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Abstract

This study investigated the effects of sintering parameters and the addition of alkali-borosilicate glass into the Bag gg(Nd; 49Big 42La0 30)Ti4O12
B(NBL)T ceramic. The microstructure evolution, ionic exchange phenomenon at phase interfaces and the dielectric properties variation of
composites were examined by XRD, EPMA, TEM, RF impedance analyzer and network analyzer, respectively. XRD patterns revealed that
interactions between B(NBL)T ceramic and glass during sintering could have caused the change in the preferred orientation as well as the shifting
of the crystals’ diffraction angles. EPMA mapping showed that the concentrations of Ba, and Bi decreased along the edge of the BONBL)T ceramic
that is closest to the glass phase, while the opposite trend was seen for Na and Ca. TEM and EDS analyses confirm that an ionic exchange took place
during sintering with the glass phase wetting the BANBL)T ceramic and was responsible for the change in the crystal plane and the variation in
lattice parameters. The ionic exchange that occurred between the B(NBL)T ceramic and the glass phase resulted in a decrease in the electrical
resistivity of the glass phase, which in turn reduced the dielectric loss.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Most well-known commercial microwave dielectric materi-
als exhibit a high dielectric constant (¢,), a high quality factor
(Q), and very low temperature coefficients of the resonant
frequency (ty) [1-4]. For these classical microwave dielectric
materials to reach superior dielectric properties, a very high
sintering temperature, ranging from about 1200 °C to 1400 °C,
is required [5,6]. However, if these dielectric materials are to be
co-fired with silver conductors, the sintering temperature of the
dielectric materials must be lower than the melting point of
silver (961 °C). The most common approach to reducing the
sintering temperature of a microwave dielectric ceramic is to
add sintering aids or glass with low melting temperatures
[2,6,7]. For example, BaO(NdgBip,)>,034TiO, added with
10 wt.% Li,O-B,03-Si0,—Al,03—CaO0 glass could be sintered
at 900 °C, yielding a composite structure having a quality factor
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(Q x f) of 2200 GHz, an ¢, of 68, and a 7; of 55 ppm/°C [5].
Similar trends were observed in the BaNd,Ti,O,, microwave
ceramic, in which B,03-Bi,03-Si0,-ZnO or La,03-B,05-
TiO, glass was added to reduce the sintering temperature [8,9].
It was also shown that alumina and silica based glasses were
more effective in improving the dielectric properties of
CasNb,TiO;, ceramics, whereas borate glasses are preferred
for lowering the sintering temperature.

On the other hand, although a glass phase additive could
reduce the sintering temperature, it was shown that a larger
amount of glass added to CasNb,TiO;, caused increased
porosity, resulting in reduced dielectric properties [10].
Researchers have also reported that LasTigO,4 ceramics added
with 20 vol.% PbO-B,03;-Si0, and ZnO-B,05;-Si0O, glass
could be sintered at 1000 °C, yielding a composite structure
having a 95% theoretical density. The interaction between
PbO-B,05-SiO, and La,TigO,4 results in the formation of a
secondary phase La,;TiOs;, which strongly influences the
dielectric properties of La,TigO,4 ceramics [11]. Jung et al. [9]
indicated that the BaNd,Ti4O;, (BNT) ceramic added with
La,05-B,03-TiO, (LBT) glass could be sintered at 850 °C,
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yielding a dielectric constant of 20, a quality factor (Q x f) of
8000 GHz, and a low temperature coefficient of resonant
frequency (ty=76.8 ppm/°C) at frequencies ranging from
6 GHz to 7 GHz. The most significant sintering result was the
formation of HT-LaBOj (high temperature forming) and TiO,
due to the reaction between the BNT ceramic and LBT glass.
The reaction products played positively in improving the
microwave dielectric properties of BNT ceramics. Lee et al.
[12] added B,O3 to BaTisOy ceramics and observed active
dissolution of Ba and Ti atoms from BaTi,Og into B,0; liquid,
leading to the formation of many secondary phases, such as
Ba,;TigO,y, BaTi(BO3),, TiO,, and, many large pores were
formed by B,0;. These results deteriorated the dielectric
characteristics of BaTi4Oo. Chang et al. [13] added Al,Os-
doped silica glass to the BaO-Nd,O3;-Sm,03-TiO, microwave
materials and observed that glass additives enhance the growth
in the longitudinal direction of the columnar crystal and had a
preferred (0 O 2) orientation. The high Q x f value of dielectric
ceramics is attributed to an increase in composite density when
glass is added. Some researchers [14] have also reported that
the incorporation of B,O5 into the Ba(Nd,_,Sm,)Ti4O,, crystal
changes the lattice constants of the crystal as a result of the
diffusion of B atoms to the interstitial sites.

