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Abstract
A new series of sheelite structured (Na0.5Ln0.5)MoO4 (Ln¼ Nd and Ce) ceramics was prepared by using the traditional solid state reaction
method. The (Na0.5Nd0.5)MoO4 ceramic could be well densiﬁed at 760 1C with excellent microwave dielectric properties (a permittivity of
10.5, a quality factor Q  f of  19,605 GHz (f¼ 9.15 GHz) and a temperature coefﬁcient of frequency of (TCF or τf) 49 ppm/oC).
Meanwhile, the (Na0.5Ce0.5)MoO4 ceramic sintered at 780 1C possessed the best microwave dielectric properties with a permittivity of 11.2, a
Q  f value of 19,365 GHz (f¼ 8.98 GHz) and TCF of approximately 44 ppm/ 1C. The (Na0.5Nd0.5)MoO4 ceramic was found to be chemically
compatible with Ag electrode at its sintering temperature. It is a promising microwave dielectric material for low-temperature co-ﬁred ceramic
technology (LTCC). However, the (Na0.5Ce0.5)MoO4 ceramic was found to react with Ag after co-ﬁring at 780 1C for 2 h and this limited its
application in LTCC technology.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Recently, low-temperature co-ﬁred ceramics (LTCC) technology has attracted much attention due to its advantage in
fabrication of microwave devices with three-dimensional modules. LTCCs have been widely used in microwave devices, such
as dielectric resonators, ﬁlters, oscillators, antennas, dielectric
waveguides, microstripline substrates and dielectric metamaterials [1,2]. LTCC technology requires microwave dielectrics to
have a range of relative permittivities, a low dielectric loss (high
Q  f value), temperature stability of resonance frequency (equal
to relative permittivity temperature stability), chemical compatibility with metal electrodes (such as Cu, Ag and Al et al.) and
low cost. Addition of glasses with low softening points or
oxides with low melting points is a popular method to lower the
sintering temperature of microwave dielectric ceramics [3–5]. In
n
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recent years, a new methodology to search for microwave
dielectric ceramics with intrinsic low sintering temperatures [6–
8]. Microwave dielectric ceramics with intrinsic low sintering
temperatures are mainly low-melting-point oxides-rich system,
such as PbO–MoO3, Bi2O3–MoO3, K2O–MoO3, Li2O–Bi2O3–
MoO3 systems etc [9–12]. Among them, PbMoO4 ceramic was
reported to possess a low sintering temperature of 650 1C, with
a permittivity of  26.7, a Q  f value about 42,830 GHz (at
6.2 GHz) and a temperature coefﬁcient value of 6.2 ppm/1C [9].
In our recent work [12], a novel 400 1C sintered microwave
dielectric NaAgMoO4 was found to possess a permittivity of
 7.9, a Q  f value about 33,000 GHz and a temperature
coefﬁcient value of  120 ppm/1C. Due to the low melting
point of MoO3 (795 1C), it has attracted our attention to explore
MoO3-rich microwave dielectrics with intrinsic low sintering
temperatures.
In the (Na0.5Ln0.5)MoO4 (Ln¼ Nd and Ce) double molybdates, the alkaline ions and rare earth ions are randomly distributed
over the cation sites. The different cations with different radii in the
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host compound would induce some change in the sublattice
structure around the luminescent center ions [13]. However, the
preparation of dielectric ceramics and their microwave dielectric
properties have not been reported. In the present work, the
(Na0.5Ln0.5)MoO4 (Ln¼ Nd and Ce) ceramics were prepared by
using the solid state reaction method. Sintering behavior, microstructure, microwave dielectric properties and chemical compatibility with Ag were studied in detail.
2. Experimentals
Proportionate amounts of reagent-grade starting materials,
Na2CO3 (Z 99%, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), Nd2O3, CeO2 (4 99.9%, Sinopharm Chemical Reagen Co, Ltd, Shanghai, China) and MoO3 ( 499%,
Yutong Chemical Reagents, Tianjin, China) were used to
prepare (Na0.5Ln0.5)MoO4 (Ln¼ Nd and Ce) according to the
stoichiometric formulation. Powders were mixed and milled
for 4 h by using a planetary mill (Nanjing Machine Factory,
Nanjing, China) operating at a running speed of 450 rpm with
zirconia balls (2 mm in diameter) and anhydrous ethanol as
milling media and then calcined at 600–650 1C for 4 h. After
being crushed, the powders were re-milled for 5 h to increase
reactivity and better homogeneity. The as-dried powders were
mixed with 5 wt% polyvinyl alcohol (PVA) binder and
granulated. Then, these powders were pressed into cylinders
(12 mm in diameter and 4–5 mm in height) in a steel die at
150 MPa. Samples were sintered at temperatures from 740 1C
to 800 1C for 2 h in ambient atmosphere. To investigate
chemical compatibility of the (Na0.5Ln0.5)MoO4 (Ln¼ Nd
and Ce) ceramics with Ag, 20 wt. % Ag was mixed with the
compounds and co-ﬁred at their optimum sintering temperature
for 4 h.
Crystalline structures of the samples were investigated using
X-ray diffraction (XRD) with Cu Kα radiation (Rigaku D/
MAX-2400 X-ray diffractometer, Tokyo, Japan) at a scanning
rate of 0.02 1s  1 over 10–701. Microstructures of the sintered
ceramic were observed by using scanning electron microscopy
(SEM) (JSM-6460, JEOL, Tokyo, Japan). Apparent densities

