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0.2ZnAL0,/0.8Ba, sSr(sTiO; ceramics with good dielectric temperature stability were synthesized by controlling sintering
behavior. The relationship between sintering conditions, microstructure, and dielectric properties of ceramics was studied.
Cubic structures were confirmed in all ceramics. Double sintering (DS) behavior can effectively improve the density, and the
grain size has no obvious change compared with non-repeated sintering. The maximum dielectric permittivity (220 at 10 kHz)
and minimum leakage current (3.98x10° A/cm’ at 0.25 kV/cm) are obtained in the DS ceramics, which is superior to those
of the single sintering ceramics. This can be ascribed to the higher relative density of the DS ceramics in contrast to the single
sintering ceramics. More importantly, the temperature stability of the DS sample in all samples is optimal due to the high
surface energy at grain boundaries and improved density. This work demonstrates a route to produce ceramics with weak
temperature sensitivity for microwave applications.
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Introduction dielectric permittivity of BST. Liang et al. found that

the dielectric permittivity decreased from 7500 to 3500

With the rapid development of science and technology, after the combination ZA (content increased from 0 to
the demand for high-performance electronic communication 20%) with Bay 555145 Ti0s, but the dielectric permittivity
equipment has been rising [1]. Microwave dielectric was still very high [10]. Wang et al. studied the (1-x)
ceramics have relatively low permittivity, high quality Bag4Sry¢Ti03/xZnAl,0, system and found that the

factor (O xf), high tunability and a temperature coefficient dielectric permittivity decreased to 875 (when x = 0.3),
of permittivity (TCP) near 0, which make them an and the temperature stability was slightly improved

important branch of high-performance electronic devices (TCP only decreased from 0.086 to 0.037) [11].
[2]. In practical applications, electronic components are Although the addition of ZA effectively reduces the
often used in extreme temperature environments [3], dielectric permittivity, there is still a certain gap
such as universe exploration, oil drilling, Antarctica, between the temperature stability and the practical
and the Arctic Ocean; thus, the high-temperature stability application. The dielectric properties and temperature
of microwave dielectric ceramics is particularly important sensitivity of ferroelectric ceramics can also be improved
to satisfy industry requirements. by adjusting the sintering process parameters [12-15].

BaysSrysTiO; (BST) has attracted much attention It is well known that increasing the sintering times
owing to its high tunability, low tand, and suitable could change the density, and hardness of ceramic

dielectric permittivity [4, 5]. However, the high permittivity materials [16-19]. For example, Fang et al. found that
(>4000) and temperature stability (TCP =0.086) of the relative density of Ba(Mg;;3Ta,3)O; calcined repeatedly
BST limits its application [6]. Combining linear dielectric was about 1% higher than that of Ba(Mg;;5Tay;3)O;

materials with low permittivity has become an effective calcined only once [20]. However, the effect of
approach to reduce the permittivity enhance temperature sintering times on the dielectric properties and thermal
stability of BST [7-9]. ZnAlL,O, (ZA) with low dielectric stability has rarely been studied.
permittivity and low loss could be used as the second In this study, 0.8BST/0.2ZA composite powders were
element composite material with BST for reducing prepared. Using double sintering method, extending
holding time, increasing sintering temperature to be
*Corresponding author: burn into a composite ceramic, then divided into
EZL igg:gg;:ﬁ;ggi; double sintering group (double sintering method) and
E-mail: zhang6666666@163.com single sintering group (increasing sintering temperature,
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extending holding time). The phase compositions,
microstructure and dielectric properties of the ceramics
were well studied.

Experimental Procedure

0.8Baj 5S19sTi05/0.2ZnAl,0, (BST/ZA) powders
were prepared by a traditional solid-phase method and
hydrothermal method. BaTiO; (99.5%), SrTiO; (99.5%),
AL(SO4), 18H,0  (99.0%), H,NCONH, (99.0%),
ZnS0O4 7H,0 (99.5%), and Ci,H,505S-Na (90%) were
selected as the starting materials.

