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(Bag g5Cag 15)(Zrg 1 Hf, Tig 9)O3 (BCZHT) ceramics were fabricated by a con-
ventional solid-state reaction method. The effects of Hf** on microstructure
and electric properties of BCZHT ceramics have been systematically investi-
gated. The x-ray diffraction (XRD) results indicate that the introduction of
Hf** in BCZHT ceramics induces phase transition from an orthorhombic
phase to the coexistence of tetragonal and orthorhombic phases, and the lat-
tice constant decreases with the increasing of Hf** content caused by substi-
tution of Hf** for Zr** at B sites. As Hf** content increases, the densification of
BCZHT ceramics is enhanced and the grain size increases. The introduction of
Hf** at B sites results in the fall of the Curie temperature and the increase of
dielectric constant in BCZHT ceramics. The temperature dependences of
dielectric properties of BCZHT (x = 0, 0.05 and 0.1) ceramics show obvious
diffuse phase transition characteristics, and the diffuseness of phase transi-
tion is enhanced with increasing of Hf** content. But there is no frequency
dispersion phenomenon in BCZHT (x = 0, 0.05 and 0.1) ceramics. The sub-
stitution of Hf** for Zr** at B sites of BCZHT ceramics makes its remnant
polarization increase, which results from the interaction of increased grain
size and tolerance factor. When temperature is above its Curie temperature,
the polarization—electric field curves of BCZHT (x = 0, 0.05 and 0.1) ceramics
still show nonlinear characteristics, which further proves that there is diffuse
phase transition and relaxor-like behavior. Moreover, the piezoelectric coef-
ficient of BCZHT ceramics increases as Hf** content increases.
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INTRODUCTION

Lead-free piezoelectric ceramics have attracted
considerable attention because of their non-toxicity
and excellent piezoelectric properties comparable
with Pb(Zr, Ti)O3 (PZT) ceramics."” To substitute
for PZT, a series of lead-free piezoelectric materials
such as ceramics based on BaTiOsBT),®> (Bi,
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Na)TiO3(BNT)*® and (K, Na)NbO3(KNN)*7 have
been extensively studied. Until 2009, Liu and Ren
found that Ba(Zro_2Ti0_8)03-x(Ba0.7Cao_3)TiO3 [i.e.
(Ba, Ca)(Zr, Ti)Os3, or BCZT] ceramics have out-
standing piezoelectric properties (the piezoelectric
coefficient d33 of (Ba0_85Ca0.15)(Zr0,1Ti0‘9)O3 ceram-
ics at room temperature is 620 pC/N) caused by the
existence of a morphotropic phase boundary (MPB),
which results in a nearly vanishing polarization
anisotropy and thus makes polarization rotation
between (001)T and (111)R states easier.®
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Despite their excellent piezoelectric properties,
BCZT ceramics still have a few drawbacks such as
low Curie temperature (60-100°C), strong temper-
ature dependence of piezoelectric properties and
high processing temperature (1300-1550°C).>!* In
order to solve these problems and further improve
the electric properties of BCZT ceramics, the opti-
mization of synthesis and sintering conditions,'™*?
texture'*'® and doping'®*?° have been adopted.
Among them, doping is an effective and simple
method to regulate microstructure and electric
properties, and the introduction of dopants has
been proven to improve electric properties and shift
the Curie temperature of BCZT ceramics by affect-
ing its domain structure and domain wall stabil-
ity. 2?1723 Zhou et al. found that the piezoelectric
properties of (Bagg5Cag 15)(Zro.10Ti0.90)03 ceramics
can be substantially improved by adding LiTaOs;
[the piezoelectric coefficient d33 is the highest (433
pC/N) after adding 0.3 mol.% LiTaOgz], and the
Curie temperature rises from 93°C to 102°C.'°
Wang et al. obtained (Bag g5Cag 15_+Pb.)(Zro 1Tig 90.
»S1,)O3 with a high Curie temperature (125°C) and
remarkable electric performance (piezoelectric coef-
ficient ds3 is up to 604 pC/N) by simultaneous
introduction of Pb* on A sites and Sn** on B sites.'®
Substitution of Pr®* for Ti** at B sites in
Bag g5Cag 152191 Tig 903 ceramics makes its piezo-
electric coefficient and the maximum dielectric
constant increase, and decreases its dielectric loss.*®
Moreover, the introduction of some sintering aids
(such as CuO, Biy,O3, Ca0-B,03-SiOy ) can lower the
calcining/sintering temperature of BCZT ceramics
and improve its microstructure and electric proper-
ties.?*2® The chemical property and ionic radius of
Hf** are similar to that of Zr*". In our previous
studies,?” we found that the substitution of Hf** for
Zr** at B sites in BaZr 5T sO5 ceramics can reduce
dielectric loss and increase the remnant polariza-
tion to a certain extent. Therefore, the introduction
of Hf** at B sites of BCZT ceramics may be an
effective approach to improve its electric properties.
However, there are very few reports on Hf-doped
BCZT ceramics.?® In this paper, we prepared
(Bag g5Cag.15)(Zrg 1_.Hf, Tig )O3 (BCZHT) ceramics
by a conventional solid-state reaction method and
systematically investigated the influences of Hf** on
its microstructure, dielectric, ferroelectric and
piezoelectric properties.