Although the above-mentioned studies have examined the
changes that occur when glass and dielectric ceramic are
sintered, and noted the effect of secondary phase on the
dielectric properties, not much research has been focused on
understanding the effect that the ion interdiffusion between
alkali-borosilicate glass and Bag gg(Nd; 40Big.42La030)Ti4012
ceramic has on the crystal structure and dielectric properties. In
this study, an alkali-borosilicate glass of low softening
temperature was added to Bao'gg(Ndl'40Bi0'42La()_30)Ti40]2
dielectric ceramic to investigate the effect of glass additives
on the microstructure and dielectric properties of ceramics. An
XRD, EPMA, DSC, and TEM with an attached energy
dispersive X-ray spectrometer, were used to perform more
accurate analysis to address the above-mentioned questions.

2. Experimental procedures

The materials used in this study were Baggg(INd; 40Big.4o-
Lay30)Ti4O;, ceramic (abbreviated as B(NBL)T, Prosperity
Dielectricc, NPO-110) and alkali-borosilicate glass powder
(510,-B,05—Al,03—-Ca0O-Na,0-K,0-Ba0O, China Glaze, CS-
9609). The average particle sizes of B(NBL)T ceramic and glass
powder were 3.2 wm and 4.6 pm, respectively. The physical
properties and compositions of these materials are listed in Table 1.

Table 1

B(NBL)T ceramic and glass powders of various volumetric
ratios (50/50, 45/55, and 40/60) were ball-milled in an
isopropyl alcohol (IPA) solvent containing zirconia balls 3 mm
in diameter for 24 h in a polyethylene bottle. A solution
composed of an acrylic resin (Elvacite, 2046) and IPA was then
mixed with the milled powder and spray-dried into spherical
granules. Granules with a mean particle size of around 70 wm
were obtained through sieving and uniaxially pressed into
pellets that were 15 mm in diameter and either 4 mm or 8 mm
in thickness at a pressure of 90 MPa. Sintering was then carried
outin air. The thermal profile included heating at a rate of 2 °C/
min to 350 °C, held for 30 min, followed by heating at a rate of
2 °C/min to 500 °C, held for 30 min, and finally heating at a
rate of 3 °C/min to a sintering temperature ranging between
750 °C and 950 °C and held for a period ranging from 30 min to
120 min.

The crystal structure of the sintered composites were analyzed
using an X-ray diffractometer (XRD, REGAKU, DMAX-VB) at
40 kVand 100 mA, using Cu Ko (A = 0.15418 nm) radiation. In
a scanning range (26) of 10°-50°, the scanning rate was 3°/min
and the scanning interval was 0.05°. Back-scattered electron
images (BEI) of the polished specimens were examined along
with electron probe microanalysis (EPMA), using a scanning
electron microscope (JEOL, JXA-8900R) operated at an
accelerating voltage of 20 kV. The interfacial reaction between
B(NBL)T ceramic and glass was examined using EPMA. The
specimen used was prepared by firing a piece of green glass
compact on top of a densified B(NBL)T substrate at a heating rate
of 5 °C/min from room temperature to 950 °C in air.

A transmission electron microscope (AEM, JEOL-2010)
with an energy dispersive X-ray spectrometer (EDS, OXFORD,
ISIS-300) attached was operated at an accelerating voltage of
200 kV. Selected area diffraction (SAD) patterns were recorded
at a camera length of 100 cm and an aperture of 150 nm. The
electron beam size of this EDS analysis was 7 nm and the
analyzed area was approximately 50 nm in diameter. Quanti-
tative composition analysis of the selected area was carried out
using the Cliff-Lorimer Ratio of Thin Section, using copper as
the calibration standard. The absorption correction and
fluorescence correction were neglected and only the atomic
number correction was carried out using the attached software.
A TEM analysis of a silicon specimen (Si, a =0.5431 nm,
JCPDS 27-1402) was used for calibration from which the SAD
pattern of Si [1 1 0] was obtained and the lattice parameter
calculated to be 0.552 nm. As this value exceeded the standard
value of Si by approximately 1.7%, this instrumentation error
(1.7%) was deducted directly from the results of subsequent
experiments.

