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Abstract

A low-firing microwave dielectric ceramic Na2YMg2V3O12 with garnet structure was prepared via the conventional solid-state reaction
method. X-ray diffraction data shows that Na2YMg2V3O12 ceramic crystallized into a cubic garnet structure with a space group Ia-3d. Dense
Na2YMg2V3O12 ceramic with a relative density of 95.4% could be obtained when sintered at 850 1C and exhibited the optimum microwave
properties with a relative permittivity of 12.3, a quality factor of 23,180 GHz (at 10.2 GHz), and a nearly zero τf value of �4.1 ppm/1C.
Na2YMg2V3O12 was found to be chemically compatible with silver electrode when sintered at 850 1C. These merits make Na2YMg2V3O12 a
good microwave dielectric ceramic with potential applications in LTCC technology.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, low-temperature co-fired ceramics (LTCC)
technology plays a key pole in the fabrication of miniature
multilayer devices. The microwave dielectric materials used in
the fabrication of LTCC devices have to be sintered below the
melting points of the inner electrodes such as Ag electrode
(961 1C) [1–4]. Meanwhile, the excellent substrate materials in
microwave integrated circuits should also have a low dielectric
constant (εr) to reduce the signal transmit delay, a high quality
factor (Q� f) for frequency selectivity, and a near-zero
temperature coefficient of resonant frequency (τf) for tempera-
ture stability [5–7]. Up to now, numerous microwave ceramics
that could be well densified at temperatures lower than 960 1C
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have been developed, such as V2O5–based [8,9], TeO2–based
[10,11], Bi2O3–based [12,13], Li2O–based [14], WO3–based
[15] systems.
In our previous work, some garnet vanadates with a general

formula A3B2V3O12 were investigated and reported with good
microwave dielectric properties, such as NaCa2Mg2V3O12

(εr¼10, Q� f¼50,600 GHz and τf¼�47 ppm/1C) [16] and
LiCa3MgV3O12 (εr¼10.5, Q� f¼74,700 GHz and τf¼�61
ppm/1C) [17]. The combination merits of low sintering
temperatures and promising microwave dielectric properties
opens up their possible applications in LTCC technology. Yao
et al. [18,19] firstly reported the microwave dielectric proper-
ties of some Ca5A4(VO4)6 (A¼Mg, Zn, and Co) garnets with
high quality factors (49,400–95,200 GHz), low relative per-
mittivities (9.2–11.7), and large negative temperature coeffi-
cients of resonant frequency (�50 to �83 ppm/1C). However,
the large negative τf values are problematic because tempera-
ture compensation needs additional mechanical structures or
electrical circuits, which would impede their practical applica-
tions to a large extent. In our previous work, near-zero τf
garnets were achieved by compensating the large negative τf
with CaTiO3 having a positive one (� þ800 ppm/1C). This
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Fig. 1. The powder XRD pattern of Na2YMg2V3O12 calcined at 760 1C for 4 h.
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approach, in spite of the effective adjustment of τf values,
could cause an abrupt degradation of the quality factor. If
different thermal expansion (different compositions), different
thermal conductivity, and increasing reaction possibility with
the inner electrode are taken into account, this method is not
desirable. Thus, searching for microwave ceramics with
intrinsic low thermal coefficient of resonance frequency is
extremely important.

More recently, Zhou et al. [20] developed a temperature
stable garnet vanadate Na2BiMg2V3O12 with a near-zero
τf�þ8.2 ppm/1C, a εr�23.2 and a Q� f� 3700 GHz. There-
fore, it is worthwhile to investigate the Na2M

3þMg2V3O12

system with an attempt to search for novel temperature stable
microwave dielectric ceramics. In the present work, a garnet
vanadate Na2YMg2V3O12 ceramic was prepared and its sinter-
ing behavior, microwave dielectric properties, and the chemical
compatibility with silver electrodes were studied.

