
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se
http://dx.doi.org/

nCorrespondin
E-mail addre
Ceramics International 40 (2014) 3737–3741
www.elsevier.com/locate/ceramint
Ca(Zn1/3Nb2/3�xVx)O3 solid solution: Microstructural evolution, optimized
sintering behavior and microwave dielectric properties

Huanfu Zhoun, Xiuli Chen, Liang Fang, Wei Wang

Guangxi Scientific Experiment Center of Mining, Metallurgy and Environment, Key Laboratory of New Processing Technology for Nonferrous Metals and
Materials, Ministry of Education, College of Materials Science and Engineering, Guilin University of Technology, Guilin 541004, China

Received 19 August 2013; received in revised form 10 September 2013; accepted 11 September 2013
Available online 29 September 2013
Abstract

Microwave dielectric ceramics with the composition of Ca(Zn1/3Nb2/3�xVx)O3 (CZNV, 0rxr0.02) were prepared by the solid-state reaction
method. The sintering behavior, phase structure, and microwave dielectric properties of CZNV ceramics were investigated. All samples sintered
at 1125–1225 1C for 3 h remained a single phase. However, the grain shape changed from equiaixed to rectangle with increasing x. The dielectric
properties of CZNV solid solution exhibited a significant dependence on the sintering condition, microstructure and composition. The Q� f value
and temperature coefficient of resonant frequency (τf) can be improved with substituting V for Nb. As x¼0.005, Ca(Zn0.333Nb0.662V0.005)O3

ceramic sintered at 1200 1C for 3 h in air exhibited good microwave dielectric properties with εr¼34.3, Q� f¼16,420 GHz, and τf¼�17.6
ppm/1C.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Microwave dielectric ceramics have been widely utilized for
filters and stabilizers of the frequency oscillation in microwave
integrated circuits. The materials used in these microwave
devices are required to have a high relative permittivity (εr),
high quality factor (Q), and small temperature coefficient of
the resonant frequency (τf) [1–3]. Complex perovskite com-
pounds, such as Ba(Zn1/3Ta2/3)O3, Ba(Mg1/3Ta2/3)O3, and Ba
(Zn1/3Nb2/3)O3, are well-known as high-Q microwave dielec-
tric ceramics, and they have important applications as resona-
tors and filters in microwave communication systems [4–10].
As one kind of complex perovskite materials, calcium-based
complex perovskite ceramics have also been recognized as the
low-loss dielectrics. Among calcium-based complex perovskite
compounds, Ca(Mg1/3Ta2/3)O3 and Ca(Mg1/3Nb2/3)O3 have
received much attention because of their very high Q� f
values (78,000 GHz for the former and 58,000 GHz for the
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latter) [11]. The modification of Ca(Mg1/3Nb2/3)O3 and Ca
(Mg1/3Ta2/3)O3 ceramics by incorporating CaTiO3 has been
reported to achieve near-zero temperature coefficient of
resonant frequency [12–15].
Kagata et al. [11] first reported that Ca(Zn1/3Nb2/3)O3

possessed a good microwave dielectric property with εr¼35,
Q� f ¼16,000 GHz, and τf¼�48 ppm/1C. After that, Chen
et al. [16] studied the process and microstructure dependence
of the microwave dielectric characteristics of Ca(Zn1/3Nb2/3)O3

ceramic. They found that the microwave dielectric properties
of Ca(Zn1/3Nb2/3)O3 were greatly influenced by the sintering
process, the Ca(Zn1/3Nb2/3)O3 sintered at 1225 1C for 3 h in air
and annealed at 1100 1C in oxygen for 8 h exhibited a similar
Q value to Kagata's work. Liu et al. [17] obtained a near-zero
τf Ca(Zn1/3Nb2/3)O3 ceramic by adding CaTiO3.
Zhou et al. reported that V substitution can improve the

microwave dielectric properties of some ceramics with high
quality values, such as xBi(Fe1/3Mo2/3)O4� (1�x)BiVO4 [18],
(A0.5xBi1�0.5x)(MoxV1�x)O4 (A¼Li, Na) [19–21], Bi
(VxNb1�x)O4 [22]. In the present work, V was used as a
substitute for Nb to optimize the sintering process and increase
ghts reserved.
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Fig. 1. XRD patterns of Ca(Zn1/3Nb2/3�xVx)O3 ceramics sintered at 1200 1C
for 3 h: (a) x¼0, (b) x¼0.002, (c) x¼0.005, (d) x¼0.01, and (e) x¼0.02.

