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Abstract
PbO–SrO–Na2O–Nb2O5–SiO2 glass–ceramics were prepared via roll-quenching followed by controlled crystallization from 700 8C to 900 8C.

The effects of PbO and SrO contents on crystallization and dielectric properties were investigated. The results show that Pb2Nb2O7, Sr2Nb2O7 and

their solid solutions crystallize at 700 8C, NaNbO3 is the primary phase at 800 8C, Pb2Nb2O7 disappears and PbNb2O6 forms at 900 8C. The

dielectric properties of the glass–ceramics formed through controlled crystallization has a strong dependence on the phase compositions that were

developed during heat treatment. The highest dielectric constants (�600) are found in samples with 6.0 mol% SrO annealed at 900 8C for 3 h. The

dielectric–temperature characteristics of the samples show stability over the range from�60 8C to 180 8C, except the sample without SrO heated at

900 8C.
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1. Introduction

Glass–ceramics are composites that are prepared through

controlled crystallization of appropriate glass precursors [1,2].

Due to the excellent adjustability of composition and

microstructure, glass–ceramics, containing high dielectric

constant ceramic phases dispersed within glass phase, are

strong candidates for the application in high energy storage

density capacitors [3].

In contrast to conventional sintering techniques, controlled

crystallization offers a tractable process to synthesize pore-free

glass–ceramics [4], which begins with melt-casting of glass and

then heat-treating of the as-quenched glass. High dielectric

constant crystalline phases are precipitated from the glass

matrix during heat treatments. The grain size and content of

dielectric phases can be controlled through changing relative

content of glass former and metal oxides before melt-casting.

Consequently, the dielectric constant and breakdown strength

of glass–ceramics are potentially very high [5], which will

significantly improve energy storage density.
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Studies on glass–ceramics for capacitor applications through

controlled crystallization have been carried out by a number of

researchers. In 2003, Pennsylvania State University and the

Naval Research Laboratory (NRL) completed a feasibility

study that had investigated the crystallization and dielectric

behaviors of glass–ceramics in PbO–BaO–SrO–Nb2O5–B2O3–

SiO2 (Sr0.33Ba0.67Nb2O6 phase) and Na2O–PbO–Nb2O5–SiO2

(Pb2Nb2O7, NaNbO3 and PbNb2O6 phases) systems [6].

However, the volatilization of PbO during the preparation of

glass precursor not only pollutes the environment, but also

jeopardizes human lives. Therefore, in order to reduce the

content of PbO, we substituted SrO for PbO to synthesize PbO–

SrO–Na2O–Nb2O5–SiO2 glass–ceramics. The crystallization

and dielectric characteristics of this system were investigated.

2. Experimental procedure

The compositions of the glass–ceramics were selected

according to Table 1, by reducing PbO content from 10 mol%

to 0 mol% and meanwhile, increasing SrO content from

0 mol% to 10 mol%.

The powder mixtures were milled for 7 h in a polyethylene

bottle with alcohol for homogenous mixing. The slurry was

then dried and the powder melted at 1400 8C in a platinum
d.
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Table 1

Composition of PbO–SrO–Na2O–Nb2O5–SiO2 glass–ceramics

Designation SiO2 (mol%) Nb2O5 (mol%) Na2O (mol%) PbO (mol%) SrO (mol%)

S0 30 20 10 10 0

S2 30 20 10 8 2

S4 30 20 10 6 4

S6 30 20 10 4 6

S8 30 20 10 2 8

S10 30 20 10 0 10

Fig. 2. XRD patterns of the as-quenched glass.
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crucible for 2 h. The melt was then quenched by a steel mold

that had been preheated to 500 8C to form glass, followed by

annealing at 500 8C for 2 h to remove residual stresses. Glasses

from different batches were then ground into fine powder for X-

ray diffraction (XRD) and differential thermal analysis (DTA)

measurements. The crystallization processes were performed at

temperatures of 700 8C, 800 8C and 900 8C for 3 h.

XRD investigations were performed by X’ Pert PRO MPD

diffractmeter (PANalytical, Netherlands) with Cu Ka radiation

to verify the crystalline phases.

The microstructure of the crystallized samples was analyzed

by Hitachi.S-4800 field-emission scanning electron microscope

(SEM). The average grain size was determined by the linear

intercept method from the SEM image of the surfaces of

chemically etched samples.

The samples were ground down to a thickness of �500 mm

using 400 and 600 grit SiC slurry to create flat parallel faces,

which were then gold coated for capacitance measurements.

The dielectric constants were measured by HP 41924A LF

impedance analyzer at 100 kHz from �60 8C to 180 8C.

3. Results and discussion

3.1. Crystallization

Heat treatment protocols for the as-quenched glass are

guided by DTA analysis. Fig. 1 shows the DTA curves of glass

samples with varying contents of SrO. Three exothermic peaks
Fig. 1. DTA curves of glass samples with various SrO contents.
are observed in S0 curve, and the other samples show only two

peaks. With increasing SrO content, the first exotherm peak

changes from 660 8C to 768 8C, while the second peak

temperature shifts from 879 8C to 844 8C. The appearance of

these exothermic peaks is associated with the crystallization of

different phases from the glass matrix. Therefore, three

temperatures are chosen to investigate the crystallization

behavior of the glass–ceramics.
Fig. 3. XRD patterns of glass–ceramics with various contents of SrO annealed

at 700 8C.



Fig. 4. XRD patterns of glass–ceramics with various contents of SrO annealed

at 800 8C.

