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Abstract

The alumina addition effects on the crystallization, sintering behaviors and dielectric properties of BaO–ZnO–SrO–CaO–Nd2O3–TiO2–B2O3–

SiO2 (Ba–Zn–Sr–Ca–Nd–Ti–B–Si) glass powder were investigated using the differential thermal analyzer (DTA), thermo-mechanical analyzer

(TMA), X-ray diffractometer (XRD). The results showed that the addition of alumina powder into Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass changed the

crystallization sequence from Nd2Ti4O11–Nd0.66TiO3 to Nd2Ti3O8.7–Nd2Ti2O7–Nd2Ti4O11and increased the densification activation energy due to

the dissolution of Al3+ ions into the glass structure. Fully densified 30 vol.% alumina-added Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass can be obtained via

glass viscous flow before the second and third crystalline phases, Nd2Ti2O7 and Nd2Ti4O11crystallization. The 30 vol.% alumina-added Ba–Zn–

Sr–Ca–Nd–Ti–B–Si glass–ceramics sintered at 900 8C exhibited a high dielectric constant of 17 and a quality factor of about 820, which provided a

promising candidate for LTCC applications.
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1. Introduction

The microwave telecommunication and satellite broad-

casting industries have progressed greatly through portable

telephones. The dielectric components must also be miniatur-

ized to reduce the device size. In recent years, low-temperature

cofired ceramics (LTCC) have been developed to increase the

volume efficiency by integrating passive components such as

capacitors, resistors, and inductors [1,2].

LTCC is a ceramic filled glass composite and is based on

either the crystallizable glass or a mixture of glass and ceramics

[3]. For the LTCC system, the glass mainly acts as a low

temperature sintering aid and ceramic fillers help in enhancing

mechanical strength and minimizing distortion. High volume

content of glass is often detrimental to the quality factor of LTCC

materials [4] and hence crystallizable glass + ceramic in which

crystallization from glass phase occurs after densification has
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distinct advantage for LTCC applications. Recently, we

investigated the crystallization, sintering behaviors and dielectric

properties of BaO–ZnO–SrO–CaO–Nd2O3–TiO2–B2O3–SiO2

(Ba–Zn–Sr–Ca–Nd–Ti–B–Si) glass powder and observed that

the as-prepared Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass–ceramics

sintered at 900 8C exhibited a high dielectric constant of 23

and a quality factor of about 600, which provided a promising

candidate for LTCC applications [5,6]. However, the pure glass

easily bloats or softens during firing, leading to the distortion of

the components and requires the addition of ceramic fillers (such

as alumina, cordierite, rutile, etc.) to eliminate softening at 800–

900 8C. The alumina powder has been widely used in most of

commercial LTCC materials due to cost effectiveness, easy

availability with diverse particle sizes and less reactivity with

glass [7–9].

Therefore, this study investigated the effects of alumina

addition on the crystallization, sintering behaviors and

dielectric properties of Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass

powder. The proposed method promises a new LTCC material

with high dielectric constant and high Q, providing candidates

for LTCC applications.
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Fig. 2. XRD patterns for the Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass powders sin-

tered at various temperatures for 1 h.
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2. Experimental procedures

BaO–ZnO–SrO–CaO–Nd2O3–TiO2–B2O3–SiO2 (Ba–Zn–

Sr–Ca–Nd–Ti–B–Si) glass with the composition 3.5 mol%

CaO, 6 mol% SrO, 20 mol% BaO, 9.5 mol% Nd2O3, 20 mol%

ZnO, 24 mol% TiO2, 5 mol% B2O3, 12 mol% SiO2 was

prepared by melting powders containing appropriate amounts

of reagent grade CaCO3, SrCO3, BaCO3, Nd2O3, ZnO, TiO2,

H3BO3, and SiO2 in a Pt crucible at 1550 8C for 6 h. The melt

was rapidly quenched in distilled water, and then ball milled

with acetone using 3 mm Y-TZP (yttria-tetragonal zirconia

polycrystals) mill media for 12 h. The glass powder had a

median size of 4.4 mm. The XRD (Siemens, D5000) analysis

did not reveal any crystal phase for the glass powder. The true

densities measured using pycnometer (Micromeritics, AccuPyc

1340) for the glass powder was about 4.35 g/cm3.

The Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass powder was mixed

with different amounts of a-alumina powder (AKP-20,

Sumitomo Chemical Co.) and then pressed uniaxially at about

300 MPa to make a pellet 8 mm diameter and 2 mm in height.

The samples were then sintered at temperatures in the range of

700–950 8C for 1 h. The crystallization behavior and glass

transition temperature (Tg) were determined using a differential

thermal analyzer (DTA) (Netzsch STA 409C). The DTA was

performed at a constant heating rate of 10 8C/min under flowing

air. The thermal shrinkage behavior was measured using a

thermo-mechanical analyzer (TMA) (Mettler, 840) at a heating

rate of 10 8C/min. The crystalline phase evolution was

characterized using an X-ray diffractometer with a Cu-Ka

(Siemens, D5000). Dielectric properties (relative dielectric

constant, Q value) were measured using an LCR meter (YHP

4291A, YHP Co., Ltd.) at 1 MHz.

3. Results and discussion

Fig. 1 shows the DTA measurement result for the Ba–Zn–

Sr–Ca–Nd–Ti–B–Si glass added with different amounts of

alumina. It was observed that the pure Ba–Zn–Sr–Ca–Nd–Ti–

B–Si glass powder exhibits glass transition at around 708 8C,
Fig. 1. DTA measurement results for the Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass

added with different amounts of alumina.
followed by one broadening and one sharp exothermic

transformation corresponding to glass crystallization at around

780 8C and 890 8C, respectively. For the samples with added

alumina, obscure broadening endothermic and first exothermic

peaks occurred in the temperature range between 725 and

790 8C due to glass transition and crystallization, respectively.

This was followed by secondary and third exothermic

transformations corresponding to glass crystallization at around

850–860 8C and 910–925 8C, respectively. The secondary and

third crystallization temperatures were shifted toward lower

and higher temperatures, respectively, with an increase with the

addition of alumina powder.

The XRD patterns for the pure Ba–Zn–Sr–Ca–Nd–Ti–B–Si

glass powders sintered at various temperatures for 1 h are

shown in Fig. 2. The glass sintered at 750 8C was still

amorphous. As the sintering temperature was raised to 775 8C,

the first crystalline phase, Nd2Ti4O11 was observed. Therefore,

the first broadening exothermic peak in the DTA curve resulted

from the crystallization of Nd2Ti4O11. However, the second

crystalline phase, Nd0.667TiO3, occurred at 800 8C, determined

from XRD patterns (Fig. 2), lower than the peak temperature for

the sharp exothermic peak in the DTA curve. This may be

because the XRD patterns were obtained for samples sintered

for 1 h, which shifted the Nd0.667TiO3 crystallization tempera-

ture to a lower temperature compared with the DTA result.

Fig. 3 shows the XRD patterns for the glass added with

30 vol.% alumina powder sintered at various temperatures for

1 h. Fig. 4 shows the variation in the amount of crystalline

phases for the glass added with 30 vol.% alumina with the

sintering temperature. After sintering at 750 8C, the first

crystalline phase, Nd2Ti3O8.7, was observed accompanied by a

small secondary crystalline phase, Nd2Ti2O7, with alumina

coexistence. Moreover, the XRD peak intensity of the

crystalline phase, Nd2Ti3O8.7 and Nd2Ti2O7, increased as the



Fig. 3. XRD patterns for the glass added with 30 vol.% alumina powder

sintered at various temperatures for 1 h.
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sintering temperature was increased from 750 8C to 775 8C and

then declined rapidly as the sintering temperature was raised to

800 8C. However, the third crystalline phase, Nd2Ti4O11,

started to occur and increased with decreasing amount of

crystalline phase, Nd2Ti3O8.7 and Nd2Ti2O7, in the 775–800 8C
temperature region. This implies that the Nd2Ti4O11 crystalline

phase formation may result from the reaction between the

crystalline phases, Nd2Ti3O8.7 and Nd2Ti2O7, and residual

glass. Note that the XRD intensity of alumina decreased

significantly and then remained constant as the sintering

temperature was increased from 775 8C to 800 8C, indicating

that the alumina may dissolve into the glass network and hence

modify the glass structure and viscosity, which influences the

glass crystallization behavior during sintering, as shown in

Table 1. No crystalline phase other than alumina, Nd2Ti3O8.7,

Nd2Ti2O7, and Nd2Ti4O11 was observed as the sintering

temperature was increased above 825 8C. It was found that,
Fig. 4. Variations in the amount of crystalline phases, alumina, Nd2Ti3O8.7,

Nd2Ti2O7, and Nd2Ti4O11 for the glass added with 30 vol.% alumina with the

sintering temperature. The amount of crystalline phases for the samples sintered

at various temperatures can be semiquantitatively determined by calculating the

ratio of the integrated XRD intensities of alumina, Nd2Ti3O8.7, Nd2Ti2O7, and

Nd2Ti4O11 to that of the XRD peak of the internal standard, rutile (IT).
comparing the DTA and XRD results, the first, second and third

exothermic peaks in the DTA curves (Fig. 1) for the glass with

added alumina powder can be assigned to the crystallization of

Nd2Ti3O8.7, Nd2Ti2O7, and Nd2Ti4O11, respectively.