Fig. 2. Relative density of Ca(Zn1/3Nb2/3-xVx)O3 ceramics as a function of
sintering temperature.
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the Q value of the Ca(Zn1/3Nb2/3)O3 ceramic. Furthermore,
the sintering behavior, phase structure and microwave dielec-
tric properties of Ca(Zn1/3Nb2/3�xVx)O3 ceramics were investi-
gated.

2. Experimental procedure

Ca(Zn1/3Nb2/3�xVx)O3 (x¼0.002, 0.005, 0.01, 0.02) cera-
mics were prepared by a conventional solid-state reaction
method from the high-purity raw powders of CaCO3 (Z99%),
ZnO (Z99%), V2O5 (Z99.9%) and Nb2O5 (Z99%). Stoi-
chiometric proportions of CZNV were mixed in alcohol
medium using zirconia balls for 4 h and calcined at 1150 1C
for 3 h in air. The calcined powders were milled again with
ZrO2 balls for 4 h in alcohol medium. After drying, a 5 wt%
poly (vinyl alcohol) (PVA) solution was added to the powders
and the resulting mixture was pressed into disks of 12 mm in
diameter and �6 mm in thickness at a uniaxial pressure of
about 200 MPa. The samples were then heat-treated at 550 1C
for 4 h to eliminate PVA, followed by sintering at 1125–
1225 1C for 3 h in air at a heating rate of 5 1C/min.

The bulk density of the sintered samples was measured by
Archimedes method. The crystal structure of samples was
investigated by X-ray diffractometer (XRD) (CuKα1,
1.54059 Å, Model X’Pert PRO, PANalytical, Almelo, Hol-
land). The surface micrographs of the samples were examined
using a scanning electron microscope (SEM, Model JSM6380-
LV, JEOL, Tokyo, Japan). Microwave dielectric properties
were measured by the TE01δ shielded cavity method using a
Network Analyzer (Model N5230A, Agilent Co., Palo Alto,
CA) and a temperature chamber (Delta 9039, Delta Design,
San Diego, CA).

The temperature coefficients of resonant frequency τf values
were calculated by the formula as following:

τf ¼
f T� f 0

f 0ðT�T0Þ
ð1Þ

where fT, f0 are the resonant frequencies at the measuring
temperature T (85 1C) and T0 (25 1C), respectively.

3. Results and discussion

Fig. 1 shows the XRD patterns of CZNV ceramics sintered
at 1200 1C for 3 h. The crystal structure of Ca(Zn1/3Nb2/3)O3

was known as the complex perovskite structure. When V was
used as a substitute for Nb, the sintered CZNV ceramics also
exhibited a complex perovskite structure. The indexed XRD
patterns did not reveal a secondary phase structure for all
compositions. Fig. 2 shows the relative density of Ca(Zn1/
3Nb2/3�xVx)O3 ceramics sintered at different temperatures.
The densified temperatures are the temperatures which could
achieve the highest relative density for each composition. It
was found that the relative densities have the maximum values
at around 1200 1C. Either higher or lower sintering tempera-
tures may cause the relative density to decrease, especially
when the sintering temperature is below 1150 or above
1200 1C.
SEM pictures of the Ca(Zn1/3Nb2/3�xVx)O3 ceramics sintered
at 1200 1C for 3 h are illustrated in Fig. 3. When xr0.005, the
grain sizes were uniform, and no pores were observed (Fig. 3(a)
and (b)). However, when x was over 0.005, there were many
plate-like crystallites, as seen in Fig. 3(c). The size of the plate-
like crystallites was about 5 μm. And when x was 0.02, the size
of plate-like crystallites became much bigger. XRD revealed
that there is no difference between the surface and powder of
samples. So EDS analysis was performed to identify the
compositional difference between two types of grains, as shown
in Fig. 4. The results show that there were no various
compositional differences between large and small grains. The
grain shape of samples changed from equiaixed to plate-like as x
varied from 0002 to 0.02 (Fig. 3(a–d)). This phenomenon might
be related to the oriented growth of grains caused by the
formation of solid solution.
Fig. 5 shows the curves of the relative permittivity of Ca(Zn1/

3Nb2/3�xVx)O3 ceramics as a function of the sintering tempera-
ture. The relationship between εr value and sintering temperature
presents a trend similar to that of density and sintering
temperature. The specimens exhibited maximum εr at 1150–
1200 1C, which agrees well with the analysis of densities
(Fig. 1). Comparing with Nb, V has a lower ionic polarizability.
So the relative permittivity (εr) decreased with increasing the



Fig. 3. SEM images of Ca(Zn1/3Nb2/3�xVx)O3 ceramics sintered at 1200 1C for 3 h: (a) x¼0.002, (b) x¼0.005, (c) x¼0.01, and (d) x¼0.02.

