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Abstract

Ba(Zr, ;Ti, ;)O; (BZT) ceramics was prepared by using conventional solid state reaction. The effects of sin-
tering temperature and holding time on the crystal structure, surface morphology, dielectric, ferroelectric and
piezoelectric properties of the BZT ceramics were systematically investigated. X-ray diffraction (XRD) re-
sults confirm single cubic perovskite phase in all the sintered samples. Microstructure analysis using scanning
electron microscopy (SEM) reveals that the grain sizes increase with increasing the sintering temperature. Di-
electric spectroscopy performed in the range of 20 Hz to 2 MHz at room temperature shows that the dielectric
constant increases with the sintering temperature and the dielectric constant of the BZT ceramics sintered at
1400 °C for 8 h is around 11500. The ferroelectric hysteresis loops show that the coercive field decreases with
the holding time, while the remnant polarization does not change obviously. The maximum strain is 0.023% for
the sample sintered at 1400 °C for 4 h. It is found that the maximum value of the direct piezoelectric coefficient
(ds3) of the BZT ceramics sintered at 1400 °C for 8 h measured at room temperature is 36.7 pC/N.
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I. Introduction In recent years, many researchers have studied the
effects of sintering temperatures and holding time on
the structure and dielectric properties of BZT ceram-
ics [7-15]. It was reported that the maximum of dielec-
tric constant of BZT ceramics increased from 3600 to
5800 as the sintering temperature increased from 1400
to 1550 °C. A further increase in the sintering temper-
ature to 1600 °C results in a drop of the maximum of
dielectric constant to 4300 [7]. Mahesh [8] investigated
the effect of sintering temperature in the range of 1350—
1450 °C on the microstructure and electrical properties
of Ba(Zr ,5Ti, ¢5)O, ceramics, and found that the max-
imum dielectric constant decreased along with an in-
crease in the degree of diffuseness. However, when the
temperature reaches 1450 °C, both the structure and the
electric properties deteriorate significantly. So the di-
electric constant of BZT ceramics attains the maximum
value only at certain temperature, and with further rise
in temperature it decreases [9]. Moreover, Cai et al. [10]
found that when the holding time increases from 0.5h
to 8h, the average grain size of Ba(Zr,Ti,s)O; ce-
ramics sintered at 1350 °C increases from 25 to 80 um

Barium titanate (BaTiO,, BTO), ferroelectric mate-
rial with excellent dielectric, piezoelectric and ferro-
electric properties, has been attracting increasing at-
tention due to its widespread application in multilayer
ceramic capacitor, thermistor, ferroelectric random ac-
cess memory, resonator, temperature sensor, piezoelec-
tric sensor, photoelectric device, actuator, etc. [1,2]. In
order to further reduce the dielectric loss at low frequen-
cies and increase the stability of the dielectric constant
at bias voltages, Zr** was usually chosen as dopant to
form barium zirconate titanate (Ba(Zr,Ti, )O,, BZT)
[3,4]. BZT is a potential candidate as lead free per-
ovskite which helps to replace lead based ceramics
which are harmful to environment. Due to its high di-
electric constant, low dielectric loss and good tunability,
BZT has attracted immense attentions for its potential
applications in dynamic random access memory, piezo-
electric actuators and microwave technology [5,6].
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monotonously. At the same time, the coercive elec-
tric field decreases while the remanent polarization in-
creases as the grain size of BZT ceramics increases.

Among the various compositions of BZT,
Ba(Zr,;Ti,,)O; shows more stable relaxation be-
haviour, larger tunability and lower dielectric loss.
Therefore, Ba(Zr, ;Ti;;)O; ceramics can be used for
tunable application [7,16]. However, the effects of the
various sintering temperature and holding time on the
structure and electric properties of BZT ceramics have
not been analysed systematically together. Therefore, in
this paper, we report the effects of sintering temperature
and holding time on the microstructure, dielectric
properties, ferroelectric properties and piezoelectric
properties of Ba(Zr,, ;Ti, ,)O; ceramics.