Physical properties and compositions of B(NBL)T ceramic powder and alkali-borosilicate glass powder.

Material Density (g/cm?) Mean particle Composition (wt.%)
size (pm)
B(NBL)T 5.64 32 TiO, Nd,03 BaO Bi,03 La,0;
37.6 28.4 16.2 11.9 59
Glass 2.45 4.6 SIOQ A1203 B203 CaO K2O N&zo BaO
38.1 17.3 16.9 12.1 6.8 4.7 4.1
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Glass transition temperatures (7;) were investigated using a
thermal analyzer (SETARAM, SETSYS-TGA, TG/DSC) at a
heating rate of 10 °C/min from room temperature to 1100 °C in
air. The dielectric properties were measured using an RF
impedance analyzer (HP 4291B) set to a frequency of 1 GHz,
while the resonant frequencies were measured via a parallel
plate dielectric resonator on a network analyzer (AGILENT
8722ES) using Hakki and Coleman’s method. The diameter-to-
height ratio of specimens was maintained between 1.8 and 2.3.

3. Results and discussion
3.1. X-ray diffraction analysis

The X-ray diffraction patterns of samples sintered under
various conditions are shown in Fig. 1(a). Note that the X-ray
diffraction patterns of the original BINBL)T powder and those
sintered for 1 h at 1260 °C, 1360 °C, and 1460 °C are almost
identical with all exhibiting an orthorhombic crystalline
structure. These results are consistent with those reported by
Silva et al. [15] for BaNd,Ti4O,. Fig. 1(b)—(d) shows the X-ray
diffraction patterns of B(NBL)T/glass composites with
50 vol.%, 55 vol.%, and 60 vol.% glass additions, respectively,
sintered at various temperatures for 2 h. It can been seen that as
the sintering temperature increased, the peak intensity of the
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(320) plane of B(NBL)T increased, whereas a decrease was
observed for the (4 0 1) plane. Such a development could be
attributed to a change in the preferred orientation of the BINBL)T
crystals, due to wetting by the glass phase and possibly a phase
reaction at the sintering temperature [16]. Similar observations
were also reported for aluminosilicate glass addition to BaO-
Nd,03-Sm;,03-TiO,, which promoted development of colum-
nar grains of (0 0 2) preferred orientation [17].

In addition to a change in intensity, it can also be observed that
as the sintering temperature increased, the diffraction angle of
(320) plane decreased. This indicates that when B(NBL)T is
sintered in the presence of the glass phase, not only does a change
in preferred orientation but also a change in lattice parameters.
The diffraction angles of the (3 2 0), (4 0 1), and (3 0 3) planes of
the BINBL)T/glass 45/55 vol.% composite sintered at 950 °C for
2 h were 32.80°, 31.55°, and 29.05°, respectively. A least square
regression of the three equations yielded lattice constants of
a=1.154 nm, b =0.776 nm, and ¢ = 1.536 nm. Compared with
the JCPDS data of BaNd,TizO;, ceramics (No. 35-0331,
a=1.147 nm, b = 0.769 nm, ¢ = 1.552 nm), the lattice constants
were larger by 0.6% in the a-axis and 0.9% in the b-axis but
smaller by 1.0% in the c-axis.

