J Mater Sci: Mater Electron (2013) 24:3546-3550
DOI 10.1007/s10854-013-1283-2

Improved microwave dielectric properties of Mg,;Nb,O9 ceramics
with Ca0O-B,0;-Si0, glass additions

Haikui Zhu - Wei Shen * Yu Jin - Hongqing Zhou -
Xiaodong Shen - Weijuan quan

Received: 17 March 2013/ Accepted: 3 May 2013 /Published online: 23 May 2013

© Springer Science+Business Media New York 2013

Abstract The effects of CaO-B,03;-SiO, (CBS) glass
addition on the sintering temperature and dielectric prop-
erties of Mg4Nb,Og ceramics have been investigated using
X-ray diffraction, Scanning electron microscopy and Dif-
ferential thermal analysis. The CBS glass can change to
liquid phase at about 750 °C and a small amount of CBS
glass addition to Mg4Nb,Og ceramics can greatly decrease
the sintering temperature to about 1,125 °C. It is revealed
that the reduced sintering temperature is attributed to the
formation of liquid phase. The major phases of the sample
are Mg4Nb,0O9 and MgNb,Og. The relationship between 1,
values and the content of glass additions have the reverse
change trends. The Mg Nb,Og ceramics with 2wt% glass
addition sintered 1,125 °C exhibit good microwave
dielectric properties: dielectric constant (¢,) of 13 and Q-f
value of 69,000 GHz.

1 Introduction

Several types of dielectric materials have been developed
and investigated to suit the requirements of various appli-
cations in recent years [1, 2]. The unique electrical prop-
erties of ceramic dielectric resonators have revolutionized
the microwave-based wireless communications industry by
reducing the size and cost of filter and oscillator compo-
nents in circuit systems [3]. Several corundum-structured
A4B>0y ceramics have been found due to their excellent
microwave dielectric properties. Among these materials,
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the magnesium niobate (Mg4Nb,Oy) is a suitable material
for microwave applications such as substrates and resona-
tors at high frequency, because its dielectric constant and
high Q-f are comparable to those of sintered Al,O5; [4].
Many experiments have also been conducted to study the
preparation and properties of MgsNb,Ogy-based ceramics
[5-10]. According to previous report, Mg4Nb,Og possesses
dielectric constant about 11 and low dielectric loss [3, 11].
However, the Mg Nb,0y ceramics usually need to be sin-
tered at higher temperature to achieve high enough density.
Recently, there are several ways to reduce the sintering
temperature of dielectric ceramics, such as low melting
glass additions, chemical processing, using smaller size
materials and liquid phase sintering aids [12, 13]. Among
these methods, low melting glass addition for liquid-phase
sintering is lower in cost and easier to process than the
others [14, 15]. Recently, CaO-B,03-SiO, (CBS) system
glass used as low melting glass additions has also attracted
much attention [16]. A small amount of CBS glass addition
to Ba,Sm,Ti;O,, ceramics can greatly decrease the sin-
tering temperature from 1,350 to 1,260 °C, which is
attributed to the formation of liquid phase [17].

In this paper, the effects of CBS glass addition on the
sintering properties and dielectric properties are studied.
The relationships among sintering temperatures, micro-
structures and the dielectric properties are also discussed.

2 Experimental procedure

The compositions of the glass in this paper contained
30wt% CaO + 35wt% B,03z + 35wt% SiO, were deter-
mined according to the phase diagram of the CaO-B,03—
SiO, system. Reagent-grade raw materials of CaCOs,
H;BO5; and SiO, with purities higher than 99wt% were
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chosen as the starting materials. After mixed uniformly, the
raw materials were put into a platinum crucible and melted
by an electric furnace at 1,200 °C for 1 h. The molten glass
was quenched into distilled water to form cullet. The cullet
was dried and milled with a mixture of agate balls in dif-
ferent diameters of 5-30 mm to an average particle size of
less than 5 um.