BaTiO; and SrTiO; powders were stoichiometrically
weighed and mixed for 12 h using ethanol and ZrO
balls after drying. The mixtures were prefired at 1250
°C for 4 h and then sieved using a 300-mesh screen.
After that, Alz(SO4)218H20, ZHSO4'7H20, HzNCONHQ,
and C;,H,50;S-Na were dissolved in distilled water,
and then BST was added to the solution according to
the ZA/BST molar ratio of 2:8 with ultrasonic
treatment for 15 min. Subsequently, the dispersed
solution was poured into a hydrothermal kettle, which
was placed in a vacuum drying oven at 160 °C and
reacted for 8 hours. After that, the hydrothermal powders
were filtered, centrifuged, ground, and calcined at

337

1100 °C for 4 hours. After sieving, the polyvinyl butyral
binder was added to the powders for granulation and
then pressed into cylindrical green bodies. Next, heat
treatment (550 °C) was applied to the green bodies for
4 h to burn the binders off. As shown in Fig. 1, some
of the debindered samples were sintered at 1300 °C for
4 hours (Sample A) and 8 hours (Sample B) and at
1350 °C for 4 hours (Sample C) for continuous grain
growth. To successfully carry out double sintering, we
sintered ZA/BST at 1300 °C and 1350 °C, among which
the sample sintered at 1350 °C showed intergranular
fracture. Therefore, 1300 °C was selected as the first
sintering temperature. Therefore, the remaining samples
were first sintered at 1300 °C for 4 hours and further
resintered at 1300 °C for 8 hours (Sample D) for the
double sintering group.

X-ray diffraction (XRD, Bruker AXS D8 Advance,
Germany) was used to analyse the phase composition
of the ceramics. The microstructure and element
distribution of the sample were tested by scanning
electron microscopy (SEM, Quanta 250 USA) and
energy dispersive spectrometry (EDS). An impedance
analyser (Tonghui 2827C, China) was used to measure
the dielectric properties of the ceramics. The leakage
current of ceramic samples was tested by a ferroelectric
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Fig. 1. Different sintering systems: Sample A (sintering at 1300 °C for 4 h), Sample B (sintering at 1300 °C for 8 h), Sample C (sintering
at 1350 °C for 4 h), and Sample D (sintering at 1300 °C for 4 h and then sintering at 1300 °C for 8 h).
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analyser (Radiant, YQ094244 USA). The sample
density and hole fraction were measured using the
Archimedes drainage method.

Results and Discussion

Figure 2 shows the XRD patterns of the prepared
BST/ZA. A new third phase BaAl;;0O,9 was formed in
addition to spinel-structured ZnAl,O, (PDF#01-1146)
and perovskite-structured BaysSrysTiO; (PDF#39-1395)
due to ion diffusion between ZA and BST. The
formation of the third phase was related to the
instability of the BST structure caused by the eccentric
displacement of Sr** ions [21]. Instability of the BST
structure led to AI*" entering the BST lattice, which
caused BST lattice distortion.

From the SEM image (Fig. 3), it was found that all
samples showed different pore sizes. With the increase
in sintering temperature and the extension of holding
time, ZA/BST composite ceramic grains showed
different degrees of growth. Fig. 3(a-c) exhibits distinct
cubes, while Fig. 3(d) is more rounded and smoother.
Comparing Sample D with Sample A, it can be found
that the grain growth in Sample D is inhibited due to
the inadequate energy. Sample A and Sample B has a
porosity greater than 1 um, which is very detrimental
to ferroelectric performance [22]. Sample C has a
shallow crack (upper left corner shown in Fig. 3(c)),
which may be an intergranular fracture caused by
impurity ions. Increasing sintering temperature and
prolonging sintering time are beneficial to increase
relative density. The relative density of the Sample D is
about 3% higher than that of the Sample A. Figure 3(d)
shows that we have not obtained Sample D is obtained
by repeated sintering of Sample A. The large number
of small flake grains is attached near the grains of

¥ BaySrsTiO, A ZnALO, -BaAl,0,,
v

Sample A

v 5 .
’ 1 v
X . J‘, =8 A a)( v a)\a Ap_ vV ¥

Sample B
1 A L i T e

Sample C
A JL A A

Sample D
A A l. A N Jk A A

20 30 40 50 60 70 80
26 (degree)
Fig. 2. XRD of BST/ZA composite ceramics.