II. Experimental procedure

2.1. Sample preparation

Barium zirconate titanate (BZT) ceramics was pre-
pared by solid state reaction method. The raw materials
are barium carbonate (99.8%, AR, Aladdin), titanium
dioxide (99.8%, AR, Aladdin), zirconium oxide (99.0%,
AR, Aladdin). The starting materials were weighted ac-
cording to stoichiometry and then mixed and ball milled
for 8 h by the planetary ball mill (XQM-4, Tencan pow-
der Co., Ltd, China). After obtained slurry drying, the
mixtures were calcined at 1100 °C for 4 h in a chamber
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Figure 1. XRD patterns of BZT ceramics sintered at
different temperatures: a) 1350 °C and b) 1400 °C
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furnace (KBF1700, Nanjing Nanda instrument plant,
China), and then the calcined powders were ground
again for 8h. After that, the powder mixtures were
pressed at 12 MPa into pellets with the size of 10 mm
diameter and 1 mm thickness using liquid paraffin as a
binder. After liquid paraffin was burnt off, the samples
were sintered at 1350 and 1400 °C for 4, 6 and 8 h, re-
spectively. For the measurement of electric properties,
the sintered samples were polished and coated with con-
ductive silver paste on the upper and lower surfaces and
then burned at 800 °C for 30 min. After that, the sam-
ples were poled under DC field of 20 kV/cm for 25 min
at 40 °C in a silicone oil bath.

2.2. Samples characterization

The crystalline structure of the BZT ceramics was
determined by X-ray diffraction (SmartLab, Rigaku,
Japan) using Cu (K@) radiation source (1 = 1.541781&)
in the 26 range of 20-80°. The morphologies of the sin-
tered samples were analysed with field emission scan-
ning electron microscopy (S-3700N, Hitachi, Japan).
The electric field-induced polarization (P-E) and strain
($-E) measurements were performed by using a ferro-
electric test unit (TF2000, aix-ACCT Inc., Germany),
and d33 was measured by a quasi-static di3 meter (ZJ-
4AN, Institute of Acoustics, Chinese Academy of Sci-
ences, China).

The frequency dependence of dielectric permittivity
was investigated at room temperature in the frequency
range of 20 Hz to 2 MHz by using impedance analyser
(E4980A, Agilent, USA). The temperature dependence
of the dielectric permittivity was also studied in the tem-
perature range of 0 to 100 °C at 1 kHz. Agilent 4294A
was used to characterize the impedance spectroscopy
from 100 Hz to 1 MHz at room temperature.

The dielectric constant was calculated from the ca-
pacitance using the following equation:

_C-t
_So-A

(M

&

where C is the capacitance, d is the thickness of the sam-
ple, A is the diameter of the ceramic wafer, and & is the
permittivity of vacuum (8.85 x 10712 F/m).

The densities (p) of BZT ceramics were measured by
the Archimedes drainage method, and the porosity of
the samples is equal to (pg — p)/po, where pg is the the-
oretical density of BZT ceramics [17].

IT1. Results and discussions

3.1. Crystal structure

The XRD patterns of the BZT ceramics sintered at
different temperatures are presented in Fig. 1. It shows
that all the BZT ceramic samples have single per-
ovskite phase structure. The absence of any secondary
phases proves that the equivalent substitution of Ti**
(0.068 nm) by Zr** (0.087 nm) results in a homoge-
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Table 1. Lattice parameter, relative density and porosity of BZT ceramics sintered at different conditions

Sample 1350°C/4h  1350°C/6h 1350°C/8h 1400°C/4h 14000°C/6h 1400°C/8h
a [nm] 0.43691 0.44425 0.45251 0.44435 0.43220 0.41765
Density [TD%] 94.8 93.7 95.4 94.6 96.3 95.8
Porosity [%] 52 6.3 4.6 54 3.7 4.2
Grai size [um] 31.0 333 39.6 32.1 34.5 43.4

neous solid solution [11]. In addition, the diffraction
peaks of all the ceramics shift towards lower angle, in-
dicating that the lattice parameters are increased due to
the substitution by a larger Zr ion at the titanium site
(listed in Table 1). Nevertheless, the diffraction peaks
of the BZT ceramic samples sintered at 1400 °C shift to
higher 26 angle when the holding time is between 6 and
8 h. This indicates that the larger lattice parameter of the
BZT ceramic samples sintered at 1400 °C is achieved
at4h.