Mg,Nb,Og ceramics were prepared using MgO and
Nb,Os powders with purities higher than 99wt%. The
powders were ball-milled in a polyethylene bottle and
agate media for 12 h using ethanol, and then rapidly dried
and calcined at 1,000 °C for 10 h. The crystalline phases of
the calcined powders were identified by X-ray diffraction.
The calcined powders were re-milled with different content
of CBS glass for 12 h, mixed with Swt% polyvinyl alcohol
(PVA), uniaxially pressed under a pressure 100 MPa to
obtain green compacts with diameter of 13 mm and
thickness of 6 mm, and then sintered in air at different
temperatures for 5 h.

The physical properties of those sintered bodies were
measured, such as dielectric constant, dielectric loss and
microstructure. The properties of the CBS glass were mea-
sured by Differential thermal analysis (DTA STA 449C/6/F).
The compositions of these samples were determined by
X-ray diffraction with CuKa radiation (XRD ARL X'TRA).
Polished and thermally etched surfaces of sintered samples
were examined by Scanning electron microscopy (SEM
JSM-5900). The dielectric properties were measured by
Agilent 8722ET network analyzer.

3 Results and discussion
3.1 DTA analysis of CBS glass

Figure 1 shows the result of DTA measurement of the CBS
glass and the DTA curve is obtained in air up to 900 °C by
a heating rate of 10 °C min~'. An endothermic peak
appears at about 750 °C, so that the soften point of the CBS
glass can be identified to be about 750 °C. Thus, the CBS

glass can change to liquid phase at about 750 °C.

3.2 Sintering and characterization of Mg4Nb,Oq
ceramics

The bulk densities of Mg4Nb,Og specimens with 0, 2, 4, 6
and 8wt% CBS glass additions are shown in Fig. 2. The
densities of the samples increase dramatically when the
sintering temperatures rise from 1,075 to 1,125 °C. But the
samples show slightly worse sinterabilities with the higher
sintering temperatures than 1,125 °C, especially for 6 and
8wt% glass doped samples. The densities of MgyNb,Oq
without glass addition increase only from 2.71 to 3.32 g
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Fig. 1 DTA curve of CBS glass at a heating rate of 10 °C min~"

cm > as the sintering temperatures increase from 1,100 to
1,175 °C, while the densities of samples with 2wt% glass
addition increase from 3.71 to 4.05 g cm ™. Since the low
melting temperature of CBS addition, the liquid phase
sintering occurs during sintering, which will reduce the
activation energy and promote the rapid grain growth,
leading to the densification of Mg4Nb,Og ceramics. How-
ever, the densities decrease with the enhancing glass
addition from 2 to 8wt% in the temperature range of 1,075
to 1,175 °C, which is mainly due to the small density of the
CBS glass addition (only about 2.5 g cm ™).

3.3 XRD analysis results and SEM observations
XRD patterns of Mg ,Nb,Og ceramics with different glass

additions sintered at 1,125 °C are displayed in Fig. 3. The
pure and CBS doped ceramics are all composed of
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Fig. 2 Relationship between the bulk densities of MgyNb,Oq
ceramics and sintering temperatures
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Fig. 3 XRD patterns of MgyNb,O9 ceramics with different glass
additions sintered at 1,125 °C: a pure; b 2wt%; ¢ 4wt%; d 6wt%;
e Swt%

Fig. 4 SEM images of
Mg4Nb,Og ceramic surfaces
with different glass additions
sintered at 1,125 °C: a pure;
b 2wt%; ¢ 4wt%; d 6wt%;

e 8wt%
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Mg4Nb,Og and MgNb,Og. The single Mg4Nb,Og phase is
difficult to obtain via the conventional solid state reaction
method and the residual MgNb,Og phase is detected in the
samples. In addition, the glass additions also affect
the phase compositions and reaction between glass and
MgNb,Og may also occur during the sintering process. It
causes the peak intensity at about 20 = 19.9° decreases
obviously with the CBS glass addition rising from 2 to
8wt%. However, the exact reactions are not well under-
stood and still need more study in future.