2. Experimental procedure

Na2YMg2V3O12 ceramic was prepared by a conventional
solid-state reaction of Na2CO3 (99%, Guo-Yao Co. Ltd.,
Shanghai, China), Y2O3 (99.99%, Guo-Yao Co. Ltd., Shang-
hai, China), MgO (99%, Guo-Yao Co. Ltd., Shanghai, China)
and NH4VO3 (4 99%, West Long Chemical Co., Ltd.,
Guangdong, China). Prior to weighting, MgO was heated at
900 1C for 2 h to remove moisture. Stoichiometric powers
were weighted and mixed by ball milling for 4 h in alcohol
medium using stabilized zirconia balls. The power mixture was
dried and calcined at 760 1C for 4 h in air. The calcined
powders were re-milled for 4 h and after drying, the polyvinyl
alcohol (PVA, 10 vol%) was added to the powders as binder.
Then the powders were pressed into cylinders (12 mm in
diameter and 7 mm in height) under a pressure of 200 MPa.
The samples were heated to 550 1C for 2 h at a heating rate of
1.5 1C/min to remove the organic binder and sintered from
780 1C to 880 1C for 4 h in air.

The crystal structure of the specimens was identified using
an X-ray diffractometer (CuKα1, 1.54059 Å, Model X’Pert
PRO, PANalytical, Almelo, Holland) with CuKα radiation and
a monochromator. The bulk densitie of the sintered ceramics
were determined by the Archimedes method. The surface
micrographs of the samples were observed by scanning
electron microscope (FE-SEM, Model S4800, Hitachi, Japan).
The microwave dielectric properties were measured using a
network analyzer (Model N5230A, Agilent Co., Palo Alto,
Canada) and a temperature chamber (Delta 9039, Delta
Design, San Diego, CA). The temperature coefficient of
resonant frequency (τf) was measured in the temperature range
from 25 1C–85 1C.

3. Results and discussion

Fig.1 shows the XRD pattern of Na2YMg2V3O12 powders
calcined at 760 1C for 4 h. The observed peaks matched well
with the standard JCPDS Card no. 00-049-0412, and no
additional peaks were observed. The indexing was based on
the standard JCPDS card. This result means that single-phase
Na2YMg2V3O12 with a cubic garnet structure with space group
of Ia-3d (230) could be formed at 760 1C.
Fig.2 shows the SEM micrographs and the relative densities

of Na2YMg2V3O12 ceramic sintered at different temperatures.
As shown in Fig.2(a), a porous microstructure with small
grains �3 μm was observed in the ceramic sintered at 780 1C.
With the increasing sintering temperature, the grain size
increased along with a significant decrease in the porosity.
The sample sintered at 850 1C exhibited a well dense micro-
structure with average grain size in the range of 3–5 μm. When
the sintering temperature increased to 880 1C, the grain
melting was observed. Fig.2(f) shows the relative density of
Na2YMg2V3O12 ceramics sintered at different temperatures.
With the increase in sintering temperature, the relative density
of Na2YMg2V3O12 ceramic increased initially, reached a
maximum value �3.51 g/cm3 (about 95.4% of the theoretical
density �3.68 g/cm3) at 880 1C, then slightly decreased with
further increasing sintering temperature.
The variation in the microwave dielectric properties (εr,

Q� f, and τf) of Na2YMg2V3O12 ceramics as a function of the
sintering temperature are shown in Fig.3. The change in the
relative permittivity and quality factor showed a similar trend
as that of the relative density. εr increased from 11.8 to 12.3 as
the sintering temperature increased from 780 1C to 850 1C, and
then slightly decreased. It is reported that the relative permit-
tivity mainly depends on the composition, grain size and the
density [21]. The largest εr value was obtained at which
temperature the highest density was achieved. The influence of
the porosity on the microwave permittivity could be eliminated
by applying Bosman and Havinga's correction [22,23] as
shown in Eq. (1)

εcorrected ¼ εmð1þ1:5pÞ ð1Þ

where, p is the fractional porosity; εcorrected and εm are the
corrected and measured values of permittivity, respectively.
The εcorrected is about 13.15 for Na2YMg2V3O12 ceramic.
Furthermore, εr can be interpreted by the sum of ionic
polarizability of individual ions (αTD) and molar volume (Vm)



Fig. 2. SEM micrographs and the relative density of Na2YMg2V3O12 ceramic sintered at different temperatures: (a) 780 1C, (b) 800 1C, (c) 830 1C, (d) 850 1C,
(e) 880 1C, and (f) the relative density.
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according to Clausius–Mossotti equation [24,25]:

εr ¼
1þ2bαTD=Vm

1�bαTD=Vm
ð2Þ

where, b¼4π/3. The calculated theoretical permittivity of
Na2YMg2V3O12 is 11.6. The relative error of Na2YMg2V3O12

is about 6.0% for the measured value and 13.3% for the
porosity corrected value, which means that there is another
polarization mechanism in the Na2YMg2V3O12 ceramic at
microwave region beside ionic and electronic displacement
polarization [26].

