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A B S T R A C T

In the present work, a systematic study on performance of borosilicate glass/Ba3(VO4)2 ceramic composites
synthesized by the traditional solid-state reaction method was conducted. Borosilicate glass is beneficial for
reducing the sintering temperature of glass/Ba3(VO4)2 ceramic composites below 900 °C due to the formation of
a liquid phase. The ceramic composites with 35 %∼40 % Ba3(VO4)2 can effectively adjust the temperature
coefficient of resonant frequency (τf) to approximately 0. The diffusion activation energy (QAg) increases from
113.92 kJ/mol to 185 kJ/mol, as Ba3(VO4)2 content increases from 0 to 40 % in the ceramic composites. A 0.65
borosilicate glass-0.35Ba3(VO4)2 ceramic composite possesses excellent properties including an εr of 8.66, Q × f
value of 20,338 GHz, the largest volume resistivity of 5.1 × 1013 Ω·cm and a flexural strength of 259 MPa. Ag
exists only in the zero-valence state in the ceramic composite, and Ba3(VO4)2 ceramic can block the diffusion
channels and increase the barrier to the movement of Ag ions.

1. Introduction

Currently, with the development of science and technology, the
excellent comprehensive performance of information communication
systems is strongly required, and their functions are becoming more and
more complex [1–3]. Among the incorporated components, passive
components play key roles and determine the volume, weight, relia-
bility and multifunction of wireless communication systems for modern
higher-frequency fields [4–7]. To meet the needs of electronic in-
formation industry development, many integration technologies for
passive electronic components [8,9] have emerged in recent decades,
such as low-temperature cofired ceramic technology (LTCC), multi-chip
module technology (MCM), chip packaging technology (CPS), etc. LTCC
technologies, with a low-cost, high integration, excellent electrical
characteristics and convenient process operations, have become the
mainstream manufacturing method for the large-scale integration of
electronic components [10–12].

As the basis of LTCC technology, LTCC materials are required to
have a low sintering temperature (below 900 °C) for cofiring with Ag
electrodes, a low dielectric constant and low dielectric loss for fast
signal transmission, and they especially need to have a near-zero tem-
perature coefficient of the resonator frequency (τf) for a stable working
performance under different environmental conditions [13–15]. At
present, the most popular and dominant LTCC products on the market

are still focused on glass-based systems, i.e., glass ceramic or glass-filled
ceramic [16,17], such as the CaO-B2O3-SiO2 glass ceramic system of
Ferro A6 and the lead borosilicate glass-filled Al2O3 system of DuPont
951. In addition to these, many glass-based LTCC materials have been
widely explored due to their low sintering temperature and excellent
performance. These glass systems include K2O-CaO-SrO-BaO-B2O3-SiO2

[18], SnO-SnF2-P2O5 glass [19], CaO-ZnO-B2O3-P2O5-TiO2 glass-cera-
mics [20], BaO-Al2O3-SiO2 glass/Al2O3 [21], CuO-ZnO-B2O3-Li2O
glass/Al2O3 [22], and La2O3-B2O3-CaO-P2O5 glass/cordierite compo-
sites [23]. However, there are still many problems [24,25] associated
with these glass-based LTCC materials, which are becoming a huge
barrier for further practical applications in the LTCC field, especially
concerning the diffusion and chemical coexistence stability with Ag
electrodes and the temperature coefficients that are too large.

To solve these specific problems, some methods have been devel-
oped. A straightforward method of suppression of the Ag diffusion is the
formation of a composite or replacement for some constituents via
different additions to enhance the crystallization or modify the struc-
ture. To address large temperature coefficients, the most effective
method is composite sintering with an opposite τf value phase. Glass-
based LTCC materials generally have negative τf values, which can tune
τf to near zero by compensating with a positive τf material such as TiO2,
CaTiO3 or Ba3(VO4)2 [26–28]. It’s well known that although TiO2 and
CaTiO3 have high enough τf values, at approximately +450 ppm/°C
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and +800 ppm/°C, respectively, they still possess large dielectric
constant values (> 100) [29,30]. By using TiO2 and CaTiO3 to improve
τf, it is certain that the dielectric constant will be greatly increased.
Among these positive τf materials, Ba3(VO4)2 has a much lower di-
electric constant of 14 and a positive τf of approximately 60 ppm/°C
[31]. Ba3(VO4)2 is particularly suitable as a near-zero τf-adjusting ma-
terial, and examples include BaMoO4-Ba3(VO4)2 [32], (1-
x)Ca5Mg4(VO4)6-xBa3(VO4)2 [33], (1-x)Ba3(VO4)2- xLiMg0.9Zn0.1PO4