Fig. 2. SEM images (a) and EDS analysis (b) and (c) of the (Na0.5Ln0.5)MoO4
(Ln¼Nd and Ce) ceramics co-ﬁred with 20 wt% Ag powder.

of the ceramics were measured by using Archimedes' method.
Microwave dielectric behaviors at microwave frequencies were
measured with the TE01δ shielded cavity method with a
network analyzer (8720ES, Agilent, Palo Alto, CA) and a
temperature chamber (Delta 9023, Delta Design, Poway, CA)
over 25–85 1C. Temperature coefﬁcient of resonant frequency
(TCF or τf value) was calculated with the following formula:
Fig. 1. XRD patterns of the (Na0.5Ln0.5)MoO4 (Ln¼ Nd and Ce) ceramic
samples and co-ﬁred samples sintered at their optimal sintering temperatures.

τf ¼

f 85  f 25
 106 ppm=1C
f 25 ð85 25Þ
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Fig. 3. SEM images of the (Na0.5Nd0.5)MoO4 ceramic at (a) 740 1C/2 h, (b) 760 1C/2 h, (c) 780 1C/2 h and (Na0.5Ce0.5)MoO4 ceramic at (d) 760 1C/2 h, (e) 780 1C/2 h
and (f) 800 1C/2 h.

where f85 and f25 were the TE01δ resonant frequencies at 85 1C
and 25 1C, respectively.

3. Results and discussions
Fig. 1 shows XRD patterns of the (Na0.5Ln0.5)MoO4
(Ln ¼ Nd and Ce) ceramic samples and co-ﬁred samples
sintered at their optimal sintering temperatures. For the
(Na0.5Nd0.5)MoO4, only peaks of the (Na0.5Nd0.5)MoO4 and
silver were observed, which indicated that the (Na0.5Nd0.5)
MoO4 did not react with Ag at 760 1C for 2 h. However, for
the (Na0.5Ce0.5)MoO4, peaks of Na2Mo2O7, Ag2Mo2O7 and
Ag2MoO4 were observed, which indicated that (Na0.5Ce0.5)
MoO4 reacted with Ag powder seriously at 780 1C for 2 h.

