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crowave dielectric properties of CaBiVMoOg ceramics were investigated systematically. The Rietveld
refinements of X-ray data revealed all samples were well crystallized in space group [44/a. All the
samples exhibited a closely packed grain morphology and discernable grain boundaries. The relationship
between microwave dielectric properties and bulk density of samples at different sintering temperatures
was further researched. Besides, the lattice energy was one of the important factors affecting the Qxf
values of CaBiVMoOg ceramics. The temperature coefficient of resonant frequency (7s) could be slightly
affected by sintering temperature. The CaBiVMoOg ceramics were expected to be applied to low tem-
perature co-fired ceramics technology. In this paper, the CaBiVMoOg ceramics exhibited excellent

properties sintered at 850 °C for 4h: & ~ 40.55, Qxf ~ 16,670 GHz, 7f ~ +-55.90 ppm/°C.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

LTCC is an advanced integrated and hybrid circuit packaging
technology that has been widely used in many fields, such as
high-frequency wireless communication, optical drive and aero-
space [1—4]. From the perspective of serializing the permittivity
of materials and reducing the size of electronic components, it is
of great significance to research and develop ceramic materials
with high permittivity that can be co-fired with low melting points
electrode materials. Most of them belong to ceramic systems with
intermediate permittivity and excellent microwave dielectric prop-
erties, such as BaTigOg, BayTigO2¢ and ZnTa;0g. However, most of
the above ceramic systems are sintered above 1300 °C, which is
difficult to meet the conditions of low temperature co-firing
[5—7]. For materials with high inherent sintering temperature,
the sintering temperature was reduced by adding a large amount
of low-melting additives, which could be cause different degrees
of damage to the microwave dielectric properties [8—10].

Most existing scheelite ceramics belong to the low permittivity
category. The CaMoOy is one of the typical scheelite-based ceramic
system. The microwave dielectric properties of CaMoO,4 ceramics
were ¢ ~ 11.7, Qxf ~ 55,000 GHz, which were sintered at 1100 °C
for 4h [11]. The BiVO4 ceramics with the same scheelite structure
had excellent microwave dielectric characteristics, e ~ 68, Qxf
~ 8000 GHz, when sintering temperature was 820 °C [12,13]. Low
sintering temperatures and similar ionic radii have made CaMoO,
and BiVO4 ceramics attractive components for the development of
LTCC technology [14—16]. However, the low permittivity of the
scheelite ceramics is not conducive to miniaturization and modern
radar and microwave communications applications. The
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requirement for intermediate permittivity ceramics is increasing
with the development of information technology. However, there
are few microwave dielectric ceramic systems with permittivity be-
tween 20 and 80, so the development and modification of new inter-
mediate ceramic systems have attracted more and more attention.

In this paper, the invention relates to a novel intermediate
permittivity scheelite ceramic (CaBiVMoOg) system with low
dielectric loss and low inherent sintering temperature was success-
fully prepared through the solid-phase reaction. The microstruc-
ture, microwave dielectric characteristics and sintering properties
of CaBiVMoOg ceramics were researched.

2. Experimental section

The powder was prepared by mixing CaCOs, BiyOs,
(NH4)sM07024-4H20 and NH4VOs with high purity (>99%) as raw
materials according to CaBiVMoOg formula. The prepared powder
mixture was poured into a nylon tank with ethanol and ground for
4h. The ground mixture was calcined for 4h at 650 °C after drying.
Then the calcined mixture was ground for another 4h, dried, mixed
with 5 wt% paraffin, and pressed at 100MPa to make a cylinder with
a thickness of 4 ~ 5mm and a diameter of 10mm. It was sintered at a
temperature of 775 °C—875 °C for 4h to obtain CaBiVMoOg ceramics.

The Rigaku D/max 2550 PC was used to detect the phase compo-
sition and crystal structure of CaBiVMoOg ceramics. The XRD was
obtained using a step-scan method at a speed of 0.02°/s between
10° and 70°(260). To better understand the structure of the samples,
the XRD data was refined by the Fullprof software. The microstruc-
ture of the CaBiVMoOg ceramics was obtained by scanning electron
microscopy (ZEISS MERLIN Compact, Germany). The permittivity
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and Qxf of all CaBiVMoOg ceramics were detected through the
network analyzer (N5234A, Agilent Co, America). The bulk density
of the CaBiVMo0Og ceramics was measured through the Archimedes
method.