[34], etc. However, Ba3(VO4)2 can be completely densified at much
higher temperatures (> 1100 °C), which are much higher than the
melting point of Ag and limit the application of the material in the
LTCC field. Many works have been performed to reduce the sintering
temperature by adding low-melting additives or forming solid solutions
[31,35]. However, these methods often bring about the deterioration of
the τf value to a certain extent.

Borosilicate glass has been developed as one of the most promising
materials for LTCC composite applications due to its low sintering
temperature, excellent microwave dielectric properties, chemical re-
liability and low cost. The Borosilicate glass in ceramic composite may
avoid several undesirable effects, such as the degradation of dielectric
properties and chemical reaction with ceramics. However, there are few
studies on the effects of Ba3(VO4)2 in glass-based material systems on
the phase composition, microstructure, temperature coefficient of the
resonant frequency, diffusion inhibition and chemical compatibility
with Ag electrodes. In this work, a borosilicate glass/Ba3(VO4)2 ceramic
composite was selected as the research system. Ba3(VO4)2 ceramic is
supposed to modify the temperature coefficient and inhibit Ag diffusion
in the borosilicate glass, while borosilicate glass acts as the main liquid
phase flux to reduce the sintering temperature of Ba3(VO4)2 below 900
°C. Furthermore, the Ag diffusion, activation energy and chemical sta-
bility of borosilicate glass/Ba3(VO4)2 ceramic composites were sys-
tematically investigated and discussed in detail. To the best of our
knowledge, this relationship within the borosilicate glass/Ba3(VO4)2
ceramic composite has not been reported in the literature thus far and
provides a reliable basis for the popularization and application of this
ceramic composite.

2. Experimental procedures

Borosilicate glass and Ba3(VO4)2 ceramic were chosen as the raw
materials in this work. The composition of the borosilicate glass powder
was 8Al2O3-22CaO-45SiO2-22B2O3-3alkaline oxide (wt%). Ba3(VO4)2
ceramic was prepared in a stoichiometric ratio using BaCO3 (A.R.,
Sinoreagent Group Co. Ltd. Shanghai, China) and V2O5 (≥99 %, Funing
Prost Non Ferrous Metals Co., Ltd, Jiangsu, China) and then calcined at
1100 °C for 4 h. (1-x)Borosilicate glass-xBa3(VO4)2 (x = 0, 0.20, 0.25,
0.30, 0.35 and 0.4, vol.%) glass ceramic samples were produced by the
standard solid-state reaction process. First, the borosilicate glass and
Ba3(VO4)2 powders were mixed with ethanol and ball-milled for 12 h.
After pan-drying, an 8 wt% polyvinyl alcohol solution was selected as
the molding binder and added into the powder mixture. Then, granu-
lation was carried out by grinding in a mortar to form small particles
with a uniform size, which were pressed into disks with a size of ap-
proximately 13 mm in diameter and 5 mm in thickness under 100 MPa
using a steel mold. Finally, these green bodies were heated from 850 °C
to 925 °C for 1 h with a ZrO2 load-bearing plate. Al2O3 powders of 1 μm
in size were placed between the green compacts and bearing plate to
prevent local bonding. The Ag metal electrode diffusion and chemical
compatibility of the borosilicate glass/Ba3(VO4)2 ceramic composite
were investigated using specimens that were cofired with 5 wt% Ag
nanoparticles or printed electrodes in the ambient atmosphere.

