increases 
gradually with the increase of crystallization temperature. 
This variation in volume resistivity is consistent with that 
of the BDS. 
 

 
Fig. 6 Volume resistivity of glass-ceramics heated at various 
temperatures 
 

The P−E hysteresis loops of the glass-ceramics are 
shown in Fig. 7. It can be seen that all the samples 
exhibit almost a linear P−E relationship. It is noted that 
the polarization gradually increases firstly and then 
slightly decreases with the increase of crystallization 
temperature. Although the P−E characteristics do not 
nearly show any other clear ferroelectric behavior, the 
small remnant polarization is existent. 

Because the remnant polarization is small and the 
hysteresis loops show a linear P−E relationship, the 
energy storage densities can be calculated using the 
formula as follows: 
 
W=(ε0εrEb

2)/2                                (4) 
 
where W is the energy storage density (J/cm3); ε0 is the 
dielectric constant of free space (8.85×10−14 F/cm); εr is 
the relative dielectric constant. The energy densities of 
the glass-ceramics heated at 800, 830, 850 and 900 °C 
are 1.43, 2.21, 2.26 and 2.80 J/cm3, respectively. 
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Fig. 7 Hysteresis plots (P−E) of glass-ceramics heated at 
various temperatures 
 
4 Discussion 
 

As shown in Fig. 1, the XRD patterns reveal the 
existence of two phases for all glass-ceramics. The 
primary phase could be identified as strontium barium 
niobate, Sr0.75Ba0.25 Nb2O6 (ICDD powder diffraction file 
card No. 72–0284), with a tetragonal tungsten–bronze 
structure, denoted as SBN. The secondary phase is most 
likely correspond to the Ba3Nb6Si4O26. The variation of 
the strongest diffraction peaks of the SBN phase means 
that increasing crystallization temperature promotes the 
formation of SBN phase in the range of 800−830 °C. 
However, further increase of crystallization suppresses 
the formation of SBN phase in the range of 850−900 °C. 
Meanwhile, the diffraction peaks of the secondary phases 
become obvious and sharp as the crystallization 
temperature is increased. From the XRD and DTA 
results, it is inferred that the first crystallization peak (Tp1) 
corresponds to the formation of Sr0.75Ba0.25Nb2O6 and the 
second crystallization peak (Tp2) corresponds to the 
formation of Ba3Nb6Si4O26. SEM micrographs (Fig. 2) 
reveal that the increase of crystallization temperature 
improves the microstructures obviously. So, glass- 
ceramics with low porosity and dense microstructures 
could be obtained. 

The activation energy of crystallization could be 
determined from the Kissinger equation [18]: 
 

cRTEΦT += p
2

p /)/ln(                            (5) 
 
where Tp is the temperature at which the maximum of the 
DTA crystallization exothermic peak is noted; Φ is the 
heating rate; R is the gas constant; E is the activation 
energy for crystallization; and c is a constant. According 
to Eq. (5), a plot of )/ln( 2

p ΦT  versus 1/Tp yields a 
straight line in which the slopes are proportional to the 
activation energy of crystallization, as shown in Fig. 3(b). 
The activation energy Ea1 corresponding to the first 

crystallization exothermic peak is 357 kJ/mol and the 
activation energy Ea2 corresponding to the second 
crystallization exothermic peak is 384 kJ/mol, which is 
close to the dissociation energy of Si−O bonds in the 
glass system (386−430 kJ/mol) [19]. Other bonds in the 
glass system such as Ba−O, Sr−O and Nb−O [20] have 
much lower values for activation energy. 

Additionally, the value of the Avrami exponent, n, 
can be determined from the DTA results by Ozawa’s 
equation [21]: 
 
d ln[ ln(1 )] / d lnx Φ n− − = −                      (6) 
 
where n is the Avrami parameter, and x is the volume 
fraction crystallized which is given as: 
 
x=(A/A0)                                    (7) 
 
where A0 is the total area of the exotherm between the 
temperature Ti at which crystallization just begins and Tf 
at which the crystallization is completed; A is the area 
between Ti and T; Φ is the heating rate. The slope of the 
plot of ln(−ln(1−x)) versus ln Φ can be obtained from the 
above equation. Moreover, the Avrami exponent (n) is 
related to the mechanism (b) and crystal growth 
dimension (m) of transformation as listed in Table 1. 
Here, the Avrami exponent can be expressed as [20] 
 
n=a+mb                                     (8)  
where a refers to the nucleation rate with a=0 for a zero 
nucleation rate, a=1 for a constant nucleation rate, a>1 
for an increasing nucleation rate, and a<1 for a 
decreasing nucleation rate; b relates to the mechanism of 
growth with the value of 0.5 for a diffusion-controlled 
process and 1 for an interface controlled process. 
According to Eq. (6), the average values of n 
corresponding to the first and second crystallization 
exothermic peaks are 0.71 and 0.84, respectively. The 
activation energy corresponding to the first and second 
crystallization exothermic peaks is close to that of Si–O 
bonds in the glass system (386−430 kJ/mol), which 
means the crystallization mechanism of the glass- 
ceramics should be one-dimensional interfacial growth. 
 