In the temperature range of 25 °C—85 °C, the value of 77 was
calculated by the following formula:

fss —fos 6(ppm)°
S % 106®pm/°C) 1
I fy5(Tgs — Ts) (1)

where fgs and fys represented the resonant frequencies at the
temperature of Tgs and T»s, respectively.

3. Results and discussion

The scheelite structure compounds usually have a wide cationic
mineral structure solubility. The radius of Bi>** ion (1.17 A) is similar
to Ca%t jon (1.12 A). Besides, the radius of V>* ion (0.355 A) is
similar to the radius of Mo®* ion (0.41 A). Through ion substitution,
intrinsic stress can be introduced into the BiVO4 ceramics with
monoclinic scheelite structure, which changes the BiVO4 ceramics
from monoclinic phase to tetragonal phase [17—19]. Fig. 1 shows
the XRD patterns of CaBiVMoOg ceramics sintered at
775 °C—875 °C for 4h. It can be found that the phase composition
of the CaBiVMoOg ceramics is similar to the CaMoQ4 structure
(PDF #85-0585: Tetragonal, 141/a), which is consistent with the re-
sults of the research of CaBiVMoOg by Cortés et al. [20,21]. All the
results show that the phase composition and crystal structure of
CaBiVMoOg does not change significantly at different sintering
temperatures.

Fig. 2 shows the Rietveld refinement result of CaBiVMoOg ce-
ramics sintered at 850 °C for 4h. The sample was confirmed as
the scheelite structure (Tetragonal: 14;/a, No.88) after refinement.
The strongest diffraction peaks for all samples were greater than

10,000 to reduce the effect of noise on the results. Besides, Table
.1 shows the Rietveld refinement parameters. The Rietveld discrep-
ancy factors R, and Ry are 7.05% and 6.96%. The refined values of
lattice parameters of the sample sintered at 850 °C for 4h are
a=b=>51857 A, c=11.5752 A, and V = 311.3658 A3,

Fig. 3(a)—(e) shows the SEM pictures of CaBiVMoOg ceramics
sintered at different sintering temperatures. All the ceramics
show a dense microstructure with few pores. The microstructure
of the sample sintered at 775 °C is relatively dense, but the grain
size is small. As shown, the grain size of the samples tends to in-
crease when the sintering temperature increases. However, for mi-
crowave dielectric characteristics, the size of the grain size does not
completely determine the properties of ceramics. Fig. 3(e) displays
that excessive sintering temperature may cause abnormal growth
of grains and uneven size, which will reduce the performance of
CaBiVMoOg ceramics. Therefore, Fig. 3(d) shows that the micro-
structure of CaBiVMoOg ceramics sintered at 850 °C for 4h is dense,
and the grain size is uniform. The SEM pictures phenomenon is
completely consistent with the Rietveld refinement results.

Fig. 4 shows the bulk density, e and Qxf values of CaBiVMoOg
ceramics sintered at various temperatures for 4h. When the sinter-
ing temperature increases, the bulk density of ceramics increases
and reaches a peak when the temperature achieves 850 °C. As
the sintering temperature continues to increase, the bulk density
begins to decrease. Abnormal grain growth and uneven grain size
reduce the density of CaBiVMoOg ceramics. The trend of permit-
tivity is similar to bulk density. Generally, the permittivity primarily
is involved with the ionic polarizability, second phase and density
of ceramics [22,23]. The permittivity of CaBiVMoOg ceramics in-
creases gradually when the sintering temperature increases, and
reaches a peak when the temperature achieves 850 °C. As the sin-
tering temperature continues to increase, the permittivity begins to
decrease. The change of the permittivity of the ceramics is involved
with the change of the bulk density, which indicates that density is

Fig. 1. The XRD patterns of CaBiVMoOg ceramics sintered at various temperatures for 4h.
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Fig. 2. The Rietveld refinement plot of CaBiVMoOg ceramics sintered at 850 °C for 4h.

Table 1
Refined structural parameters and reliability factors of CaBiVMoOg ceramics sintered
at different temperatures.

