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The effect of Al,O3-doped silica glass (AS-glass) addition on the structure and dielectric
properties of the BaO-Nd,0;-Sm,05-TiO, (BNST) microwave materials was investigated.
This BNST material has a dielectric constant (k) of 80 and a quality factor (Q x f) of 6000 GHz
when sintered at 1350°C for 2 h. Both the microstructure and the microwave dielectric
characteristics were determined as a function of the sintering temperature and glass content.
A Q x fas high as 8700 GHz was achieved in ceramics added with 20 wt % glass, however, the
k value drops to 30. The high Q x fvalue is attributed to the improved densification of the
dielectric when glass is added. Results of X-ray diffraction experiments indicate that glass
addition enhances the growth in the longitudinal direction of the columnar crystal and a
preferred (00 2) orientation. The presence of columnar structure plays an important role in
the improvement of the microwave dielectric properties.
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1. Introduction

Recently, mobile radio communication networks have
been greatly expanded by portable and automobile
telephones. In order to reduce the size of microwave
devices in communication systems, the dielectric
components must be miniaturized [1]. High dielectric
constant (k), high quality factor (Q x f) and low
temperature coefficient of resonant frequency (t;)
make ceramic dielectrics attractive substitutes for
copper invar waveguide cavities in microwave-circuit
applications. Many dielectric systems have been inves-
tigated for microwave applications; among them is the
BaO-Ln,0;-TiO, (Ln=Nd, Sm, and La) ternary
system, which received special attention because of its
high dielectric constant [2, 3].

In producing miniaturized devices, multilayer struc-
tures with low sintering temperature are needed to cofire
with low-loss conductors such as silver and gold.
Chemical processing, glass additions, and smaller
particle sizes of the starting materials are generally
advantageous to lower the firing temperatures. Previous
studies on the BaO-Ln,0;-TiO, system used the
general formula Bag _ ,(Nd, Sm)g 5, /3T1;3054 (hereafter
referred to as BNST). In the work of Wu and Chen [3]
Bi,O; and Bi;Ti;O,, were introduced into BNST to
adjust the temperature coefficient of the dielectric
constant. Laffez et al. [4] used WO; and MnO, as the
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dopant and sintered BNST at 1450°C in oxygen, to
improve the dielectric constant and decrease the
dielectric losses. Xu et al. [5] synthesized the ceramic
powders by the modified Pechini method for reducing the
sintering temperature. Liquid-phase sintering using glass
additives is the most effective and least expensive. When
glass is used as the sintering agent in microwave
ceramics, the dielectric loss is a major concern; at least
three types of dielectric losses for glasses were observed.
One is resonance-type vibration losses at very high
frequencies, the second is migration losses caused by the
movement of mobile ions, and the third is deformation
losses by defects or deformation of the basic silicon
oxide network [6]. Some of the alumina-silicate-based
glass, such as cordierite (2MgO-2Al,0;-55i0,) and
celsian (BaO-Al,0;-Si0,), show low loss factors in the
microwave region [7]. The BaO-Nd,0;-4TiO, dielec-
trics with low softening glass (B,05;—,05;-Si0,—Zn0O)
additions could achieve intermediate dielectric constant
ranging from 20 to 70 [8,9]. The purpose of this work
was to study the effects of low-loss glass addition on the
sintering behavior and microwave properties of BNST
dielectrics. A BNST-based microwave dielectric, desig-
nated as K80, and an Al,0O;-doped silica glass, desig-
nated as AS-glass, are employed in this study. Both K80
and AS-glass are proprietary. K80 powder supplied by
Phycomp Inc. was used as the host material. This host
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Figure 1 Surface micrographs and density D (gcm ~3) of K80 ceramics sintered at (a) 1150°C, (b) 1250°C, (c) 1350°C, and (d) 1450°C for 2 h in

air.

material, sintered at 1350 °C for 2 h in air, was found to
possess the following properties: &k (8 GHz)=80,
0 x f=6000GHz, density = 5.60 gcm ~3 [10].