From previous studies, it was found of the addition of B,O3
into a Ba(Nd,_,Sm,)Ti4O, crystal would result in changes in
the crystal’s lattice constants due to the diffusion of B atoms
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Fig. 1. X-ray diffraction patterns at various sintering temperatures of (a) BONBL)T ceramic, (b) B(NBL)T/glass 50/50 vol.%, (c) B(NBL)T/glass 45/55 vol.%, (d)

B(NBL)T/glass 40/60 vol.%.
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Fig. 2. Intensity ratio /3 5 0)/l(4 0 1, as a function of sintering temperature for
B(NBL)T/glass composites with 50 vol.%, 55 vol.%, and 60 vol.% glass sin-
tered for 2 h in air.

into the interstitial sites [14]. Similarly, interaction between the
B(NBL)T ceramic and the glass phase could have caused a
change in the preferred orientation, as well as a shift in the
diffraction angles of the XRD patterns. Fig. 2 shows the
relationship between the sintering temperature and ratio of the
peak intensity of (32 0) to that of (40 1), Iz 20yl 0 1), for
B(NBL)T/glass composites with 50 vol.%, 55 vol.%, and
60 vol.% glass additions, respectively. It can be observed that
not only an increase in sintering temperature but also an

increase in the volume percentage of glass phase significant
increase the I3 5 0y/I(4 o 1) ratio.

3.2. EPMA analysis

Fig. 3 shows the BEI photograph and corresponding
mappings of Ba, Na, and Ca in a B(NBL)T/glass 45/
55 vol.% composite, sintered at 750 °C for 30 min. Based on
the color contrasts in the EPMA mappings, it can be seen that
the concentration of Ba within the ceramic is higher than that in
the glass phase, whereas the concentration of Na and Ca in the
glass phase is higher than that within the ceramic. Similar
results were also observed in the B(NBL)T/glass 50/50 vol.%,
and B(NBL)T/glass 40/60 vol.% composites. The interdiffu-
sion of Ba, Na, and Ca between the B(NBL)T ceramic and the
glass phase is not apparent most likely due to a low sintering
temperature and insufficient held time.

The BEI photograph and corresponding mappings of Ba, Na,
and Ca in a BANBL)T/glass 45/55 vol.% composite, sintered at
950 °C for 2 h are shown in Fig. 4. It can be observed that the
concentration of Ba was reduced slightly around the edge of the
ceramic, as a result of dissolution of Ba into the glass phase. Na
and Ca, on the other hand, diffused into the ceramic and
therefore a slight increase in the concentration of these two
elements was found near the edge of the ceramic. Similar
results were also observed in the B(NBL)T/glass 50/50 vol.%,
and B(NBL)T/glass 40/60 vol.% composites.

Due to the resolution of the sintered composite BEI
photograph was insufficient to examine the interface between
the B(NBL)T ceramic and the glass phase after sintering, a
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Fig. 3. BEI photograph and EPMA mappings of, Ba, Na, and Ca of a BINBL)T/glass 45/55 vol.% composite, sintered at 750 °C for 30 min. The B(NBL)T ceramics

(bright domain), and the glass phase (dark domain).



K.-H. Lin et al./Ceramics International 36 (2010) 2365-2374 2369

Ca

5 um Ave 21

Sllevel Areal
0.0

Balevel ﬂra-g
2040 63 _°

19312 ;3 65 :‘g
1785 4'0 61 o- '
1657 5'1 57 0'4
1530 ?-5 53 I-Z
1402 - 43
10.1 2.0

1275 46
1.9 5.2

1147 42
13.9 10.0

1020 38
16.1 15.7

832 34
13.7 20.1

765 30
5.2 14.9

637 27
2.8 16.8

510 23
1.7 9.3

382 13
0.8 3.4

255 15
127 0.5 1" 0.0
o 2.0 8 0.1
fve 1106 0.0 Ave 31 0.8
Nalevel fireaX | Calevel Areal
46 0.0 49 0.0
0.0 0.0

43 45
0.1 0.0

40 42
0.4 0.0

37 39
1.4 0.0

34 36
3.8 0.1

31 a3
8.2 0.5

28 30
13.5 1.3

25 27
18.0 3.6

23 24
2 12.6 21 8.1
17 15.7 18 14.5
14 10.9 15 20.7
11 6.3 12 2.4
8 4.0 9 16.2
5 2.7 5 0.7
2 1.8 3 3.0
0 0.6 0 1.1
0.0 8.0

Ave 15
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reaction couple was designed. Fig. 5 shows the BEI photograph
of a B(NBL)T/glass reaction couple, sintered at 950 °C for 2 h.
Based on the BEI photograph it is evident that an interface of
approximately 2 pwm in thickness exists between the two original
phases. Previous research have reported interdiffusion coeffi-
cients between Ba’* and Na', and Ba®* and K' to be
approximately 10~ cm?/s at 950 °C [18]. Based on this finding
to apply Fick’s second law, the interdiffusion distance after 2 h is

