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Microwave dielectric properties of Mg4Nb2O9–3.0 wt.% LiF
ceramics prepared with CaTiO3 additions
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Abstract

A family of low-temperature co-fired ceramics (LTCC) based on mixtures of Mg4Nb2O9–3.0 wt.% LiF (MNLF) and CaTiO3 ceramics has been
investigated for microwave applications. In this study, it was found that, when increasing amounts of CaTiO3 additions from 0 to 10 wt.%, the
temperature coefficient of resonant frequency (τ f ) extremely varied from−71.5 to 39.9 ppm/◦C. The dielectric constants (εr) increased from
12.3 to 18.3 and the quality factor (Q·f) drastically decreased from 118,989 to 11,119 GHz. From these results, the MNLF–6 wt.% CaTiO3
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eramic sintered at 950C for 10 h was shown to be the appropriate dielectric properties:εr = 15.7,Q·f= 22,098 GHz, andτ f =−3.3 ppm/C.
s for the chemical compatibility of MNLF–6 wt.% CaTiO3 ceramic with Ag, any secondary phase was not recognized from the X
rofile of the samples heat-treated at 920◦C for 10 h. Thus, it was considered that the MNLF–xwt.% CaTiO3 ceramics are applicable to t
ultilayer devices with silver.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Recently, a variety of low-temperature sintered dielectric
eramics which are co-fired with high conductivity metals
uch as Ag or Cu have been studied in order to enable the fab-
ication of multilayer microwave devices; therefore, the much
ttention has been paid to develop the low-temperature co-
red ceramics (LTCC). The sintering temperatures of com-
ercially developed microwave dielectric materials were too
igh to use an electrode such as silver (mp = 960.5◦C) and

hen low-melting point compounds such as B2O3, Bi2O3,
uO and V2O5 were used as the sintering aids.1–4 In most of

he low-temperature sintered ceramics by the addition of sin-
ering aids, however, theQ·f value of the ceramics drastically
ecreased by means of the formation of secondary phase. Al-

hough Dai et al.5 reported the Al2O3-based LTCC material
ith a dielectric constant of 9.1 and a near zeroτf value, the
·f values are too low to use for the high frequency applica-

∗ Corresponding author.
E-mail address:akan@ccmfs.meijo-u.ac.jp (A. Kan).

tion; thus, the development of a new LTCC material with
high-Q·f value is required. In recent study, the microw
dielectric properties of Mg4Nb2O9 ceramic was reporte
to have a highQ·f value which was comparable to that
Al2O3;6 the crystal structure of Mg4Nb2O9 ceramic is known
to have a corundum-type structure.7 Also, the microwave d
electric properties of the Mg4Nb2O9–3.0 wt.% LiF (MNLF)
ceramic sintered at 850◦C have been reported to have a h
Q·f value and a low dielectric constant (Q·f= 103,607 GHz
andεr = 12.6); however, the improvement inτf value is nec
essary for the commercial applications because theτf value
of MNLF was −70 ppm/◦C.8 Thus, in order to tune theτf
value of MNLF, the effect of CaTiO3 addition to MNLF on
the microwave dielectric properties was studied in this st

2. Experimental procedure

Synthesis of the Mg4Nb2O9 and CaTiO3 ceramics wer
conducted from high purity MgO, Nb2O5, CaCO3 and TiO2
powders, using the standard solid-state methods. Their
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.03.157
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ders weighted on the basis of stoichiometric compositions of
Mg4Nb2O9 and CaTiO3 were mixed and calcined at 1100◦C
for 20 h in air. Subsequently, the 2–10 wt.% CaTiO3 and
3.0 wt.% LiF additions to MN were performed. The obtained
powders were milled and mixed with a polyvinyl alcohol, and
then pressed into a pellet of 12 mm in diameter and 7 mm
in thickness under the pressure of 100 MPa. These pellets
were sintered at the various temperatures ranging from 850
to 1000◦C for 10 h in air.

The sintering behavior of the ceramics was investigated
by the differential thermal analysis (DTA) and the thermo-
gravimetry (TG). The apparent densities of the sintered speci-
mens were measured by using Archimedes method. The crys-
talline phases were identified by the X-ray powder diffraction
(XRPD). Moreover, the morphological changes in the sam-
ples were investigated by using a field emission scanning
electron microscopy (FE-SEM) and energy dispersive X-ray
(EDX) spectroscopy. The dielectric constants and the quality
factors were measured at the frequency range of 9–11 GHz
by the Hakki–Coleman method.9 The τf values were deter-
mined from the difference between the resonant frequencies
obtained at the two temperatures of 20 and 80◦C.

3. Results and discussion
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Fig. 2. Effect of CaTiO3 addition on bulk densities of MNLF as a function
of amount of CaTiO3 additions.

of CaTiO3 additions, whereas those of samples sintered at
1000◦C were almost constant as shown inFig. 2.