The SEM images of MgyNb,Og ceramics sintered at
1,125 °C are illustrated in Fig. 4. The Mg4Nb,Og sample
without CBS glass is more porous and crystalline grains are
very small (Fig. 4a), which is caused by low sintering
temperature. As shown in Fig. 4b—e, viscous flow of the
flux coalesce the MgyNb,Oy particles and densification
become more complete as the amount of CBS glass rises.
The effects of CBS additions on samples are exerted not
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only by the decrement of the sintering temperatures, but
also by the reduction of porosity. The 2wt% CBS addtion
promotes the grain growth efficiently and the sample has a
much uniform grain size about 2 pm. However, the higher
CBS contents (>2wt%) leads to inhomogeneous grains and
intragranular pores, which is caused by liquid phase during
sintering processes.

3.4 Dielectric properties of Mg4Nb,Og ceramics

Figure 5 displays the dielectric properties of MgsNb,Oq
ceramics with different glass additions as a function of
sintering temperatures. The dielectric constant ¢, and Q-f
values increase rapidly and then keep slight decrement, that
reveals the same trend as that between the densities and
sintering temperatures. As Fig. 5 shows, the ¢, values of
Mg4Nb,Og ceramics with different CBS glass additions
sintered from 1,125 to 1,175 °C are all about 12.9. The Q-f
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Fig. 5 Dielectric properties of Mg4Nb,Og ceramics as a function of
sintering temperatures

values decrease with the increasing CBS glass additions, as
the sintering temperatures rise from 1,075 to 1,175 °C. It is
clear that the amount of CBS glass addition is much
important to the MgyNb,Og ceramics. The effect of glass
addition on dielectric loss is dependent on the chemistry of
the glass, the chemical reactions, the phase changes during
the sintering and the final density. There are three main
types of dielectric loss for ceramics: resonance-type
vibration loss, migration loss and deformation loss [14, 17].
Just as shown in Fig. 4, in the microstructures of these
samples, the 2wt% CBS addition promotes the grain
growth efficiently and the sample has a much uniform grain
size about 2 pm. The dielectric properties not only have
related to the density, but also depend strongly on the grain
size and porosity. The homogeneous microstructure is to
the benefit of dielectric loss decrement. However, the
higher CBS contents (>2wt%) cause inhomogeneous larger
grains separated by poorly conducting glass phase, leading
to less grain boundaries per unit volume and lower resis-
tivity. Therefore, the increment of the dielectric loss may
be caused by the glass deformation loss and abnormal grain
growth when the amount of CBS glass increasing from 4 to
8wt%. The MgyNb,Og ceramics with 2wt% CBS glass
addition sintered 1,125 °C exhibit good microwave
dielectric properties, i.e. dielectric constant (¢,) of 13 and
Q-f value of about 69,000 GHz.

Figure 6 displays the frequency temperature coefficients
(tp) of Mg4Nb,Og ceramics as a function of the content of
glass additions. The 7, value is determined by the following
formula:

_ f T _f T,
T =
(T2 = Th)fr,
Where fr; and fr, are resonant frequencies at tempera-
tures 7; and T, respectively. The temperature range used is
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Fig. 6 Frequency temperature coefficients of Mg4Nb,Og ceramics as
a function of the content of glass additions
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from 20 to 80 °C. The ¢ value of pure Mg4Nb,Og ceramic
is about —57.7 ppm/°C. The relationship between 7, values
and the content of glass additions have the reverse change
trends. Just as shown in Figs. 2 and 3, it may be attributed
to the density, formation of liquid phase and phase com-
positions. It implies that the 7, value of MgsNb,Oq
ceramics can be adjusted by controlling the amount of CBS
additions.

4 Conclusions

A small amount of CBS glass addition to MgsNb,Og
ceramics can greatly decrease the sintering temperature to
about 1,125 °C. It is revealed that the reduced sintering
temperature is attributed to the formation of liquid phase.
The major phases of the sample are MgyNb,Ogy and
MgNb,O¢. The relationship between 7, values and the
content of glass additions have the reverse change trends.
The Mg4Nb,Og ceramics with 2wt% glass addition sintered
1,125 °C exhibit good microwave dielectric properties:
dielectric constant (¢,) of 13 and Q-f value of 69,000 GHz.
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