Glass

Reaction Zone

NTUST JOMPO 150KV X10,00 WD 107mm
Fig. 5. A BEI photograph of a reaction couple for BAINBL)T and glass, sintered

at 950 °C for 2 h.

estimated to be 100 wm. Therefore, the interfacial reaction might
have controlled the growth of this interfacial reaction zone.
The BEI image and corresponding element mappings of Ba,
Nd, Bi, La, Ti, Al, Na, Ca, and K in the B(NBL)T/glass interface
are shown in Fig. 6. It can be observed that the concentrations of
Ba and Bi decreased along the edges of the BO(NBL)T ceramic,
whereas the opposite trend was observed for Na, Ca, and K.
However, Nd, La, Ti, Al and Si did not show significant changes.

3.3. TEM analysis

Due to the inadequate resolution of EPMA mappings in the
interfacial area, a TEM was used to examine the interface
between the B(NBL)T and the glass, and an EDS was
performed to measure the composition variation between the
ceramic and the glass phase. Fig. 7(a) displays the TEM bright
field image of the B(NBL)T/glass 45/55 vol.% composite
sintered at 800 °C for 2 h. Fig. 7(b)—(d) shows results from EDS
analysis. Taking the average of 4 points along the edge of the
B(NBL)T ceramic, the composition at the edge of the BINBL)T
ceramic was estimated to be Ba (7.1 at.%), Nd (8.3 at.%), Bi
(1.7 at.%), La (2.6 at.%), Ti (21.3 at.%), Al (0.3 at.%), Na
(2.5 at.%), Ca (0.2 at.%), and Si (1.3 at.%). By taking the
average of three different points along the edge of the glass, the
average composition along the edge of the glass was
determined to be Ba (0.5 at.%), Nd (0.2 at.%), Bi (0.1 at.%),
La (0.2 at.%), Ti (0.7 at.%), Al (6.4 at.%), Na (0.6 at.%), Ca
(0.2 at.%), and Si (29.5 at.%).
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Fig. 6. BEI photographs and EPMA mappings of (a) Ba, Nd, Bi, (b) La, Ti, Al, (c) Na, Ca, K of a BINBL)T and glass reaction couple, sintered at 950 °C for 2 h.
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Fig. 7. B(NBL)T/glass 45/55 vol.% composite sintered at 800 °C for 2 h: (a) TEM bright field image, (b)-(d) EDS composition analysis.

Fig. 8(a) displays the TEM bright field image of a BO(NBL)T/
glass 45/55 vol.% composite sintered at 950 °C for 2 h. It can

be seen that the B(NBL)T phase is rectangular in shape,
implying that interfacial reaction might have influenced the
growth of the B(NBL)T crystal, which is consistent with
conclusions drawn from previous research [16]. Fig. 8(b)—(d)
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shows the EDS analysis results of the B(NBL)T/glass
composite. The average concentration along the edge of the
B(NBL)T ceramic for Ba, Nd, Bi, and Ti were 2.8 at.%,
7.3 at.%, 0.4 at.%, and 18.0 at.%, respectively; both were lower
than that of the specimen sintered at 800 °C (4.3 at.%, 1.0 at.%,
1.3 at.%, and 3.3 at.%, respectively). La (2.2 at.%), and Al
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Fig. 8. B(NBL)T/glass 45/55 vol.% composite sintered at 950 °C for 2 h: (a) TEM bright field image, (b)-(d) EDS composition analysis.
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Fig. 9. SAD pattern of a B(NBL)T/glass 45/55 vol.% composite sintered at 950 °C for 2 h, B(NBL)T phase zone axis: (a) [1 0 1], (b) [0 1 0], and (c) SAD pattern

of glass.

(0.4 at.%) did not show significant differences as compared
with that of the specimen sintered at 800 °C. The average
concentrations of Na (6.8 at.%), Ca (1.3 at.%), and Si (2.1 at.%)
were higher than that of the specimen sintered at 800 °C
(4.3 at.%, 1.1 at.% and 0.8 at.%, respectively).