The microwave dielectric properties of MNLF–xwt.%
CaTiO3 are shown inFigs. 3 and 4. The dielectric constants of
MNLF ceramics with and without the CaTiO3 additions sin-
tered at the various temperatures are shown inFig. 3a; these
values are increased from 12.3 to 18.3 with increasing the
amount of CaTiO3 additions. Although it is considered that
the CaTiO3 additions to MNLF lead to an increase in the di-
electric constant of MNLF, the remarkable increase in the di-
electric constant by the CaTiO3 additions was not recognized
because of the formation of secondary phases, which arises
from the decomposition reaction between the CaTiO3 and
MNLF ceramics. In addition, the dielectric constants slightly
increased with increasing the sintering temperature; these in-
creases in the dielectric constant were attributed to the pres-
ence of the secondary phases. The alternativeQ·f values of the
samples drastically decreased from 118,989 to 11,119 GHz
with increasing the amount of CaTiO3 additions as shown in
Fig. 3b; these decreases in theQ·f values are primary related
to the decomposition reaction between MNLF and CaTiO3
ceramics as mentioned above. The effect of CaTiO3 addi-
tions on theτf value of MNLF sintered at 950◦C was shown
in Fig. 4; the τf values of MNLF–xwt.% CaTiO3 ceramics
varied from negative to positive values, ranging from−71.5

TiO3 (x
Fig. 1a and b show the effect of CaTiO3 additions to MNLF
eramics on the DTA and TG curves, respectively. In the
f MNLF, the exothermic reaction took place at the temp

ure of approximately 850◦C, whereas that of MNLF–6 wt.%
aTiO3 did at the temperatures of approximately 675
100◦C. When comparing with the TG curves, these t
eratures are substantially consistent with those begin
n the weight losses; therefore, it is considered that t
xothermic reactions may be primarily related to the dec
ositions of CaTiO3 and LiF compounds, respectively.

The bulk densities of MNLF ceramics sintered at v
us temperatures are shown as a function of CaTiO3 addi-

ions in Fig. 2; those of MNLF ceramics range from 4.0
o 4.185 g/cm3. The bulk densities of the samples sintere
50, 900 and 950◦C decreased with increasing the amo

Fig. 1. DTA-TG curves of the MNLF–xwt.% Ca
 = 0 and 6) ceramics: (a) DTA and (b) TG curves.
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Fig. 3. Variations in dielectric constant (εr) and quality factor (Q·f) of
MNLF–xwt.% CaTiO3 ceramics sintered at various temperatures.

to 39.9 ppm/◦C. As a result, a dielectric constant of 15.7 and a
Q·f value of 22,098 GHz with aτf value of−3.3 ppm/◦C were
obtained when the 6 wt.% CaTiO3 addition to MNLF was
performed. The variations in the microwave dielectric proper-

Fig. 4. Relationship between temperature coefficient of resonant frequency
(τf ) of MNLF–xwt.% CaTiO3 ceramics sintered at 950◦C and amount of
CaTiO3 additions.

Fig. 5. XRPD patterns of MNLF–xwt.% CaTiO3 (x= 0–10) ceramics sin-
tered at 950◦C for 10 h in air.

3 (x= 0, 6, and 10) ceramics sintered at 950◦C for 10 h in air.
Fig. 6. FE-SEM photographs of MNLF–xwt.% CaTiO
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ties of MNLF–xwt.% CaTiO3 ceramics are considered to be
strongly effected by the formation of secondary phase; thus,
in order to clarify the relationship between the secondary
phase and microwave dielectric properties of MNLF–xwt.%
CaTiO3 ceramics, the crystalline phases in the samples sin-
tered at 950◦C were characterized in terms of XRPD.

Fig. 5shows the XRPD patterns of MNLF with the differ-
ent amounts of CaTiO3 sintered at 950◦C for 10 h in air.
The XRPD patterns of the samples showed the four sec-
ondary phases, i.e., Ca2Nb2O7, Mg2TiO4, Nb2O5 and MgO;
the presence of CaTiO3 was not recognized in these XRPD
patterns. Thus, it was found that the addition of CaTiO3 to
MNLF ceramic formed the secondary phases, which resulted
in the decomposition reaction between MNLF and CaTiO3;
such a formation of secondary phase exerts an influence on
the variations in the microwave dielectric properties.

The microstructural changes in the MNLF–xwt.%
CaTiO3 ceramics were investigated by using the FE-SEM
and EDX in order to reveal the effects of CaTiO3 additions
on the morphologies of MNLF; the FE-SEM photographs of
MNLF–xwt.% CaTiO3 ceramics sintered at 950◦C for 10 h
were shown inFig. 6. The large grains were observed in the
MNLF without the CaTiO3 ceramic sintered at 950◦C for
10 h as shown inFig. 6a. However, the increase of the dark
and bright colored secondary phases was observed with in-
creasing the amount of CaTiOaddition. From these results,
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Fig. 7. Sintering time dependence of dielectric constant andQ·f value of
MNLF–6 wt.% CaTiO3 ceramics sintered at 950◦C.