The density values of other specimens were determined by the
Archimedes method. The crystalline-phase constituents and micro-
structures were characterized by X-ray diffraction (XRD, RigakuD/Max
2500 type, Japan) with Cu Kα radiation (k =0.15406 nm with a step
size of 0.02 nm) and scanning electron microscopy (SEM, Hitachi

SU8010, Japan), respectively. For SEM measurement, approximately
0.1 mm of the surface of each sintered specimen was ground off, po-
lished and then thermally etched at 790 °C for 20 min. Chemical
components were identified by energy-dispersive spectroscopy (EDS
Vantage DS). The microwave dielectric properties of the samples were
obtained by a network analyzer (Agilent E5071C, Malaysia) using the
TE011 mode. The valence states of the elements in the borosilicate
glass/Ba3(VO4)2 ceramic composite were determined by X-ray photo-
electron spectroscopy (XPS, Escalab 250 Xi, Thermo Fisher Scientific,
US) with a monochromatic Al Kα radiation source. The thermal beha-
vior was measured by a differential scanning calorimeter (DSC, Netzsch
STA 449F3, Selb, Germany) using alumina as the standard object at a
heating rate of 10 °C/min in air. The volume resistivity of the ceramic
composite was tested by a high-resistance meter (HIOKI, SM7110,
Nagano, Japan) at 100 V/DC. The coefficient of thermal expansion
(CTE) of the sintered body was acquired using a high-performance
thermal analyzer (RPZ-01) at a heating rate of 5 °C min−1 in the tem-
perature range between 25 and 500 °C. The flexural strength of the
sintered strip sample was obtained under a support distance of 30.0 mm
using an electronic universal testing machine (CSS-2205) with a sample
size of 40 mm× 4mm× 3mm and a support distance of 30.0 mm. The
temperature coefficients of the resonant frequency (τf) values were
measured from 20 °C to 80 °C and calculated according to Eq. 1 as
follows:

=
−

× −

τ f f
f (T T )f

1 0

0 1 0 (1)

where f1 and f0 are the resonant frequencies at the testing temperature
T1 of 80 °C and T0 of 20 °C, respectively.

3. Results and discussion

Fig. 1 displays the XRD patterns of borosilicate glass and glass sin-
tered at 875 °C for 1 h. The XRD patterns are mainly composed of the
diffusion peak of an amorphous glassy phase, and there are no obvious
crystals in the two glass specimens. Therefore, the heating process
adopted in the experiment does not lead to a large amount of glass
devitrification. The insert in Fig. 1 shows the DSC curve of borosilicate
glass, which is measured in air from room temperature to 1000 °C. An
endothermic peak is identified at 762 °C, which can be determined as
the softening point of borosilicate glass. Therefore, borosilicate glass
can be transformed into the liquid phase at 762 °C. Two exothermic
peaks at 814 °C and 865 °C are also shown in the insert, which are
attributed to glass crystallization. However, the borosilicate glass
treated at 875 °C does not contain sharp crystalline peaks but shows
only one low broad amorphous-phase peak. The results indicate that a

Fig. 1. XRD patterns of borosilicate glass samples: (a) glass and (b) sintered at
875 °C for 1 h. The insert is the DSC curve of borosilicate glass.
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large number of microcrystals appear during the heat treatment. The
microcrystals have an ordered structure in the short range and a dis-
ordered structure in the long range.

Fig. 2 shows the XRD patterns of borosilicate glass/Ba3(VO4)2
ceramic samples sintered at 875 °C for 1 h. The sharp peaks appearing
in the samples with x = 0.25–1 are identified as only a single phase of
Ba3(VO4)2 crystals with a rhombohedral structure that belongs to the
space group R-3 m (no. 166). Meanwhile, it also displays that the
Ba3(VO4)2 phase in the ceramic composite has relatively good crystal-
linity and a well-ordered structure. Upon combining these results with
those in Fig. 1, it is obvious that borosilicate glass does not react with
Ba3(VO4)2 ceramic to generate other new substance phases during the
sintering process. This also illustrates that borosilicate glass has better
chemical compatibility with Ba3(VO4)2 ceramic in synthetic proce-
dures.