The average concentrations of Ba (0.8 at.%), Nd (0.3 at.%), Bi
(0.2 at.%), and La (0.3 at.%) near the edge of glass were higher
than that of the 800 °C specimen (0.3 at.%, 0.1 at.%, 0.1 at.%,
and 0.1 at.%, respectively). For Ti (0.7 at.%), Al (6.1 at.%), Na
(0.6 at.%), Ca (0.3 at.%), and Si (30.8 at.%), no significant
changes occurred. It is evident that during sintering an ionic
exchange took place with the glass phase wetting the B(NBL)T,
resulting in a change of the preferred crystal plane from (4 0 1) to
(32 0) and the variation in lattice parameters as shown through
XRD analysis. The relationships that exist between the
composition, microstructure, and dielectric properties of a
B(NBL)T/glass composite will be discussed in the next section.

Fig. 9 (a) and (b) shows the select area diffraction (SAD)
patterns of the B(NBL)T phase along the zone axis of [1 0 1]
and [0 1 0]. From the diffraction patterns, it can been seen that
the BANBL)T phase had an orthorhombic crystalline structure
with lattice parameters of a=1.156 nm, b =0.772 nm, and
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Tg,:548°C, Tg,:656°C, Ts:776°C
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Fig. 10. DSC patterns of the glass powder, the B(NBL)T/glass 40/60 vol.%

composite, and the B(NBL)T/glass 50/50 vol.% composite.

c=1543 nm. Compared with the JCPDS data of the
BaNd,Ti4O,, ceramic, the lattice parameters of the BINBL)T
phase were larger by 0.8% in the a-axis and 0.4% in the b-axis
but smaller by 0.6% in the c-axis. The small difference in the
lattice parameters between the two ceramics is likely caused by
the interdiffusion of Ba>*, Bi®~ ions of the BINBL)T ceramic
with the Na*, Ca®* and K™ ions of glass. However, as the crystal
structure of B(NBL)T phase is extremely complex, it is difficult
to determine the affect of ion exchanges on lattice parameters
using the rule of mixtures. On the other hand, Fig. 9(c) shows
the SAD pattern of the glass, which reveals an amorphous
structure.

3.4. Dielectric properties

Fig. 10 shows the differential scanning calorimetry (DSC)
patterns of the glass powder, a B(NBL)T/glass 40/60 vol.%
composite, and a B(NBL)T/glass 50/50 vol.% composite. The
transition temperature of the glass phase (7,) showed two
discrete temperatures, 548 °C (T,) and 656 °C (T'g,): a result
possibly caused by the phase separation of glass during heating.
When the sintering temperature increases above the glass
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Fig. 11. Dielectric properties as a function of sintering temperature for a
B(NBL)T/glass 45/55 vol.% composite, sintered in air for 2 h.
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Table 2
Sintered density and dielectric properties of glass, BONBL)T, and B(NBL)T/glass composites under various sintering conditions.
Specimens P (g/cm3) & tan § f (GHz) 0 x f(GHz)
Glass at 700 °C (at 1 GHz) 245 6.8% 2x 1073 -2 =2
B(NBL)T at 1260 °C 5.51 90.32 13 %1073 3.46 2586
B(NBL)T at 1360 °C 5.61 94.30 12x1073 342 2855
B(NBL)T at 1460 °C 5.40 88.42 1.9 % 1073 3.50 1878
B(NBL)T/glass 50/50 vol.% at 950 °C 2.98 20.5 49 %1073 6.67 1354
B(NBL)T/glass 45/55 vol.% at 950 °C 3.36 23.2 41 %1073 6.67 1620
B(NBL)T/glass 40/60 vol.% at 950 °C 3.34 20.3 52 %1073 7.11 1372

? The dielectric constant (¢,) and loss tangent (tan §) are measured at a test frequency of 1 GHz, as the resonance frequency of glass is higher than the limit of the test

equipment, which is 12 GHz (Q = 1/tan §).

transition temperature, thermal activation occurs and the glass
phase is softened. For the glass powder, the commencing
softening temperature (7) was 776 °C. For the B(NBL)T/glass
40/60 vol.% composite, the glass transition temperatures Ty,
and T, were around 570 °C and 869 °C and the commencing
softening temperature was 1030 °C. For the B(NBL)T/glass 50/
50 vol.% composite, both the two discrete glass transition
temperatures and the softening temperature increased. The
glass transition temperatures increased to about 572 °C (Ty,)
and 875 °C (T,), and the commencing softening temperature
increased to 1070 °C. Such increases in glass transition
temperatures (T,) and softening temperature (T) were not
completely attributed by the volume percentage of glass. It is
believed that the exchange of Na*, Ca**, and K* ions with Ba**
and Bi®~ ions caused the dissolution of larger Ba** and Bi*~
ions into the glass phase and the loss of smaller Na*, Ca**, and
K" ions from the glass phase, resulting in increases in glass
transition temperatures and softening temperatures.