Sample D, which may be due to the migration of ZA
attached to BST to the grain gap of BST during the
secondary sintering process, resulting in a relative
increase.

Figure 4 shows the variation in dielectric permittivity
and loss of BST/ZA composite ceramics in the frequency
range of 20 Hz-1 MHz at room temperature. The
dielectric permittivity and loss decrease with increasing
frequency, which is attributed to the polarization
behavior of dielectric materials [23]. The influencing
factors in the low frequency range are mainly due to
space charge polarization and orientation polarization,
and the influencing factors in the high frequency range
are mainly due to relaxation polarization and displacement
polarization. The dielectric permittivity and dielectric
loss of the double sintered samples are much lower

Relative Density (%)
ko2 B

B

Sample A Sample B Sample C

Fig. 3. SEM images of BST/ZA composite ceramics at (a) Sample A, (b) Sample B, (c) Sample C and (d) Sample D. (e) is the relative density
of all ceramics. The inset shows the grain size distribution.
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Fig. 4. Frequency-dependent relative permittivity (&) of BST/ZA composite ceramics.

than those of the other samples. We believe that this
low dielectric constant and loss may be due to the
change in morphology after double sintering, as we
discussed in Fig. 3. Generally, the dielectric permittivity
of pure BST is approximately 7500, and the dielectric
constant of ZA added to BST is approximately 6000-
200, while the dielectric constant of 0.8 BST/0.2ZA
with the double sintering process is approximately 30%
of that of the traditional sintering method, and the loss
is approximately 10%.

To obtain the stability of the dielectric permittivity on
composite ceramics with different frequencies, the
frequency dispersion factor is adopted:

F(x) = [£(100)-¢,(x))/£(100) (1)

where F(x) represents the frequency dispersion factor
at x Hz, (100) is the permittivity at 100 Hz, and &(x)
represents the permittivity at x Hz. A low F(X)
represents better dielectric frequency stability [24]. The
calculated results of F(x) of the composite ceramics of
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Fig. 5. Frequency dispersion factor with frequency for BST/ZA
composite ceramics.

the single sintering samples and the double sintering
sample are shown in Fig. 5. The frequency dispersion
factor shows an upwards tendency with increasing
frequency. The frequency dispersion factor rises rapidly
below 1000 Hz, and the frequency dispersion factor
rises slowly above 1000 Hz. This is because the
dielectric permittivity changes rapidly at low frequencies,
and the lower dielectric permittivity does not change
significantly at high frequencies. At 1 MHz, the
maximum frequency dispersion factors corresponding
to samples A, B, C, and D are 0.88, 0.87, 0.87, and
0.51, respectively. This indicates that the Sample D has
better frequency stability than the single sintering
samples.

To illustrate the dielectric properties of BST/ZA
composite  ceramics, the temperature-dependent
permittivity was measured from -100 °C to 100 °C at
10 kHz. The results are shown in Fig. 6. Among all
samples, only Sample D has the lowest dielectric
permittivity of 220 at 10 kHz, which is related to the
weakening of space charge polarization by secondary
sintering. Since a large amount of AI’* enters the BST
lattice to form a third phase (BaAl,O49) [25], the
dielectric peaks of Sample A, Sample B, and Sample C
are all above 0 °C.