Fig. 3 shows the SEM micrographs of the polished surfaces of bor-
osilicate glass/Ba3(VO4)2 ceramic composites sintered at 875 °C for 1 h.
The microstructure of pure borosilicate glass without Ba3(VO4)2
ceramic in Fig. 3 (a) shows a large amount of liquid phase morphology.
Borosilicate glass is also beneficial for reducing the sintering tempera-
ture of Ba3(VO4)2 to below 900 °C due to the formation of a liquid
phase. As shown in Fig. 3(b)∼(d), the viscous flow of flux makes the
Ba3(VO4)2 ceramic grains tightly agglomerate, and the glass liquid
phase gradually decreases as the addition of Ba3(VO4)2 ceramic in-
creases. The borosilicate glass/Ba3(VO4)2 ceramic samples with 0.3 ≤ x
≤ 35 exhibit a recognizable morphology and discernible grain
boundaries. The average Ba3(VO4)2 grain size is approximately 2 μm.
However, for composites with ceramics contents of up to 40 %
(Fig. 3(d)), some abnormal-growth grains of the Ba3(VO4)2 phase also
appear, and the grains tend to be approximately 5 μm. Under this
condition, it is quite difficult for the borosilicate glass phase to com-
pletely wrap the Ba3(VO4)2 ceramic grains.

Fig. 4 shows the relationship between the bulk densities, dielectric
properties, resistivities of the borosilicate glass/Ba3(VO4)2 ceramic
composites and the x values. The bulk density, resistivity and εr values
slightly increase with the increase of the Ba3(VO4)2 ceramic content
from 20 % to 40 % at the same sintering temperature. The bulk density
and εr of pure Ba3(VO4)2 ceramic are approximately 5 g·cm−3 and 14 in
this study, which are much higher than those of borosilicate glass,
which are approximately 2.5 g·cm−3 and 5. Thus, the density and εr
value of borosilicate glass/Ba3(VO4)2 ceramic composites vary from 3
g·cm−3 to 3.28 g·cm−3 and from 7.92 to 9.07, respectively. The di-
electric constant (εcom) of borosilicate glass/Ba3(VO4)2 ceramic com-
posites can be predicted by the following the mixture rule:

= × + ×ε V lgε V lgεcom 1 1 2 2 (2)

where ε1 and ε2 are the dielectric constant of borosilicate glass and
Ba3(VO4)2, V1 and V2 represent the volume fractions of borosilicate
glass and Ba3(VO4)2, respectively. Just as the Fig. 4 shown, the calcu-
lated relative dielectric constant is in good agreement with the ex-
perimental value. It indirectly indicates that borosilicate glass and
Ba3(VO4)2 ceramic are randomly distributed and chemical compat-
ibility between the two phases. The amount of Ba3(VO4)2 phase plays a
key role in improving the volume resistivity of the borosilicate glass/
Ba3(VO4)2 ceramic. The volume resistivity values improve from 1.2 ×
1013 Ω·cm to 5.1 × 1013 Ω·cm upon increasing x from 0.2 to 0.35.
Meanwhile, the Q × f values of the ceramic composites are kept be-
tween 18,320 GHz and 20,354 GHz, which are independent of the
Ba3(VO4)2 content. However, as shown in Fig. 3(d), for the samples
containing as high as 40 % Ba3(VO4)2 ceramic, the liquid phase has
difficulty completely covering the Ba3(VO4)2 grains, and some ab-
normal growth of Ba3(VO4)2 grains also appears. In this case, the co-
ordination and structural consistency between the borosilicate glass
phase and Ba3(VO4)2 ceramic phase are destroyed, which eventually
gives rise to a deteriorated performance of the ceramic composite. In
general, the 0.65borosilicate glass-0.35Ba3(VO4)2 ceramic composite
exhibits a better dielectric performance, with an εr of 8.66, a Q × f
value of 20,338 GHz and the largest volume resistivity of 5.1 × 1013