As the sintering temperature increased, the Q� f value of
Na2YMg2V3O12 ceramic increased and then reached a max-
imum value of �23,180 GHz sintered at 850 1C. Thereafter,
the Q� f value decreased with further increase in sintering
temperature. In general, the factors affecting the dielectric loss
at microwave region can be classified into two categories: the
intrinsic losses and the extrinsic ones [27]. Usually, the
extrinsic dielectric losses caused by the universal defects
(impurities, substitution, grain boundaries, grain morphology
and shape, secondary phase, pores, etc.) dominate the Q� f
value in ceramics. Until now, it is still difficult to accurately
calculate the extrinsic losses in polycrystalline samples [28].
The τf values of Na2YMg2V3O12 ceramic varied in the range
from �6.1 to �4.1 ppm/1C over the sintering region from
780 1C to 850 1C. A near-zero τf value of �4.1 ppm/1C was
achieved for sample sintered at 850 1C.
Table 1 lists the sintering temperatures and the microwave

dielectric properties of a series of garnet vanadates. As shown,
all the ceramics have low relative permittivity between 10 and
13. The sintering temperature (�850 1C) of Na2YMg2V3O12

ceramic is competitive to the other garnets. It is worth noting
that the temperature coefficient of resonance frequency of
Na2YMg2V3O12 is near-zero with a value ��4.1 ppm/1C.
The temperature stability, low relative permittivity and rela-
tively high quality factor along with the low sintering
temperature make Na2YMg2V3O12 a possible candidate in
LTCC applications.



Fig. 3. εr, Q� f, and τf values of Na2YMg2V3O12 ceramics sintered at
different temperatures from 780 to 880 1C.

Table 1
Comparison of microwave dielectric properties of some garnet vanadates
ceramics

Composition S.T. (1C) εr Q� f (GHz) τf (ppm/1C) Reference

NaCa2Mg2V3O12 915 10 50,600 �47 [16]
LiCa3MgV3O12 900 10.5 74,700 �61 [17]
Ca5Co4(VO4)6 875 10.6 95,200 �63 [19]
LiCa3ZnV3O12 900 11.5 81,100 �72 [29]
Ca5Zn4(VO4)6 725 11.7 49,400 �83 [18]
Na2YMg2V3O12 850 12.3 23,180 �4.1 This work

Fig. 4. XRD patterns of unfired Na2YMg2V3O12 with 15 wt% silver and the
cofired sample at 840 1C.

Fig. 5. Backscattered electron image micrograph and EDS analysis of the
Na2YMg2V3O12 ceramic with 15 wt% silver powder fired at 840 1C.
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For chemical compatibility experiment, 15 wt% Ag powders
was mixed with Na2YMg2V3O12 ceramic and fired at 850 1C to
detect the interaction between the sample and electrode. XRD
patterns of the unfired mixture of Na2YMg2V3O12 and 15 wt% Ag
powders and the cofired sample are shown in Fig. 4. From XRD
patterns, only the peaks belonging to Na2YMg2V3O12 and Ag
could be observed without secondary phase detected. In addition,
by comparison of the XRD patterns before and after co-firing, it is
noted that the relative intensities of the peaks are almost the same.
These results suggest no reaction between Na2YMg2V3O12 and
Ag. This was further confirmed from the backscattered electron
image and EDS analysis, as shown in Fig. 5. Two distinct grains
could be seen and the larger bright grains were detected to be Ag.

4. Conclusions

In summary, a cubic garnet structured Na2YMg2V3O12

ceramic was prepared by the conventional solid-state reaction
method. Dense Na2YMg2V3O12 ceramic with a relative density
of 95.4% could be obtained when sintered at 850 1C.
Sr2NaMg2V3O12 ceramic sintered at 850 1C for 4 h, with a
permittivity of 12.3, Q� f value of 23,180 GHz, and a nearly
zero τf value of �4.1 ppm/1C. Na2YMg2V3O12 was found to
be chemically compatible with silver electrode when sintered
at 850 1C. All the results indicate that the Na2YMg2V3O12

ceramic is a potential candidate for low-temperature co-fired
ceramics technology.
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