2. Experimental procedures

K80 powders were mixed with AS-glass powder, then
milled for 12 h, hydrated and granulated by mixing with
3wt% polyvinyl alcohol solution. Pellets of 10mm
diameter and either 5.2mm or 1.2mm thickness were
pressed using uniaxial pressing at a pressure of
750kgcm 2. After debinding, these pellets were
sintered in the temperature range of 1050-1250°C for
2hin air.

The X-ray diffraction (XRD, MAC science MXP18)
spectra were collected by using CuK,, (A =0.15406 nm)
radiation with 30kV and 20mA in the 20 range of 20—
60°. The microstructural observations and composition
analyses of sintered samples were performed by scanning
electron microscopy (SEM, Hitachi S4000) and an
electron probe microanalyzer (EPMA, Joel JXA-
8800M), respectively. The bulk densities of the sintered
specimens were measured by the Archimedes’ method.
The density of glass powder was measured by CNS 8834-
KO0015 (methods of test for density and relative density of
chemical products).

The dielectric characteristics were measured by an
impedance/gain-phase  analyzer (Hewlett Packard,
HP4194) in the frequency range of 100 Hz-15 MHz.
Silver paste was used for the electrodes. The dielectric
constant (k) and the quality factor (Q x f) at microwave
frequencies were measured using the Hakki—Coleman
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dielectric resonator method which was modified and
improved by Courtney [11]. The Q x f factor was used
for evaluating the loss quality, where f is the resonant
frequency.

3. Results and discussion

The sintered bulk density of K80 increases from 4.880 to
5.520gcm 2 as the sintering temperature is increased
from 1050 to 1350°C. However, further raising the
sintering temperature to 1450 °C reduces the bulk density
to 5.437gcm 3. As shown in the SEM micrographs,
Fig. 1, pores are observed in the sintered bulk even at a
sintering temperature of 1250 °C. The sample sintered at
1350 °C for 2 h reveals a pore-free structure and indicates
homogeneous columnar crystals. The one sintered at
1450 °C exhibits a preferred direction of grain growth,
which formed a columnar feature accompanying voids.
The abnormal grain is over 5 pm in length and 0.35 pm in
diameter. The columnar grain is also reported in the work
of Laffez et al. [4]. The theoretical density and dielectric
constant of K80 are 5.60 gcm ~3 and 80, respectively
[10]. Thus, the most densified K80 in this study achieves
98.6% of the theoretical density, which is sintered at
1350 °C and corresponds to a dielectric constant of 79.8
and a Q x fof 6000 GHz at 8 GHz.

Fig. 2 reveals that the densities of undoped and AS-
glass doped K80 increase steadily with sintering
temperature. Since the density of AS-glass is only
2.46 gcm ~3, the density of the glass-doped ceramics is
decreased as the amount of glass is increased, if the
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Figure 2 Density as a function of sintering temperature for K80 added
with various wt % of AS-glass. Sintering time: 2h in air. Data in the

parentheses are D measured / D calculated with mixing rule*

mixing rule applies. According to the rule of mixing, the
density of K80-AS ceramics is:

Dy = (W, +W,)/(W,/D| +W,/D,) (1)

where W, and W, are the weight per cent of the K80
dielectric and AS-glass in the mixtures, respectively; D,
and D, are the densities of the K80 and AS-glass,
respectively. The calculated densities are 5.266, 4.970,
4.468, and 4.057 gcm’3 for 5, 10, 20, and 30 wt % AS-
added K80 ceramics, respectively. The measured
densities of the samples sintered at 1250°C for 2h
were 95.3%, 96.5%, 96.0%, 96.7%, and 97.2% of the
estimated densities for 0, 5, 10, 20, and 30 wt % glass-
added K80, respectively. This implies that AS-glass
enhances the densification of K80 and reduces the
sintering temperature of the dielectric. In this study,
even just 5 wt % glass dopant results in the formation of
columnar structure at 1150°C and an increased density

of 94.8% as compared to that of the undoped ones
(92.7%). For the sample doped with 30 wt % glass, the
sintering temperature can be decreased to 1050°C to
produce a density of 97.0%. As mentioned in the classic
liquid-phase sintering mechanism, rearrangement, solu-
tion-reprecipitation, and final-stage sintering are the
three stage of densification [12]. In this study, 30 wt %
AS-glass occupy 49 vol %. With such a high liquid level,
the densification can be achieved via rearrangement upon
liquid formation. On the other hand, for those samples
doped with lower glass contents, the solid skeleton
inhibits densification. Thus the sintering temperature
needs to be raised to 1250 °C for full densification.