Ω·cm.
Fig. 5 presents the τf variation trend of borosilicate glass/Ba3(VO4)2

ceramic composites. The theoretical τf values of borosilicate glass/
Ba3(VO4)2 ceramic composites can be obtained by the following the
mixture rule:

= × + ×τ V τ V τf f f1 1 2 2 (3)

where τf1 and τf2 are the τf of borosilicate glass and Ba3(VO4)2, V1 and
V2 represent the volume fractions of borosilicate glass and Ba3(VO4)2,
respectively. The variation trend and values of theoretical τf are also in
good agreement with the measured values. It can be obviously seen that
Ba3(VO4)2 ceramic can effectively adjust the τf values of borosilicate
glass to approximately 0. The τf values monotonously increase from -18
ppm/°C (x = 0.2) to -1.7 ppm/°C (x = 0.35), after which the increasing
range decreases (x> 0.35) and the τf value reaches 0.4.

The coefficients of thermal expansion (CTE) and flexural strengths
of borosilicate glass/Ba3(VO4)2 ceramic composites sintered at 875 °C
for 1 h are shown in Fig. 6. The changing trend between the CTE,
flexural strength value and Ba3(VO4)2 content in the composites is a
basically linear relationship. As the Ba3(VO4)2 ceramic increases from
20 % to 40 %, the CTE values slightly vary from 6.8 × 10−6/°C to 7.2
× 10−6/°C and are somewhat independent of the Ba3(VO4)2 content.
However, it is obvious that composites with high Ba3(VO4)2 contents
show much larger flexural strengths. Compared to the sample con-
taining 20 % Ba3(VO4)2, the amplitude of the flexural strength increases
by approximately 30 % from 202 MPa to 259 MPa upon the addition of
35 % Ba3(VO4)2. Ba3(VO4)2 ceramic grains can be considered to be
particle toughening materials in the composites. For borosilicate glass,
as a typical brittle material, it is easy for forces to travel in one direction
through cracks. Just as the insert in Fig. 6 shows, the borosilicate glass/
Ba3(VO4)2 composite displays a dense sintering characteristic. When
force is applied to the ceramic composite, the stress is quickly trans-
ferred to the ceramic particle surfaces and deflected toward all direc-
tions. It also causes microcrack deflection, dispersion, passivation,
pinning, etc., which change the microcracks from unidirectional pro-
pagation into an overall stress state. When the Ba3(VO4)2 content is 40
% (Fig. 3(d)), the glass phase is not enough to completely cover the
Ba3(VO4)2 ceramic grains, and some abnormally grown grains also
emerge. This leads to a slight reduction in the flexural strength of the
borosilicate glass/Ba3(VO4)2 ceramic composite.

At present, Ag is the most promising and widely used metal elec-
trode material for the LTCC process. It has been reported in some open
literature [36–38] that if Ag diffusion occurs during the cofiring pro-
cess, the performance and reliability of the materials will be greatly

Fig. 2. XRD patterns of borosilicate glass/Ba3(VO4)2 ceramic composites sin-
tered at 875 °C for 1 h.
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Fig. 3. SEM images of borosilicate glass/Ba3(VO4)2 ceramic composites sintered at 875 °C for 1 h: (a) x = 0, (b) x = 0.30, (c) x = 0.35 and (d) x = 0.40.

Fig. 4. The relationship between the bulk densities, dielectric properties, resistivity of the borosilicate glass/Ba3(VO4)2 ceramic composites and the x values.