The densification behavior is described as densification

factor (DF) as a function of time. The DF, which represents the

porosity removed during densification, is defined as [10]

DF ¼ Dt � Dg

Dth � Dg

where Dt is the sintered density at time t, Dg is the green density

of the as-pressed compact, and Dth is the theoretical density

calculated using the mixing ratio. The densification behavior

for the 30 vol.% alumina-added Ba–Zn–Sr–Ca–Nd–Ti–B–Si

glass sintered at temperatures ranging from 725 to 762.5 8C is

shown in Fig. 5. The densification factor initially increases

rapidly with sintering time, and then less rapidly until it

eventually reaches a constant densification factor. A faster

and larger densification is observed at a higher temperature.

Jean and Lin [11] reported using the kinetic equation derived by

Kingery to analyze the liquid phase sintering data and deter-

mine the densification mechanism using

T
dðDFÞ

dt

� �
¼ K0exp

�Q

RT

� �

where DF is the densification factor at time t, K0 is a pre-

exponential term, Q is the apparent densification activation

energy, R is the gas constant and T is the absolute temperature.

Therefore, the apparent activation energy for the rate-control-

ling step can be determined from the logarithm of the specific

densification rate T [d (DF)/dt] versus 1/T for a given densifi-

cation factor.

The Arrhenius plots of the logarithm of the specific

densification rate versus 1/T using the densification data from

Fig. 5 at DF = 0.3–0.4, are shown in Fig. 6.

The apparent activation energy determined from the slopes

in Fig. 6 using a least-squares-fit method is about 480 � 13 kJ/

mol. The activation energy of the 30 vol.%-alumina-added

glass is higher than that of pure glass (305–438 kJ/mol) [5],

indicating that alumina powder added into Ba–Zn–Sr–Ca–Nd–

Ti–B–Si glass may dissolute into the glass and change the glass

structure and increase the viscosity [12], which is consistent

with the XRD result (Fig. 4).

Fig. 7 shows the shrinkage behaviors of the powder

compacts for the Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass added with

different amounts of alumina powder. The onset shrinkage

temperature occurred at around 730 8C, which is close to Tg,

determined by DTA. The offset shrinkage temperature and

linear shrinkage decreased with increasing the addition of

alumina. For the samples added with 5, 10, 20, and 30 vol.%

alumina, the linear shrinkage are 27, 24, 18, and 18%,

respectively, and the shrinkage finished at 850–870 8C,

suggesting that full densification can be reached in the

temperature range between 850 and 900 8C. However, as the

alumina content was increased above 40 vol.%, the linear

shrinkage became below 10%, showing that it can not be fully



Table 1

Comparison of the glass crystallization behaviors determined from the XRD and DTA results for the pure glass and 30 vol.% alumina-added glass during sintering.

Sample First crystalline phase Second crystalline phase Third crystalline phase

Pure glass Nd2Ti4O11 (Tp: 790 8C) Nd0.667TiO3 (Tp: 910 8C) –

30 vol.% alumina-added glass Nd2Ti3O8.7 (Tp: 780–790 8C) Nd2Ti2O7 (Tp: 860–870 8C) Nd2Ti4O11 (Tp: 925 8C)

Fig. 5. Densification behavior for the 30 vol.% alumina-added Ba–Zn–Sr–Ca–

Nd–Ti–B–Si glass sintered at temperatures ranging from 725 to 762.5 8C.

Fig. 7. Shrinkage behaviors of the powder compacts for the Ba–Zn–Sr–Ca–

Nd–Ti–B–Si glass added with different amounts of alumina powder (the heating

rate was 10 8C/min).
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densified below 900 8C. Fig. 8 shows the densification rate of

the powder compacts for the Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass

added with different amounts of alumina powder as a function

of the sintering temperature. The samples added with 5–

30 vol.% alumina all exhibited two step shrinkage. The first

maximum shrinkage rate occurred at around 800 8C, which is

close to the peak temperature of Nd2Ti3O8.7 crystallization,

determined by DTA. This indicates that crystallization would

result in densification degradation. In addition, the other saddle

points in the curve in Fig. 8 occurred at around 820–860 8C,

which is close to the Nd2Ti2O7 crystallization temperature,

determined by DTA, and were shifted toward lower temperature
Fig. 6. Logarithm of the specific densification rate T [d(DF)/dt] versus 1/T for a

given densification factor for the glass added with 30 vol.% alumina at

DF = 0.3–0.4.
with an increase in added alumina powder, suggesting that full

densification can be obtained via glass viscous flow before the

Nd2Ti2O7 crystallization. Note that the third crystalline phase,

Nd2Ti4O11, occurred after full densification.