3.2. Surface morphology

Figure 2 shows SEM images of the BZT ceramics
sintered at different temperatures. It can be seen that

100KV, #/Gmm ‘x;’\oojs -

all BZT ceramics shows high density with low poros-
ity and irregularly shaped grains. The relative densi-
ties can be used to estimate the density of microstruc-
ture of ceramics calculated according to the ratio of the
measured density to the theoretical density. The relative
densities of the sintered BZT ceramics are in the range
from 93.7 to 96.3 %TD, and porosity 3.7 to 6.3% (Ta-
ble 1). There are some small grains at the boundaries of
large grains. This situation is caused by abnormal grain
growth [18,19] occurring as a result of very high local
rates of interface migration and is enhanced by the top-
ically formed liquid at grain boundaries [9]. Since there
is no liquid phase in the SEM images, the abnormal
grain growth may have been caused by different mecha-

Figure 2. Scanning electron micrograph of BZT ceramics sintered under different conditions: a) 1350 °C/4 h, b) 1350 °C/6 h,
¢) 1350 °C/8 h, d) 1400 °C/4 h, e) 1400 °C/6 h and f) 1400 °C/8 h
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Figure 3. Frequency dependence of the dielectric constant and dielectric loss of BZT ceramics sintered under different
conditions: a) 1350 °C and b) 1400 °C

nisms, such as anisotropic grain boundary energies [20].
The average grain sizes of the BZT ceramics were
evaluated from SEM images using software Nano
Measurer 1.2 and are 31.0, 33.3, 39.6, 32.1, 34.5
and 43.4um, for the samples sintered at 1350°C/4 h,
1350°C/6h, 1350°C/8h 1400 °C/4h, 1400°C/6h and
1400 °C/8 h, respectively (Table 1). It is obvious that the
average grain size of the BZT ceramics increases with
the increase of sintering temperature and holding time.

3.3. Dielectric properties

The frequency dependences of &, and tan¢ of the
BZT ceramics obtained under different sintering condi-
tions are illustrated in Fig. 3. The following points can
be recognised:

1. Atlow frequencies, the dielectric constant decreases
sharply with the increase of frequency, while it tends
to be stable at high frequencies. This is due to the
different mechanisms of polarization at different fre-
quencies. At low frequency range, the polarization
mechanism of ferroelectric materials includes dis-
placement polarization, ion displacement polariza-
tion, space charge polarization and dipole transi-
tion polarization and all polarization mechanisms
contribute to the dielectric constant. At higher fre-
quencies, the dielectric constant may be mainly con-
tributed by the electron displacement polarization
mechanism. Many ferroelectric materials have this
kind of behaviour [12].

. The dielectric constant increases with the increase of

holding time and sintering temperature, due to the in-

crease of the average grain sizes [13]. The dielectric
constant of the BZT ceramics sintered at 1400 °C for

8h is around 11500.

It is observed that the dielectric loss was higher at

lower frequencies and that it decreases with the in-

crease of frequency. This is evidence that the sample
sintered for 8 h has lower value of loss tangent. With
the increase of holding time, the dielectric loss is ob-
viously reduced. It can also be seen (Fig. 3) that the
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dielectric loss of the BZT ceramics is relatively high.
One can conclude that from one hand, as the grain
size increases with increased holding time, bigger
grain size implies lesser grain boundaries and maybe
minor defects and space charges, which will result in
lower dielectric loss. On the other hand, the unequal
BZT ceramics grain size leads to the anomaly of
interaction between grain and grain boundary, thus
leading to significant increase in the friction in do-
main wall motion, therefore dielectric loss of the
BZT ceramics is larger [21].

The temperature dependence of dielectric properties
for the BZT ceramics at 1 kHz is shown in Fig. 4. It can
be seen from Fig. 4a that the maximum dielectric con-
stant of the sample sintered at 1350 °C for 8 h is higher
than that of the samples sintered for 4 and 6 h. The max-
imum dielectric constant of the BZT ceramics sintered
at 1350°C for 8h at 1kHz is up to 9000. The maxi-
mum dielectric constant of the BZT ceramics sintered
at 1400 °C for 6h is somewhat larger than that of the
samples sintered for 4 and 8 h. The maximal dielectric
constant of the BZT ceramics sintered at 1400 °C for 6 h
at 1 kHz is up to 10500.