H. Zhu, et al. Journal of the European Ceramic Society 40 (2020) 3600–3607

3603



reduced by effects such as reducing the insulation resistance and in-
creasing the leakage current. Thus, it is urgent to explore the diffusion
process and chemical reaction mechanism between the borosilicate
glass/Ba3(VO4)2 ceramic composite and Ag electrodes for practical
applications. The degree of difficulty of Ag diffusion in borosilicate
glass/Ba3(VO4)2 ceramic composites can be characterized by the dif-
fusion activation energy (QAg). The average diffusion coefficient of Ag
(DAg) in the borosilicate glass/Ba3(VO4)2 ceramic composite can be
obtained by the following equation [39,40]:

= −

C
C

erf x
D t

(x, t)
1 [

2
]Ag

Ag Ag (4)

where erf refers to the error function, CAg is the initial silver content
with a value of 100 %, CAg (x,t) is the Ag content at different positions
in the vertical direction from the initial Ag electrode, and t in this study
is 1 h. Then, the QAg value can be calculated according to the following
Arrhenius equation [41]:

= −D D
Q
RT

exp( )Ag
Ag

0 (5)

where D0 and R are described as a pre-exponential factor and a gas
constant of 8.31 J/(mol K, respectively. It can be obviously seen from
formula (5) that the logarithm of the diffusion coefficient is linear with
the reciprocal of the temperature. As shown in Fig. 7, the slope of the
linear fitting line is the diffusion activation energy. The QAg values of
ceramic composites containing 0, 20 %, 30 % and 40 % Ba3(VO4)2 are
113.92 kJ/mol, 127.26 kJ/mol, 174.12 kJ/mol and 185 kJ/mol, re-
spectively. Ba3(VO4)2 ceramics play an obvious barrier role in bor-
osilicate glass/Ba3(VO4)2 ceramic composites and improve the diffusion

activation energy of Ag.
Fig. 8 shows the XPS spectra of borosilicate glass and 0.7borosilicate

glass-0.3Ba3(VO4)2 ceramic composite cofired with 5 wt% Ag powders
sintered at 875°C for 1 h. The peaks of all elements in the XPS spectra
are verified by the standard C 1s peak value at 284.8 eV. The valence
states of Ba, V, Al, Si, B, O and Ag are given in the measurement
spectrum of Fig. 8, and the two inserts are enlarged portions of the XPS
results of the Ag 3d peaks. The peak values of Ag3d5/2 in borosilicate
glass and 0.7borosilicate glass-0.3Ba3(VO4)2 ceramic composite are
367.98 eV and 368.18 eV, respectively. The binding energies of the
Ag3d5/2 peaks for elemental silver, monovalent silver oxide and diva-
lent silver oxide can be determined to be 368.20 eV, 367.70 eV and
367.40 eV, respectively [42,43]. The Ag3d5/2 value of 367.98 eV in
borosilicate glass is much closer to that of monovalent silver oxide. This
implies that the Ag electrode can diffuse and react with some in-
gredients in the borosilicate glass, which causes monovalent and zero-
valent silver to coexist. It can be seen from Fig. 7 that the diffusion
activation energy of the ceramic composite significantly increases from
113.92 kJ/mol to 174.12 kJ/mol when the Ba3(VO4)2 content is in-
creased to 30 % Ba3(VO4)2. This can increase the difficulty of silver
diffusion and then sharply reduce the probability of chemical reaction.
Therefore, Ag exists only in the zero-valence state in the borosilicate
glass/Ba3(VO4)2 ceramic composite sample, which means that the
ceramic composite is stable with Ag powder during the cofiring process.

For a deeper understanding of the Ag diffusion and reaction beha-
viors, a schematic illustration of different sintering stages of the bor-
osilicate glass and glass/Ba3(VO4)2 ceramic composite is displayed in
Fig. 9. Borosilicate glass and Ag are uniformly mixed and pressed into

Fig. 5. τf values of borosilicate glass/Ba3(VO4)2 ceramic composites.

Fig. 6. CTE and flexural strength of the borosilicate glass/Ba3(VO4)2 ceramic
composite. The insert shows an SEM image and stress diagram of the bor-
osilicate glass/Ba3(VO4)2 composite.

Fig. 7. The linear relationship between ln(DAg) values and 1/T.