Table 1 Values of Avrami exponent n for various 
crystallization mechanisms at zero and increasing nucleation 
rate 

n 
Diffusion controlled  Interface controlled

Crystal growth
dimension 

a=0 a>1  a=0 a>1 
3 1.5 >2.5  3.0 >4.0 
2 1.0 >2.0  2.0 >3.0 
1 0.5 >1.5  1.0 >2.0 

 
According to Fig. 4(a), the dielectric constant 

increases with the increase of crystallization temperature 
due to the formation of dielectric phase. 
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Table 2 Dielectric constant, breakdown strength, and energy storage density of some alternative glass-ceramics systems 

System Crystalline phase 
Dielectric
constant

Breakdown strength/ 
(kV·cm−1) 

Energy storage
density/(J·cm−3)

SrO−BaO−TiO2−Al2O3−SiO2 [3] Ba0.8Sr0.2TiO3, SiO2 100 800 0.90 

SrO−BaO−Nb2O5−SiO2 [9] SrxBa1−xNb2O5 (SBN) 351 4.5 − 

SrO−BaO−Nb2O5−B2O3+BaF2 [11] SBN 337 527 4.14 

BaO−Na2O−Nb2O5−SiO2 [23] NaBa2Nb5O15, NaNbO3 125 565 1.87 

This work Sr0.75Ba0.25Nb2O6, Ba3Nb6Si4O26 35 1300 2.80 

 
However, further increase of the crystallization 
temperature leads to some decrease in the value of 
dielectric constant, which is mainly due to the increase of 
crystallinity degree for the secondary phase 
Ba3Nb6Si4O26. It is consistent with the variation of the 
XRD in Fig. 1. Meanwhile, the variation of dielectric 
constant for the glass-ceramics at low frequencies (<100 
Hz) might be due to the relaxation polarization and space 
charge polarization contributing to the dielectric constant. 
As shown in Fig. 4(b), the dielectric loss gradually 
decreases with the increase of crystallization temperature, 
which might be caused by the formation of dense 
microstructure in Fig. 2. 

As shown in Fig. 5(a), the BDS data of the 
glass-ceramic samples heated at different temperatures 
follow the two-parameter Weibull distribution and all the 
plots show a relatively good linearity. It is obviously 
found that the higher the crystallization temperature is, 
the bigger the value of BDS is. This variation of BDS is 
possibly due to the dense and uniform microstructure, as 
shown in Fig. 2. It can be seen that the observed pores 
might be the reason for low breakdown strength of the 
glass-ceramics at low crystallization temperature, as 
shown in Fig. 2(a), and pore-free nature might be the 
possible reason for moderately high breakdown voltages 
for higher crystallization temperature, as shown in    
Fig. 2(d). 

There is an inverse relationship between the volume 
resistivity and the conductivity, one of them becomes 
larger as the other becomes smaller. The value of 
conductivity is determined by the concentration of 
electrons and electron mobility. When the crystallization 
temperature is increased, the degree of crystallization is 
improved and the grain size is increased, and the dense 
microstructure of the glass-ceramics can be obtained. 
This result hinders the channel of ionic migration leading 
to the conductivity decreased, namely the volume 
resistivity increased, as shown in Fig. 6. Finally, the 
values of BDS are enhanced due to the volume resistivity 
increased, as shown in Fig. 5. 

The P−E hysteresis loops exhibit a low remanent 
polarization and coercive field. This result indicates that 
a small quantity of ferroelectric phases is formed from 
the glass matrix. The linear behavior of the P−E 

hysteresis loops is mainly due to weak ferroelectric 
phase particles in micrometer and strong paraelectric 
glass phase [22]. 

The sample heat treated at 900 °C exhibits the 
highest energy density of ~2.80 J/cm3. Comparing with 
some alternative glass-ceramics with high energy storage 
density, as shown in Table 2, the as-prepared glass- 
ceramic has very high breakdown strength and 
reasonable energy storage density. However, the value of 
dielectric constant is lower than that of some alternative 
materials. Further investigations are required to improve 
the dielectric constant of the glass-ceramics for further 
application in energy density systems. 
 
5 Conclusions 
 

1) The crystallization mechanism and dielectric 
properties of SrO−BaO−Nb2O5−B2O3−SiO2 system were 
investigated. The crystallization mechanism related to 
the crystallization process was found to be the 
one-dimensional interfacial growth. 

2) With the increase of crystallization temperature, 
the grain size increases and the pore gradually disappears, 
which improves the breakdown strength. The glass- 
ceramic heated at 900 °C shows the maximum dielectric 
breakdown strength of 1300 kV/cm, which is believed to 
be the main contribution to the optimized energy density. 
Therefore, the as-prepared glass-ceramics may be 
promising candidate for high energy storage density 
capacitors. 
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铌酸盐微晶玻璃的晶化动力学及其 
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摘  要：采用熔融−淬冷法制备铌酸锶钡基微晶玻璃材料，研究晶化温度对铌酸锶钡微晶玻璃的显微组织、介电

性能、击穿强度和储能密度的影响。微晶玻璃的晶化机理为一维界面晶体生长。结果表明：随着晶化温度的增加，

材料的击穿强度明显增加。经 900 °C 热处理得到的微晶玻璃具有最优的性能：击穿强度为 1300 kV/cm，储能密

度为 2.8 J/cm3，其有望用于高储能密度电介质材料。 

关键词：微晶玻璃；介电材料；晶化；电性能 
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