In the temperature range from 0 to 100 °C, the tem-
perature dependences of dielectric constant and loss tan-
gent at 1 kHz are shown in Fig. 5. It is interesting that the
dielectric peaks slightly shift toward lower temperatures
with increasing the sintering temperature. The reason
may be that the Zr** ion (0.087 nm) has a larger ionic
size than that of Ti** ion, and more Zr** ions can dif-
fuse into the BaTiO, lattice to substitute Ti** ions (B
site) with increasing the sintering temperature, which
can expand the lattice. It also indicates that the maxi-
mum dielectric constant of the BZT ceramics sintered
1400 °C is higher than that of the sample sintered at
1350°C. As seen in Fig. 5a and Sc, the dielectric loss
of BZT ceramics sintered at 1400 °C is higher than that
of the samples sintered at 1350 °C. While Fig. 5b indi-
cates that near the Curie temperature, the dielectric loss
of BZT ceramics sintered at 1350 °C is lower than that
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Figure 4. Temperature dependence of the dielectric constant at 1 kHz of the BZT ceramics sintered at various
temperatures: a) 1350 °C and b) 1400 °C

of the samples sintered at 1400 °C.

As it is well known, the diffuse phase transition is
usually characterized by the deviation from the Curie-
Weiss law, and the parameter AT, is introduced to show
the degree of this deviation defined as:

ATm = Tcw - Tm (2)
where T.,, indicates the temperature from which the di-
electric constant starts to deviate from the Curie-Weiss

law, while T,, represents the temperature corresponding
to the maximum dielectric constant.

Normal ferroelectrics in the paraelectric state, i.e.
above the Curie temperature 7, follow the Curie-Weiss
law described by:

- Ty
C

(T >T.) 3)

where T is the Curie-Weiss temperature and C is the
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Figure 6. Plots of In(1/& — 1/¢,,) as a function of In(T — T,,) of BZT ceramic samples: a) 1350 °C and b) 1400 °C

Curie-Weiss constant. A diffuse phase in ferroelectric
material is generally characterized by three factors: i)
deviation from the Curie-Weiss law in the vicinity of the
Curie point, ii) the broadening of the dielectric constant
maxima at the Curie temperature and iii) separation be-
tween the maximum of dielectric constant and dielec-
tric loss. A modified Curie-Weiss law was proposed by
Uchino et al. [22] to describe the diffuseness of the fer-
roelectric phase transition as:

1 1 (T-T)

g &y C’

“)

where y and C’ are assumed to be constants, &, repre-
sents dielectric constant at 7, and vy is diffuseness con-
stant. The parameter y gives information on the charac-
ter of the phase transition: for y = 1, a normal Curie-
Weiss law is followed, whereas y = 2 describes a com-
plete diffuse phase transition.

The plots of In(1/e—1/g,,) as a function of In(T - T,,)
for the BZT ceramics sintered at two temperatures are
shown in Fig. 6. A linear relationship is observed. The
slope of the fitting curves by Eq. 4 is used to determine
the y value (Table 2). Figure 6 shows that the BZT ce-
ramics sintered at high temperature exhibits a strong dif-
fuse phase transition. Probably crystallization was not
complete and amorphous phase was present at lower
sintering temperature in BZT ceramics, while the crys-
tallization phase with relaxor had been fully formed at
higher sintering temperature [14]. However, the diffuse-
ness of phase transition of the BZT ceramics sintered at
1350°C for 4h is more than that of the ceramics sin-
tered at 1400 °C for 4 h. The results can possibly be ex-
plained as different internal stresses existing in samples
with various grain sizes. If the grain size is small, the
internal stress can be high, and thus the diffuseness of
phase transition enhanced [23].

Figure 7 shows a Nyquist plot (Z’ vs. Z” plot) of all
the BZT ceramics studied. Generally speaking, the rela-
tion at low test temperatures between Z’ and Z” is linear
which gradually converts to semicircle with an increase
in the temperature [9]. However, the characteristic semi-
circles cannot be seen, because of the low test tempera-

50

Table 2. The temperature (7',,) of dielectric constant
maximum, the inverse maximum dielectric constant (1/¢&,,)
and the diffuseness constant (y) for BZT ceramic samples
sintered at different temperatures

Sample T, [°C] 1/, [x1074] v
1350°C/4h 60 1.46 2.18
1350°C/6h 58 1.75 1.42
1350°C/8h 64 1.07 2.04
1400°C/4h 56 1.29 1.82
1400°C/6h 58 0.95 1.57
1400°C/8h 58 1.05 2.08

tures (< 275 °C) the Z” values are very high indicating
high resistivity of the sample and hence the plots ob-
tained at room temperatures linearly line up towards Z”
axis [24].