Fig. 8. XPS spectra of borosilicate glass and borosilicate glass/Ba3(VO4)2
ceramic composite cofired with 5 wt% Ag powder.
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shape, followed by heating to approximately 760 °C. Borosilicate glass
gradually softens and begins to change into a liquid phase at this
temperature, which gives rise to a viscous flow in the glassy phase. It
was obvious that the dramatic reduction of the viscosity in the glass
phase will be the driving force behind Ag diffusion [44]. Under this

condition, Ag migration is much easier than that in glass solids, and the
diffusion intensifies with the increase of the liquid phase [45]. After-
wards, the temperature gradually rises much higher, and the liquid
glass phase promotes particles to become a sintered compact, while part
of the Ag particles can move and melt into the glass matrix to form
some univalent Ag compounds. This is the reason why the binding
energy of the Ag3d5/2 peak in borosilicate glass in Fig. 8 is only 367.98
eV. However, for the glass/Ba3(VO4)2 ceramic composite, the liquid
glass phase gradually fills the gaps between Ba3(VO4)2 ceramic and
wraps particles when the sintering temperature is higher than 760 °C.
As the sintering temperature continuously rises, the solid surface of the
Ba3(VO4)2 powder partially decomposes and rearranges with the as-
sistance of the liquid glass phase. With growth of the Ba3(VO4)2 crys-
tals, the grain boundary is slowly formed, and the glass phase exists
only in the grain boundaries between grains. These phenomena can be
clearly seen in Fig. 3(c) and (d). The network in the glass phase is de-
stroyed, and the channels of Ag diffusion are naturally blocked. Based
on the results in Fig. 7, 30 % Ba3(VO4)2 ceramic in borosilicate glass can
dramatically increase the diffusion activation energy from 113.92 kJ/
mol to 174.12 kJ/mol. It can increase the barrier to the movement of Ag
ions, and then, the diffusion quantity of Ag ions will sharply decrease.

The chemical stability of borosilicate glass/Ba3(VO4)2 ceramic
composite and Ag can also be seen from the XRD results, which are
presented in Fig. 10. The XRD patterns in Fig. 10 are mainly composed
of Ba3(VO4)2 and Ag phase, which indicates that there is no change of

Fig. 9. Schematic diagram of the Ag diffusion and reaction behaviors at different sintering stages in borosilicate glass and glass/Ba3(VO4)2 ceramic composite,
respectively.

Fig. 10. X-ray diffraction patterns of Borosilicate glass/Ba3(VO4)2 ceramic
composite cofired with 5 wt% Ag powders.
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the main crystalline phase in the ceramic composite during the sin-
tering process with Ag. Obviously, this result is consistent with the XPS
spectral result shown in Fig. 8. It further illustrates that borosilicate
glass and Ba3(VO4)2 are able to exert their own advantages and com-
plement each other's shortcomings in performance. It also enables the
ceramic composite to be chemically stable with silver and coexist in the
LTCC process.

4. Conclusions

The phase evolution, crystallization and sintering behaviors, and
microwave dielectric properties of borosilicate glass/Ba3(VO4)2 ceramic
composites as well as their chemical stability on Ag electrodes were
investigated. Borosilicate glass is beneficial for reducing the sintering
temperature of glass/Ba3(VO4)2 ceramic composites below 900 °C
owing to the formation of a liquid phase. The ceramic composites with
35 %∼40 % Ba3(VO4)2 can effectively adjust the temperature coeffi-
cient of resonant frequency (τf) to approximately 0. The diffusion ac-
tivation energy (QAg) increases from 113.92 kJ/mol to 185 kJ/mol, as
Ba3(VO4)2 content increases from 0 to 40 % in the ceramic composites.
An 0.65borosilicate glass-0.35Ba3(VO4)2 ceramic possesses excellent
properties—an εr of 8.66, Q × f value of 20,338 GHz, the largest vo-
lume resistivity of 5.1 × 1013 Ω·cm and a flexural strength of 259 MPa.
Borosilicate glass/Ba3(VO4)2 ceramic composites can obviously inhibit
silver diffusion and limit its reaction during the cofiring process, which
lays a solid foundation for the practical application of this ceramic
composite in LTCC basic components.
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