SEM images and energy dispersive spectrometer (EDS)
analysis of the co-ﬁred samples with 20 wt% Ag are shown in
Fig. 2. As shown in Fig. 2a, there were two different kinds of
grains, one with white color and the other with gray color.
From the EDS analysis, the grains with gray color belonged to
the (Na0.5Nd0.5)MoO4 phase (Fig. 2(c)) and the other ones with
white color were Ag (Fig. 2(b)). Combined with the XRD
analysis above, it is indicated that the (Na0.5Nd0.5)MoO4
ceramic did not react with Ag when co-ﬁred at 760 1C for 2 h.
Surface SEM images of the (Na0.5Ln0.5)MoO4 (Ln¼ Nd and
Ce) ceramics sintered at different temperatures are shown in
Fig. 3. Heterogeneous microstructures with a few of pores for
the (Na0.5Nd0.5)MoO4 ceramic sintered at 760 1C for 2 h were
revealed. As sintering temperature increased from 740 1C to
780 1C, the grain size increased from 1–2 mm to 2–5 mm. A
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and remained about  49 ppm/ 1C. Excellent microwave
dielectric properties were also obtained in (Na0.5Ce0.5)MoO4
ceramic sintered at 780 1C, with a permittivity value of 11.2, a
Q  f value of 19,365 GHz (at 8.98 GHz), and a TCF value of
 44 ppm/ 1C.
4. Conclusions

Fig. 4. Bulk densities and relative density of the (Na0.5Ln0.5)MoO4 (Ln¼Nd
and Ce) ceramics as a function of sintering temperature.

(Na0.5Ln0.5)MoO4 (Ln ¼ Nd and Ce) microwave dielectric
ceramics can be prepared by using the conventional solid state
reaction method. Excellent microwave dielectric properties
were obtained in (Na0.5Nd0.5)MoO4 ceramic sintered at
760 1C for 2 h with a permittivity of 10.5, a Q  f value of
19,605 GHz and a negative TCF value of  49 ppm/ 1C. For
(Na0.5Ce0.5)MoO4 ceramic, the Q  f value was 19,365 GHz
(at 8.98 GHz), the εr value was 11.2 and the TCF value was
 44 ppm/ 1C. The (Na0.5Nd0.5)MoO4 ceramic could be coﬁred with Ag at 760 1C, while the (Na0.5Ce0.5)MoO4 ceramic
reacted with Ag. Therefore, the (Na0.5Nd0.5)MoO4 ceramic is a
promising dielectric material for LTCC application.
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Fig. 5. Microwave dielectric properties (permittivity, Q   f value) of the
(Na0.5Ln0.5)MoO4 (Ln¼Nd and Ce) ceramics as a function of sintering
temperature.

dense microstructure with almost no pores was observed in the
(Na0.5Ce0.5)MoO4 ceramic sintered at 780 1C. As seen from
Fig. 3(d)–(f), with the increase of sintering temperature, the
grain size increased from 2–4 mm at 760 1C to 3–6 mm at
800 1C.
Bulk density and relative density of the (Na0.5Ln0.5)MoO4
(Ln ¼ Nd and Ce) ceramics vs. sintering temperature are shown
in Fig. 4. When the (Na0.5Nd0.5)MoO4 ceramic was sintered at
760 1C, bulk density reached a maximum value of 4.823 g/cm  3
and the relative density was 97%, which indicates that the (Na0.5
Nd0.5)MoO4 ceramic could be well densiﬁed at 760 1C. For the
(Na0.5Ce0.5)MoO4 ceramic, bulk density increased from 4.693 g/
cm3 to 4.730 g/cm3 reaching saturated as sintering temperature
increased from 740 1C to 780 1C, which means that the (Na0.5
Ce0.5)MoO4 ceramic could be well densiﬁed at about 780 1C.
Microwave dielectric properties (permittivity, Q  f value)
of the (Na0.5Ln0.5)MoO4 (Ln ¼ Nd and Ce) ceramics as a
function of sintering temperature are shown in Fig.5. As
sintering temperature increased from 740 to 760 1C, permittivity of the (Na0.5Nd0.5)MoO4 ceramic increased from 10.4 to
10.5 and then decreased with the further increase of sintering
temperature. A high Q  f value of 19,605 GHz (at 9.15 GHz)
was obtained in the (Na0.5Nd0.5)MoO4 ceramic sintered at
760 1C. The TCF values were stable with sintering temperature
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