from 20,831 to 22,801 GHz when the samples were sintered
for 1–10 h; the maximumQ·f value was obtained at the sinter-
ing time of 10 h. Moreover, with increasing the sintering time
from 10 to 30 h, theQ·f values of samples linearly decreased
from 22,801 to 21,741 GHz. The increase in theQ·f values of
the samples in the sintering time range of 1–10 h is primarily
attributed to the grain growth of the microstructure; this re-
sult agrees with that of the sintering time dependence in the
Ba(Zn1/3Ta2/3)O3 ceramics reported by Kawashima et al.10

On the other hand, theτf values of the samples were found to
be independent of the sintering time; a near zeroτf value was
obtained in the sintering times for 2–30 h as shown inFig. 8.
Thus, from these results, in order to improve theQ·f values,
an appropriate sintering time which exerts an influence on
the grain growth of microstructure is necessary, through the
τf values of the samples were not effected by the variations
in the sintering time as mentioned above.

In the case of LTCC materials, which are applicable to
multilayer devices, the interfacial reaction between the di-
electric materials and electrode materials such as Ag and
Cu should be minimized. The heat-treated dielectric ce-
ramics/electrode mixtures are usually investigated by using
XRPD in order to know whether the interfacial reaction be-
tween these powders takes place or not.11,12 Thus, the mix-
3
t is suggested that the changes in the microwave diele
roperties of the samples may be concerned with these
ndary phases. The EDX result in the grain marked ‘A’
ibited the stoichiometric composition of MNLF ceramic.

he other hand, the concentrations of Ca and Nb in the
arked ‘B’ were substantially recognized to be the stoic
etric composition of Ca2Nb2O7 ceramics, which was als
etected in the XRPD patterns. Also, the grain markedCwas

ound to be primarily consistent with the elements of Mg
which resulted in the decomposition reaction betwee
NLF and CaTiO3 ceramics; the volumes of these second
hases increased with an increase in the amounts of Ca3
dditions. From these results, it was considered that th
ation of secondary phases exerts an influence on the
tions in microwave dielectric properties of MNLF–xwt.%
aTiO3 ceramics; the relationship between the microw
ielectric properties and the CaTiO3 addition to MNLF was
larified in terms of the XRPD and microstructural analy

When the MNLF–6 wt.% CaTiO3 ceramic was sin
ered at 950◦C for 10 h, although a near zeroτf value
τf =−3.3 ppm/◦C) was obtained, it is necessary to hav
ighQ·f value; as well known, the grain growth of the m
rostructure by the variations in the sintering time is
ective in improving theQ·f values. Thus, the sinterin
ime dependence of microwave dielectric properties o
NLF–6 wt.% CaTiO3 ceramic sintered at 950◦C was stud

ed.Fig. 7shows the dielectric constants andQ·f values of the
amples sintered for various sintering times at 950◦C; the di-
lectric constants of samples were increased with incre

he sintering times. TheQ·f values of the samples increas
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Fig. 8. Variations in temperature coefficient of resonant frequency (τf ) of
MNLF–6 wt.% CaTiO3 ceramics sintered at 950◦C as a function of sintering
time.

Fig. 9. XRPD patterns of MNLF–6 wt.% CaTiO3 ceramic and mixture of
MNLF–6 wt.% CaTiO3 ceramic and Ag heat-treated at 920◦C for 10 h in
air.

tures of MNLF–6 wt.% CaTiO3 ceramic with Ag powders
were heat-treated at 920◦C for 10 h in air and the chem-
ical compatibility of MNLF–6 wt.% CaTiO3 ceramic with
Ag was analyzed by using XRPD as shown inFig. 9. Since
any formation of the secondary phase was not observed in
the XRPD pattern, it may be possible to utilize Ag as an elec-
trode material in the case of MNLF–6 wt.% CaTiO3 dielectric
ceramics.

4. Conclusions

The effects of CaTiO3 addition on the microwave dielec-
tric properties of MNLF–xwt.% CaTiO3 (x= 2–10) ceram-
ics were investigated in order to clarify the possibility of a
development of new LTCC material. It was found that the
temperature coefficient of resonant frequency of the samples

was increased with increasing the amount of CaTiO3 addi-
tions. The dielectric constant and temperature coefficient of
resonant frequency of the MNLF–6 wt.% CaTiO3 ceramic
sintered at 950◦C were 14.7 and−3.3 ppm/◦C, respectively.
However, theQ·f values were drastically decreased with in-
creasing the amount of CaTiO3 additions; theQ·f value of
MNLF–6 wt.% CaTiO3 ceramic sintered at 950◦C for 10 h
was 22,801 GHz. It was considered that the changes in these
microwave dielectric properties are related to the presence of
the secondary phases induced by increasing the amount of
CaTiO3 additions from 2 to 10 wt.%. Moreover, it was ob-
served that the dielectric constant of samples increases with
increasing the sintering time and theQ·f value of 22,801 GHz
was obtained in the sample sintered at 950 for 10 h. More-
over, it was recognized that theτf value of samples remains
approximately zero.
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