Fig. 11 shows the relationship between the dielectric
properties and the sintering temperature for the B(NBL)T/glass
45/55 vol.% composite, sintered in air for 2 h. As the sintering
temperature increased, the dielectric constant increased, but the
loss tangent decreased. Normally, an increase in the sintered
density results only in an increase of the dielectric constant and
not in a decrease of the dielectric loss. Thus, a decrease in the
dielectric loss with an increase in the sintering temperature must
have been caused by the phase reaction between the B(NBL)T
ceramic and the glass phase, resulting in an ionic exchange
between Na*, Ca®*, K* ions and Ba**, Bi®~ ions in the composite.
This would cause a decrease in the electrical resistivity of the
glass phase, which in turn would yield a decrease in dielectric
loss [19]. Similar observations were reported elsewhere, where
an increase in the concentration of sodium and potassium ions
always resulted in an increase of the loss tangent for many low
temperature co-firable dielectric and glass composites [20].

Table 2 shows the sintered densities and dielectric properties
of glass, BONBL)T ceramic, and B(NBL)T/glass composites,
processed under various conditions. The B(NBL)T/glass
composite with 55 vol.% glass addition had the optimal set
of dielectric properties. The lower dielectric constant of the
B(NBL)T/glass composite with 50 vol.% glass addition as
compared to the one with 55 vol.% is attributed to a lower glass
content, which translates to a lower sintered density. On the
other hand, the existence of an excessive amount of the glass
phase with a lower dielectric constant but a larger dielectric loss

than those of the B(NBL)T ceramic, was responsible for the
lower dielectric constant and higher dielectric loss of the
B(NBL)T/glass composite with 60 vol.% glass addition.

The B(NBL)T/glass composites do not achieve dielectric
constant values estimated from the rule of mixtures, but rather
exhibits higher dielectric losses, which arise from the motion of
the alkali ions (Na™ and K*) in the glass phase [21]. The
substantial deviation of the measured dielectric constant from
that estimated by the rule of mixtures is a percolation
phenomenon and is believed to arise from the high threshold
volume percentage of the B(NBL)T phase that is required to
induce a dielectric response in the composite structure [22].
Consequently, in order to further increase the dielectric
constant of the composites, a higher volume percentage of
B(NBL)T and a better sintering aid are required.

4. Conclusions

From the XRD pattern, it can be seen that the peak intensity
ratio I3 2 0ylia 0 1y of BANBL)T not only increased with an
increase in sintering temperature, but also with an increase in the
volume percentage of the glass phase. This is attributed to
interactions between the BO(NBL)T ceramic and the glass phase,
which caused a change in the preferred orientation, as well as
lattice parameters, of the crystal. EPMA mapping and TEM
analysis reveal that the concentrations of Ba and Bi decreased
along the edge of the BINBL)T ceramic close to the glass phase,
while the opposite trend can be seen for Na, Ca, and K. This is
evidence that an ionic exchange took place during sintering with
the glass phase wetting the BONBL)T ceramic, resulting in the
change in the crystal plane from (4 0 1) to (3 2 0), the change in
lattice parameters, the decrease in dielectric loss, as well as the
increase in glass transition and softening temperatures. A
relatively low sintered density in addition to an excessive amount
of the glass phase was responsible for the low dielectric constants
of B(NBL)T/glass composites. When sintered at 950 °C for 2 h,
the composite with 55 vol.% glass yielded the highest dielectric
constant (g, =23.2), the Ilowest dielectric loss (loss
tangent = 4.1 x 107°), and a high Q x f value (1620 GHz,
Q= 1/tan §, f = 6.67 GHz).
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