ST(C)  R(%) Rup(%) a=b(A) cA) a=B=v() VA)

775 141 108 51787  11.5631  90° 310.1097
800 745  7.89 51789  11.5659  90° 310.2131
825 103 105 5.1801 11.5659  90° 310.3459
850 705 696 51865 115752  90° 311.3658
875 8 8.28 51857  11.5752  90° 311.2779

S.T.— the sintering temperature of CaBiVMoOg ceramics.
R,— reliability factor of patterns.
Ryp— reliability factor of the weighted pattern.

one of the main factors affecting the permittivity. The intrinsic and
extrinsic factors determine the Qxf values of microwave dielectric
ceramics. Intrinsic losses are involved with the lattice structure,
while extrinsic losses are usually involved with the second phase,
porosity, grain size [24—30]. As shown in Fig. 1, no secondary phase
were detected in all samples. The trend of Qxf values is similar to
the bulk density, indicating that the Qxf is mainly dependent on
the bulk density. The Qxf values of ceramics increases gradually
when the sintering temperature increases, and reaches the
maximum value when the temperature achieves 850 °C. The Qxf
values begin to decrease as the temperature increases constantly.

The calculation formula of the CaBiVMoOg ceramics lattice en-
ergy is as follows [31-33]:

UToml = Z(Uf;,- + Ugc) (2)
I
( u)1.64
+
(m+n)z*z+ 0.4
Up = 1270 —— == (1——2 ) (4)

where Z!! and Z* are the valence states of cations and anions which
constituted bond pu. Ug‘c are the covalent part and U{)‘i are the ionic

part of the u bond. Lattice energy U characterizes the binding ability
between cations and anions. The crystal structure with high bind-
ing energy indicates that the crystal structure has high stability and
low intrinsic loss [34]. Therefore, Lattice energy can be used to
analyze the Qxf values of microwave dielectric ceramics. Also, a
lower loss can be predicted for the compounds with larger lattice
energy. Fig. 5 shows the lattice energy and Qxf values of CaB-
iVMoOg ceramics sintered at various temperatures. The Qxf values
show a similar trend to the chemical bond lattice energy, which
indicates that lattice energy is one of the important factors affecting
the Qxf values of CaBiVMoOg ceramics.

In this work, the 77 values of CaBiVMoOg ceramics sintered at
various sintering temperature have little change. This shows that
the sintering temperature has little effect on the 77 of CaBiVMoOsg
ceramics. The 77 value of the CaBiVMoOg ceramics sintered at
850 °C for 4h was +54.90 ppm/°C. In conclusion, the CaBiVMo0Og
samples achieved superior microwave dielectric properties of &
~40.55, Qxf ~ 16,670 GHz, 77 ~ +54.90 ppm/°C sintered at 850 °C
for 4h.

4. Conclusions

The novel medium-permittivity CaBiVMoOg ceramics with low
inherent sintering temperature and low dielectric loss were suc-
cessfully prepared by the solid-state reaction route. In this paper,
the influences of sintering temperature on the microwave dielectric
characteristics, the microstructure, and crystal structure of CaBiV-
MoOsg ceramics were systematically researched. The research found
that the permittivity, Qxf values and bulk density of the samples
had similar trends with the sintering temperature. Lattice energy
was one of the important factors affecting the Qxf values of CaBiV-
MoOg ceramics. The 77 values of CaBiVMoOg ceramics did not
change significantly at different sintering temperatures. The CaBiV-
MoOg ceramics achieved prominent microwave dielectric proper-
ties of & ~ 40.55, Qxf ~ 16,670 GHz, 77 ~ +55.90 ppm/°C when the
sintered temperature reached 850 °C, which could be applied to
LTCC technology in the future.
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Fig. 3. The SEM micrographs of CaBiVMoOg ceramics sintered at various sintering temperatures for 4h: (a) 775 °C, (b) 800 °C, (c) 825 °C, (d) 850 °C, (e) 875 °C.

Fig. 4. The bulk density, e- and Qxf values of CaBiVMoOg ceramics sintered at various temperatures for 4h.
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Fig. 5. The chemical bond lattice energy and Qxf values of CaBiVMoOg ceramics sintered at various temperatures for 4h.
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