The Z” magnitude of the BZT ceramics for the same
holding time decreases with increasing sintering tem-
perature, showing the presence of relaxation process in
the material. However, the curves of the samples sin-
tered for 6 h almost coincided. The Z”” values increase as
the holding time increases and the impedances of sam-
ples sintered for 8 h are the highest (Fig. 7). The rea-
son may be that the porosities of the samples sintered

—&— 1400 °C/4h
—e— 1350 °C/4h
—a&— 1350 °C/6h
—¥— 1400 °C/8h
—4— 1400 °C/6h
—»— 1350 °C/8h

2" [kQ]

T T T
200 250 300

15IO
Z' [kQ]

350

Figure 7. Variation of real (Z’) and imaginary part (Z") of
impedance at room temperature for sintered BZT ceramics
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for 8 h are much lower than in other samples. However,
the Z” values of the samples sintered at 1400 °C for 6 h
are lower than that of the samples sintered at 1400 °C
for 4 h.

3.4. Ferroelectric properties

Figure 8 shows the ferroelectric hysteresis loops of
the BZT ceramics measured at room temperature and
500 Hz. It is seen that all the BZT ceramics have obvious
ferroelectric character. The holding time dependences
of remnant polarization (P,) and coercive field (E,) are
shown in Fig. 9. It is found that the remnant polarization
and the coercive field of the BZT ceramics sintered at
the same temperature decrease as holding time increases
except for the sample sintered at 1350 °C for 6 h.

The hysteresis loops of the BZT ceramics can be
clearly seen from Fig. 10. The loops were measured
by using a triangular voltage pulse with a frequency of
500 Hz at room temperature. As shown in Table 3 and
Fig. 10, it can be found that the coercive field of the
BZT ceramics sintered for 4 h and 8 h decreases as the
sintering temperature increases from 1350 to 1400 °C,
which may be due to the size effect. The size of the
grains tends to affect the energy barrier required to over-
come the domain switching. The larger the grain is, the
smaller the energy barrier is required to overcome the
domain switching, therefore the smaller coercive field
is required.

38
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Figure 10b is the hysteresis loop of the BZT ceramics
sintered for 6 h. Although the two curves are almost co-
incident from the graph, the coercive field increases as
the sintering temperature increases according to Table
3. It is also observed that at the same holding time, the
remnant polarization of the BZT ceramics sintered for 6
and 8 h decreases as the sintering temperature increases.
This result is inconsistent with that reported by Alkathy
et al. [15]. It is well known that when grains are larger,
fraction of grain boundaries is lower. The reversal polar-
ization process of a ferroelectric domain is much easier
inside a large grain than in a small grain [6]. Conse-
quently, the remnant polarization enhanced as the grain
size increased. However, due to the abnormal growth
of grains, grain and grain boundary interaction will be
abnormal, which makes the performance of the BZT ce-
ramics to degrade [21]. So the result that shows that the
remnant polarization of BZT ceramics decreases as the
sintering temperature increases may be abnormal due to
the abnormal growth of grains.

Additionally, the hysteresis loops of the BZT ceram-
ics measured at different frequencies are shown in Fig.
11. All ceramics show typical ferroelectric hysteresis
loop. It can be seen that the remanent polarization and
coercive field decrease with the increase of frequency
due to the presence of electron and ion displacement po-
larization and space charge polarization in the samples.
When the frequency increases from 10Hz to 2kHz,

T L T w T ¥ T L T 36
321 . -3.4
304 3.2
& leapss o=
S - L28 S
9 <
- 2.6 r2.6 5
2.4
2.4
122
2.2+ ; ; T —+2.0
4 5 6 7 8

Holding time [h]