Fig. 1 indicates that the microstructure of the K80
ceramics varies significantly with the sintering tempera-
ture. Nearly equi-axis fine crystals were observed in the
K80 ceramics sintered below 1350 °C for 2h in air, but
the K80 with 5wt% AS-glass ceramics sintered at
1150°C for 2h in air reveals homogeneous columnar
crystals as Fig. 3(a) shows. For K80 with Swt% to
20 wt % glass contents sintered at 1250 °C, shown in Fig.
3(b)—(d); exaggeratedly grown columnar crystals with a
number of voids are observed. Chen et al. [13], argued
that the liquid phase increased gradually at temperatures
above the eutectic point, and this caused a large increase
in nucleation rate (N) but a slight increase in nuclei
growth rate (G) for BaO-Nd,O;-5TiO, system.
Consequently, a homogeneous columnar structure with
low aspect ratio is obtained at the sintering temperature
of 1370 °C due to the recrystallization. In this study, the
columnar structure is observed for specimens sintered at
1150 °C due to the introduction of the glass. Besides, it is
found that the AS-glass enhances the growth in the
longitudinal direction of the columnar grain significantly,
but only slightly in the radial direction. The length (/) to
diameter (d) ratio of the columnar grain, //d, increases
with the glass content and sintering temperature, as

(b)

(d)

Figure 3 Surface micrographs of K80 ceramics sintered for 2 h in air at (a) 1150 °C with 5 wt %, and 1250 °C with (b) 5 wt %, (c) 10 wt %, (d) 20 wt %

AS-glass addition.
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Figure 4 XRD patterns for (a), (b), (c), and (d) for 0wt %, 5wt %,
10 wt %, and 20 wt % AS-glass addition and sintered at 1250 °C for 2h
in air (B: Ba(Nd, Sm),Ti,0,).

TABLE I Sintering conditions and measured data of the samples in
Fig. 3

SEM of Fig. 3 (a) (b) (© (d)
Amount of AS (wt %) 5 5 10 20
Sintering temp. (°C) 1150 1250 1250 1250
Grain shape Columnar  Columnar  Columnar Columnar
1, d (um)* 1.86,0.45 525,044 11.76,0.53  13.19, 0.58
I/d 4.13 11.93 22.19 22.74
D, and D,,/Dgy (%)° 499,948 508,966 477,960 432,969
] and d: length and diameter of columnar grain.
me: measured density; D, calculated density.
(a) 22.150
|
]
22,100 4
22.050 4
<
= 22.000 A
21.950 4
21.900 4
I T 1 Ll T
0 5 10 15 20
Glass content (wt %)
(c) 3.880
3.870 1 \
A
3.860 ~
< 3.850
3.840 -
3.830 - A
&
3 .82(} T T T T T
0 5 10 15 20

Glass content (wt %)

Glass content (vol %)
0.0 10.7 20.2 28.7 36.3

0.8 4

Tooanlisi

0.6 4
0.4 4

0.2 0 5 10 15 20
1

Glass content (wt %)

1 1 Il
1.00 11.93 22.19 22.74
Iid

Figure 5 Intensity ratios /(2 /151 1) as a function of glass content and
I/d ratio. | and d are the length and diameter of the grains of sintered
specimens of K80-AS ceramics sintered at 1250 °C for 2h in air.

summarized in Table 1. The //d ratios for the samples
with 5 wt % glass sintered at 1150 and 1250°C are 4.13
and 11.93, respectively. As the glass content is increased
to 20 wt %, the [/d ratio is increased to 22.74.