Fig. 4. EDS spectra obtained from Ca(Zn0.333Nb0.657V0.01)O3 ceramic.

Fig. 5. Relative permittivity (εr) of Ca(Zn1/3Nb2/3�xVx)O3 ceramics as a
function of sintering temperature.

Fig. 6. Q� f value of Ca(Zn1/3Nb2/3�xVx)O3 ceramics as a function of
sintering temperature.
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Fig. 7. Temperature coefficient of the resonant frequency τf of Ca(Zn1/3Nb2/
3�xVx)O3 ceramics as a function of x.
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substitution of V. Fig. 6 shows the Q� f value of Ca(Zn1/3Nb2/
3�xVx)O3 ceramics as a function of the sintering temperature.
The measured Q factors were obtained at different resonant
frequencies depending on the physical dimensions and relative
permittivity. According to the generally observed relationship,
Q� f¼constant, where f is the resonant frequency and Q is the
value calculated from the TE01δ resonator method. Generally,
microwave dielectric loss includes two parts, including intrinsic
loss and extrinsic loss. Intrinsic losses were caused by absorp-
tions of phonon oscillation and extrinsic losses were caused by
lattice defects. The lattice defects include impurity, cavity,
substitution, size and shapes of grains, second phase, pores,
etc. [23, 24] The relationship between the Q� f value of Ca(Zn1/
3Nb2/3�xVx)O3 ceramics and sintering temperature also shows a
trend similar to that of density and sintering temperature. Higher
density indicates lower porosity, the Q� f values increased with
increasing the sintering temperatures. After reaching a maximum
value, the Q� f value decreased because of oversintering. Due
to the changes of microstructure, the Q� f values of Ca(Zn1/
3Nb2/3�xVx)O3 ceramics first increased, reached a maximum
value, and decreased with increasing the substitution of V for
Nb. The composition dependence of τf in Ca(Zn1/3Nb2/3�xVx)
O3 ceramics sintered at 1200 1C for 3 h were shown in Fig. 7.
The intrinsic factor of microstructure variation and the extrinsic
factor of phase assemblage were believed to determine the τf
characteristic. It was observed that the τf value first increased
and then decreased with increasing x. The τf value varied from
�48 to �17.6� 10�6/1C as x increased from 0 to 0.02.
In a previous work [16], the sintering process, such as

cooling rate, sintering atmosphere, etc. has a great effect on the
microwave dielectric properties (especially for Q� f value) of
the Ca(Zn//3Nb2/3)O3 ceramic. The Ca(Zn1/3Nb2/3)O3 ceramic
sintered at 1225 1C for 3 h in air and annealed at 1100 1C in
oxygen for 8 h exhibited good properties with εr¼34.1,
Q� f¼15,890 GHz, and τf¼�48 ppm/1C. By contrast, small
amount of V substitution for Nb can stabilize the sintering
process and improve the Q� f value of Ca(Zn1/3Nb2/3)O3

ceramic. Ca(Zn0.333Nb0.662V0.005)O3 ceramic sintered at
1200 1C for 3 h in air exhibited good microwave dielectric
properties with εr¼34.3, Q� f¼16,420 GHz, and τf¼�17.6
ppm/1C.
4. Conclusions

The sintering behavior, phase structure, and microwave
dielectric properties of Ca(Zn//3Nb2/3�xVx)O3 solid solution
have been investigated. The dielectric properties of Ca
(Zn//3Nb2/3�xVx)O3 ceramics exhibited a significant depen-
dence on the sintering condition, microstructure and composi-
tions of ceramics. The relationship between microwave
dielectric properties and process was interpreted through the
variation of microstructures. The relative permittivity
decreased, but the Q� f and τf values can be improved with
substituting V for Nb. When x¼0.005, the samples exhibited
excellent microwave dielectric properties: εr¼34.3,
Q� f¼16,420 GHz, and τf¼�17.6 ppm/1C.
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