Fig. 5. XRD patterns of glass–ceramics with various contents of SrO annealed

at 900 8C.
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A typical amorphous feature of the as-quenched glass with a

broad X-ray diffraction peak is shown in Fig. 2, which indicated

a fully glassy structure after melt-casting. Figs. 3–5 show the

XRD analysis of the samples crystallized at three temperatures.

When the glass is heat-treated at 700 8C (Fig. 3), Pb2Nb2O7,

which has rhombohedra pyrochlore structure [7,8] appears in

the sample without SrO (S0), and Sr2Nb2O7 with orthorhombic

structure shows in the sample without PbO (S10). In the other

samples (S2, S4, S6 and S8), according to Satoshi Nanamatsu’s
Fig. 6. SEM images of glass–ceramics crystallized at 900 8C with S
research [9], we suppose that Pb2Nb2O7 and Sr2Nb2O7 form

solid solutions, which are consistent with the DTA exothermic

peaks at 660–760 8C (Fig. 1). For the samples annealed at

800 8C (Fig. 4), a large amount of NaNbO3 crystallizes from the

glass precursor, which is consistent with the second exothermal

peaks in the DTA curve. For the samples with high Pb content

(S0, S2 and S4), the crystalline phases mainly show

rhombohedra structure (Pb2Nb2O7), and with increasing SrO

content (S6, S8 and S10), the phases mainly show orthorhombic
rO content: (a) 0 mol%; (b) 2 mol%; (c) 6 mol%; (d) 10 mol%.



Fig. 7. Dielectric constant of glass–ceramics as a function of SrO content

(100 kHz). Fig. 9. Dielectric constant vs. temperature heated at 800 8C (100 kHz).
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structure (Sr2Nb2O7). When the temperature is further

increased to 900 8C (Fig. 5), in S0, Pb2Nb2O7 transforms to

PbNb2O6 with orthorhombic tungsten bronze structure [10],

which is consistent with the third exothermal peak in the DTA

curve. In S10, Sr2Nb2O7 is still the primary phase.

The microstructure of the samples crystallized at 900 8C is

shown in Fig. 6. The average grain size of the samples with

different SrO content is about 50 nm. The ceramic grains are

uniformly dispersed, suggesting that the rate of nucleation be

relatively high.

3.2. Dielectric properties

Fig. 7 shows the variation of the dielectric constant as a

function of SrO content at 100 kHz. When the glass is heat-

treated at 700 8C, the dielectric constant values of the samples

are mainly attributed to the formation of Pb2Nb2O7, Sr2Nb2O7

and their solid solutions. The dielectric constant increases

significantly with increase in crystallization temperature up to
Fig. 8. Dielectric constant vs. temperature heated at 700 8C (100 kHz).
800 8C. This is mainly attributed to the crystallization of

NaNbO3 with high-er (500–600) [11,12]. At this crystallization

temperature, the maximum value of dielectric constant is�550

when the content of SrO is 6 mol%. The dielectric constant is

continuously improved as the temperature further increases to

900 8C, which is attributed to the increase in crystallization

volume fraction. Due to the crystallization of PbNb2O6 and

NaNbO3, the dielectric constant of the S0 sample annealed at

900 8C gets a sharp increase. The high dielectric peak may be

related to the morphotropic phase boundary (MPB) between

Pb2Nb2O7/PbNb2O6 and Sr2Nb2O7 [13,14].

The dielectric–temperature characteristics of the glass–

ceramics with various amounts of SrO are shown in Figs. 8–10.

It can be found that the dielectric properties of the samples are

almost independent with the measured temperature (�60 8C to

180 8C), except S0 heat-treated at 900 8C. The stronger

temperature dependence of dielectric constant for S0 annealed

at 900 8C may be attributed to the lower ferroelectric phase

transition temperature of PbNb2O6 (550 8C) [10].
Fig. 10. Dielectric constant vs. temperature heated at 900 8C (100 kHz).



Fig. 11. Dielectric loss vs. temperature heated at 700 8C (100 kHz).

Fig. 12. Dielectric loss vs. temperature heated at 800 8C (100 kHz).

Fig. 13. Dielectric loss vs. temperature heated at 900 8C (100 kHz).

W. Liu et al. / Ceramics International 35 (2009) 1261–1265 1265
Figs. 11–13 show the temperature dependence of the

dielectric loss of different glass–ceramics at frequency of

100 kHz in the range from �60 8C to180 8C. In general, the

dielectric loss values of the samples increase with measurement

temperatures. The sample treated at 700 8C, that has the lowest

dielectric constant, shows the lowest dielectric loss value

around room temperature.

4. Conclusion

PbO–SrO–Na2O–Nb2O5–SiO2 glass–ceramics had been

synthesized by melt-quenching process. The effects of PbO

and SrO contents on crystallization and dielectric properties

were investigated in this study. The results show that,
(1) P
b2Nb2O7, Sr2Nb2O7 and their solid solution crystallizes at

700 8C and exhibits low dielectric constant.
(2) L
arge amounts of NaNbO3 form at 800 8C which contribute

to the significant increase in dielectric constant values.
(3) A
t 900 8C, Pb2Nb2O7 disappears and transforms into

PbNb2O6, which improves the dielectric constant but

degrades the temperature-stability.
(4) G
lass–ceramic doped with 6.0 mol% SrO and heat-treated

at 900 8C for 3 h shows a high dielectric constant.
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