The X-ray diffraction patterns of sintered K80 without
additive denote the phase of Ba(Nd, Sm),Ti,O,, as
shown in Fig. 4(a), which indicates that the (5 1 1) peak is
the main diffraction peak, while for the glass-doped K80,
the intensity of the (002) peak increases with increasing
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Figure 6 The lattice parameter (a) a, (b) b, (c) ¢, and (d) the unit cell volume of K80 ceramics as a function of AS-glass contents, the samples sintered

at 1250°C for 2 h in air.
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Figure 7 EPMA micrographs of K80 ceramics with 20 wt % glass addition and sintered at 1250 °C for 2 h in air, (a) SEI, (b) Al, (c) Si, (d) Ti, (e) Ba,

(f) Nd, (g) Sm, and (h) O mapping.

glass content, as exhibited in Fig. 4(b)—(d). The peak
intensity ratio of /() //(s 1) increases from 0.70 to 1.56
as the AS amount is increased from 5 to 20 wt %, as
shown in Fig. 5, as compared to 0.27 of undoped K80.
Also pointed out in Fig. 5 is the aspect dimension of
grains. This implies that the preferred orientation (00 2)
is generated from abnormal grain growth. Fig. 6 shows
the lattice parameters as a function of AS-glass content.
The lattice parameters a and b increase while ¢ decreases
with increasing amount of AS-glass. The unit cell

volume increases initially and then remains constant
with glass addition. A typical microstructure, exhibited
in Fig. 7, shows that the glass-doped samples are an
inhomogeneous mixture of BNST and AS-glass.
Interdiffusion of ingredients is evident since the mapping
of Si and Ba are found both in BNST and glass domains,
as shown in Fig. 7(c) and (e), respectively.

Dielectric constant (k) and Q x f values of K80
ceramics as functions of sintering temperature are shown
in Fig. 8. Both the dielectric constant and Q x f values
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Figure 8 Microwave dielectric properties of K80 ceramics as function
of sintering temperature.
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Figure 9 Dependence of Q x f on density of K80 sintered with AS-
glass.

increase initially and then decrease with increasing
sintering temperature. The dielectric properties showed a
close correlation with density, the curve in accordance
with the trend of that of the measured density in Fig. 2.
For the K80 sintered with AS-glass, Q x fincreases with
density, similar to that of K80 dielectrics. An abrupt rise
in O x fis observed when the sintered density exceeds
96% of the theoretical density, as suggested in Fig. 9. In
other words, the Q X f value increases with increasing
AS-glass content, since the density increases with glass
content. The specimen with 20wt % glass exhibits the
highest Q x f value (~ 8700 GHz) and a moderate k
(~ 30), among all the compositions studied. The AS-
glass is shown to be effective in both the densification
and in enhancing the quality factor of BNST ceramics
when added appropriately. However, the role of the glass
in achieving the columnar microstructure is very
complicated and is the subject of further investigation.
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4. Conclusions

In this study, the effects of Al,05-doped silica (AS) glass
on the properties of BNST dielectric are investigated. It
is found that BNST ceramics is achieved by the addition
of AS-glass. A densification of 96.0% of theoretical
densities is obtained for glass-doped specimens sintered
at 1250 °C and below. Addition of glass also influences
the microstructure evolution of the dielectric. For glass-
free samples, nearly equi-axed fine grains are observed
when sintered at 1250°C and below, and a columnar
structure is obtained when the sintering temperature
exceeds 1350 °C. However, exaggerated columnar grains
grow at 1150°C for specimens doped with glass. For
samples with 20 wt % glass, a columnar structure with
grain length 22 times longer than the grain diameter is
obtained. X-ray diffraction patterns show significant
(002) preferred orientation. For K80 dielectrics with
20wt % glass sintered at 1250°C, Q X f was more than
8700 at 8 GHz, which was higher than that of K80
sintered at 1350 °C (Q x f= 6000 GHz at 8 GHz), but the
dielectric constant is 30 as compared to 80 of K80.
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