Figure 9. Holding time dependences of the remnant polarization (P,) and the coercive field (E.) of the BZT ceramics sintered
at: a) 1350 °C and b) 1400 °C
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Figure 10. Hysteresis loops of BZT ceramics sintered at different holding times: a) 4h,b) 6h and ¢) 8 h
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Figure 11. Hysteresis loops at different frequencies of BZT ceramics sintered: a) 1350 °C/4 h, b) 1350 °C/6 h, c¢) 1350 °C/8 h,
d) 1400 °C/4 h, e) 1400 °C/6 h and f) 1400 °C/8 h
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Table 3. The coercive electric field (E.), remnant polarization (P,) and d3; values of sintered BZT ceramics

Sample

Sintering conditions

1350°C/4h  1350°C/6h 1350°C/8h 1400°C/4h 1400°C/6h 1400°C/8h
E. [kV/cm] 3.68 3.42 3.24 3.39 2.70 2.18
P, [MC/sz] 3.02 3.22 2.93 2.86 2.36 2.35
ds3 [pC/N] 26.8 13.5 35.6 20.9 34 36.7
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Figure 12. Hysteresis loops of BZT ceramics at different electric field: a) 1350 °C/4 h, b) 1350 °C/6 h, ¢) 1350 °C/8 h,
d) 1400 °C/4 h, e) 1400 °C/6 h and f) 1400 °C/8 h

the space charge polarization cannot keep up with the
change of electric field, which leads to the decrease of
remnant polarization and coercive field. It can be seen
from the Fig. 11 that the hysteresis loops become slen-
der as the sintering temperature and the holding time
increase.

Figure 12 shows the room temperature hysteresis
loops of the BZT ceramics measured at 500 Hz under
different electric fields. It can be seen that the hysteresis
loop becomes thinner with the increase of holding time
at the same sintering temperature. At the same time, as
the applied electric field increases, the electric domain
is easier to flip along the external electric field.

Figure 13 shows the bipolar field-induced strain (S-E)

curves for BZT ceramics. The result demonstrates that
all samples exhibited a butterfly-shaped strain hysteresis
loop with small strain. The strains of the samples sin-
tered at 1350 and 1400 °C for 4 h are larger than that of
other samples. The maximum strain (S ,,,,) response of
0.023% was obtained for the sample sintered at 1400 °C
for 4 h.

3.5. Piezoelectric properties

The direct piezoelectric coefficients (d33) of the BZT
ceramics measured at room temperature are shown in
Fig. 14. The d33 values of the BZT ceramics are listed
in Table 3. The maximum value is 36.7 pC/N for BZT
sample, which was sintered at 1400 °C for 8 h. Hwang

53



X. Zhang et al. / Processing and Application of Ceramics 12 [1] (2018) 45-55

0.025 |
-—1350 °C/4h
- 1350 °C/6h
0.020 +—1350 °C/h
1400 °C/4h
0.015 «—14bo “C/éh
= +1400 °C/gh
>,
£ 00104
[\]
2
n
0.005-
0.000
0005 +—T———T———T—T T T T T T T
00 -80 -60 -40 20 0 20 40 60 80 100
E [kV/cm]

Figure 13. Bipolar S-E loops of BZT ceramics
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Figure 14. The piezoelectric coefficient (d33) of BZT ceramics

et al. [19] found that the grain size of the piezoelectric
ceramics is one of the key factors with a significant in-
fluence on the piezoelectric properties. So the uneven
grain will greatly affect the piezoelectric properties.

IV. Conclusions

Ba(Zr,;Ti,,)O; (BZT) ceramics was prepared by
solid state reaction method. In this work, the effects of
sintering temperature and holding time on the structure,
electrical properties and diffuse phase transition were
investigated systematically.

The BZT ceramic samples sintered at 1350 and
1400 °C for 4, 6 and 8 h possess pure perovskite struc-
ture. The average grain size of the processed BZT ce-
ramics increases with the increase of sintering temper-
ature and holding time. There are uneven grains in the
BZT ceramics sintered at high temperature, which ad-
versely affects the properties of the ceramics. The tem-
perature dependence of the dielectric constant indicates
that the diffuse transition behaviour is enhanced with
the increase of sintering temperature. The diffuse phase
transition behaviour of the BZT ceramics becomes pro-
nounced at a high sintering temperature, implying a sin-

10.
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tering temperature-induced diffuse transition. The ferro-
electric and piezoelectric properties of the BZT ceram-
ics are directly related to the grain size. The control of
the grain size is of great significance to obtain excellent
performance of the BZT ceramics.
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