Compared with the single sintering samples, the
dielectric peak of the double sintering sample moved to
low temperature. The dielectric loss was greatly
reduced due to the dense structure. The dielectric peak
of the double sintering sample was approximately -41
°C, indicating that the transformation of the ferroelectric
phase to the paraelectric phase was completed around
this temperature. The main reason for the low phase
transition temperature of Sample D is that Sample D
has smaller grains and interface polarization guided by
defects at grain boundaries. It is known from SEM that
Sample D has more grain boundaries than Sample B
and Sample C. It is well known that there are higher
energy and more defects at the grain boundary [26, 27],
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Fig. 6. Temperature dependence of permittivity and loss tand of BST/ZA composite ceramics measured at 10 kHz. The inset shows the

temperature dependence of the permittivity of Sample D.

Table 1. Dielectric properties of the BST/ZA composite ceramics.

Dielectric properties (10 kHz)

At about At about At about At about
T e (°C) -30°C TCP 0°C TCP 30°C TCP 45°C TCP
€ € € €
Sample A 23 323 0.0411 602 0.0307 594 -0.1041 155 -0.2557
Sample B 9 260 0.0126 357 0.0100 188 -0.0507 149 -0.0444
Sample C 22 367 0.0157 458 0.0207 609 -0.0119 311 -0.0497
Sample D -41 217 -0.0012 190 -0.0038 181 -0.0030 155 -0.0048

resulting in structural instability in the grain boundary
region. The decrease of the phase transition temperature
of Sample D is due to the instability of the crystal
structure caused by the second sintering to increase the
energy of the grain boundary.

Table 1 lists the TCP values calculated (temperature:
-30 °C, 0 °C, 30 °C, 45 °C). Increasing the sintering
temperature and extending holding time, the TCP value
will decrease.The lower the TCP value, the better the
temperature stability. The TCP value of the Sample D
at all temperatures is closest to 0. TCP is related to the
dielectric peak broadening effect. The lowest TCP
value of Sample D may be caused by high surface
energy at grain boundaries and improvement of density.
In summary, the thermal stability of Sample D is
maintained at a good level over a wide temperature
range. Enhance in dielectric temperature stability is
consistent with the broadening of the dielectric peak.
This is very beneficial to the application of microwave
dielectric ceramics at different temperatures [28].

To illustrate the influence of two group composite
ceramics on the conductivity behavior of BST/ZA
ceramics, the functional relationship between the
current density and the electric field (J-E curve) was

Bl

Current (A/ecm”)
A

1E-7

1E-8 o J —8— Sample A
—&8— Sample B
—d— Sample C

—w— Sample D

-0.2 0.1 0.0

E (KV/cm)

0.2

Fig. 7. The J-E curves of BST/ZA composite ceramics under
different sintering systems.

tested, as shown in Fig. 7. J-E curves of all samples
showed the asymmetry phenomenon of the axis
indicating that there was a bias electric field in the
ceramic, which may be caused by the imbalance
between oxygen vacancies and charged carriers [29].
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The current density of Sample D at the maximum
electric field intensity of 0.25 kV/cm is 3.98 x 10° A/
cm?, which is significantly lower than that of other
samples. The improved electrical insulation may be
related to the increase of grain boundary and the
increase of relative density caused by secondary
sintering. The low loss of the Sample D in Fig. 4(b)
and Fig. 6(b) may also contribute to the low leakage
current.

Conclusions

In summary, BST/ZA composite ceramics were
synthesized by the solid-phase method and hydrothermal
method. Different sintering methods significantly changed
the crystal structure and performance of BST/ZA
composite ceramics. Compared with the single sintering
samples, the crystal grains of the samples prepared by
double sintering were more uniform and had better
frequency stability. The permittivity and loss of single
sintering samples were significantly reduced, the
dielectric peak shifted to the low temperature direction,
and the dielectric temperature stability of the sample
was effectively improved with TCP = -0.0086, which
was 10 times smaller than that of pure BST. The
composite ceramics of the double sintering sample in
this study have suitable permittivity, low loss, and good
dielectric temperature stability for practical applications.
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