Fig. 9 shows the dielectric properties of Ba–Zn–Sr–Ca–Nd–

Ti–B–Si glass added with different amounts of alumina powder

as a function of the sintering temperature. The change in

dielectric properties is mainly attributed to the variation in

density and phase constituents during sintering [13]. The

dielectric constant value and Q value increased monotonically

with increasing sintering temperature due to the increase in

crystalline phase and relative density. In addition, the dielectric
Fig. 8. Densification rate of the powder compacts for the Ba–Zn–Sr–Ca–Nd–

Ti–B–Si glass added with different amount of alumina powder as a function of

the sintering temperature (the heating rate was 10 8C/min).



Fig. 9. (a) Relative dielectric constant and (b) Q value of Ba–Zn–Sr–Ca–Nd–

Ti–B–Si glass added with different amounts of alumina as a function of the

sintering temperature.

Fig. 10. Total amount of crystalline phases (Nd2Ti3O8.7 + Nd2Ti2O7 + Nd2-

Ti4O11, I1 + I2 + I3) for glass added with different amounts of alumina at

875 8C. I1, I2 and I3: XRD peak intensities of Nd2Ti3O8.7, Nd2Ti2O7, and

Nd2Ti4O11, respectively; IT: XRD peak intensity of the internal standard, rutile.
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constant decreased with the increase in alumina powder,

because the dielectric constant of alumina is about 9, which is

lower than that of pure Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass

(about 23). It is well known that the quality factor is primarily

dependent on the network structure of the remnant glass phase

and the quality factor decreases with an increase in the amount

of residual glass [13]. The amount of crystalline phases

(Nd2Ti3O8.7 + Nd2Ti2O7 + Nd2Ti4O11), for the samples can be

semi-quantitatively determined by calculating the ratio of the

integrated XRD intensities of Nd2Ti3O8.7 + Nd2Ti2O7 + Nd2-

Ti4O11 (I1 + I2 + I3) to that of the XRD peak of the internal

standard, rutile (IT). Fig. 10 shows the total amount of

crystalline phases (Nd2Ti3O8.7 + Nd2Ti2O7 + Nd2Ti4O11,

I1 + I2 + I3) for glass added with different amounts of alumina

at 875 8C. Note that the total amount of crystalline phase

increased as the alumina content was increased to 30 vol.%.

The residual glass decreases with the increase in the total

amount of crystalline phases. Therefore, the Q value of the glass

added with 30 vol.% alumina powder sintered at 875 8C was

higher than that of glass added with 20 vol.% alumina powder.

The dielectric properties of the Ba–Zn–Sr–Ca–Nd–Ti–B–Si

glass–ceramics added with 30 vol.% alumina powder sintered

at 900 8C show a high dielectric constant of 17 and a quality

factor of about 820 combined with other (processing,
mechanical, thermal electric properties), which provides a

promising candidate for LTCC applications.

4. Conclusions

The alumina addition effects on the crystallization, sintering

behaviors and dielectric properties of glass–ceramics (BaO–

ZnO–SrO–CaO–Nd2O3–TiO2–B2O3–SiO2) were analyzed.

The addition of alumina into the glass changed the crystal-

lization behavior and densification activation energy due to the

dissolution of Al3+ ions into the glass network. This modified

the glass structure and viscosity. The full densification of

30 vol.% alumina-added Ba–Zn–Sr–Ca–Nd–Ti–B–Si glass can

be obtained via glass viscous flow before the second and third

crystalline phase, Nd2Ti2O7 and Nd2Ti4O11, crystallization.

The dielectric properties of the Ba–Zn–Sr–Ca–Nd–Ti–B–Si

glass–ceramics depend on the total amount of crystalline

phases. The dielectric properties of the Ba–Zn–Sr–Ca–Nd–Ti–

B–Si glass–ceramics added with 30 vol.% alumina powder

sintered at 900 8C showed a high dielectric constant of 17 and a

quality factor of about 820, which provides a promising

candidate for LTCC applications.
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