EXPERIMENTAL DETAILS
Preparation

(Bag.g5Cag.15)(Zro 1 Hf Tig9)Os (x = 0, 0.05 and
0.1) ceramics were fabricated by a conventional
solid-state reaction method. High-purity BaCOsg,
TiOy, ZrOy and HfO, powders, all >99.5% and
purchased from Sinopharm Group Co. Ltd., were
weighed in stoichiometric proportions and added
into a ball milling jar. They were then milled for 8 h
in distilled water and zirconia media. After the
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slurry was dried, the mixture consisting of BaCOs,
TiOs, ZrOy and HfO4 was calcined at 1250°C for 4 h
in air. The calcined powders were milled for 8 h and
then dried. The powders with added 7 wt.% binders
(15% polyvinyl alcohol solution) were compacted
into disk-shaped pellets with a diameter of 10.0 mm
and thickness of 1.0 mm under 20-MPa pressure.
The green pellets were sintered at 1400°C for 2 h in
air.

Characterization

X-ray diffraction (XRD) data of ceramic samples
were obtained using an x-ray diffractometer (Ri-
gaku, Smartlab, Japan, 35 kV, 25 mA) with Cu Ku
(2 = 0.15418 nm) radiation in the range of 20 (20°-
80°) at a scanning rate of 3°/min. The density of
ceramics was measured by Archimedes’ method.
The scanning electron microscope (Hitachi, S-
3700 N, Japan) was applied to observe the surface
morphology of ceramic samples. In order to measure
the dielectric and ferroelectric properties, silver
paste was painted on both sides of polished ceramic
samples and fired at 500°C for 30 min as the
electrodes. The temperature dependences of dielec-
tric constant and dielectric loss were obtained by an
LCR meter (Agilent, HP 4980A, USA) at 1 V/mm in
a range from 30°C to 300°C with 2°C/min. The
polarization—electric field (P-E) hysteresis loops
were determined with a ferroelectric test system
(aixACCT, TF2000E, Germany). To obtain the
piezoelectric coefficient of BCZHT ceramics, the
poling of the ceramic samples was performed at
room temperature by applying a direct current (DC)
field of 3 kV/mm for 30 min. The piezoelectric
coefficient d33 was measured by a Berlincourt-type
quasi-static ds3 meter (Institute of Acoustics, Chi-
nese Academy of Sciences, ZJ-4, China).

RESULTS AND DISCUSSION
Microstructure

Figure 1 illustrates the XRD patterns of BCZHT
ceramics. First, the XRD patterns of all ceramic
samples are very similar and show only a single
phase without the evidence of an impurity phase,
indicating that Hf** ions have diffused into the
lattice to form (Bag g5Cag 15)(Zrg 1 Hf, Tig 9)O3 solid
solution. The diffraction patterns of BCZHT (x = 0,
0.05 and 0.1) ceramics agree with JCPDS card no.
05-626 (BaTiOs3, P4 mm). To find out the phase
evolution, fine scanning is carried out in the diffrac-
tion angle range of 44°-46° and the results are
shown in Fig. 1b. The diffraction peaks around 45°
are separated by fitting the Gaussian-Lorentz line
shape, and the positions of the reflections are fixed
using the least square method. Generally speaking,
the diffraction peaks of BaTiOs ceramics at about
45° correspond to tetragonal (002)/(200)t, rhombo-
hedral (200)y and orthorhombic (200)/(220)q,
respectively.?? As shown in Fig. 1b, BCZHT (x = 0)
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Fig. 1. XRD patterns of BCZHT ceramics.
. . ion radius at the B sites. The lattice constant and
Table I. Lattice parameters of BCZHT ceramics tetragonality were calculated and listed in Table 1.
Lattice parameters Tetragonality To find out the influence of Hf‘“ on grain size and
densification of BCZHT ceramics, SEM was carried
x a (nm) ¢ (nm) cla out to obtain the surface morphology images (shown
— in Fig. 2). Firstly, the average grain size of BCZHT
0 4.0019 4.01135 1.0024 (x =0, 0.05 and 0.1) ceramics determined by the
0.05 4.00183 4.01112 1.0023 lineal intercept method is 12.4 ym, 14.7 ym and
0.1 3.99778 4.00549 1.0019

ceramics show the reflection intensity of (200)/
(220)p, which suggests the existence of an
orthorhombic phase. BCZHT (x =0.05 and 0.1)
ceramics show the reflection intensity of (002)/
(200)1 and (200)/(220)p, which implies the coexis-
tence of tetragonal and orthorhombic phases. There-
fore, it is concluded that the introduction of Hf** at
B sites can induce the phase evolution from an
orthorhombic structure to a mixture of tetragonal
and orthorhombic structures. The result is in agree-
ment with the literatures.?® Second, the diffraction
peaks such as (200)g of BCZHT ceramics shift to the
higher-angle region as Hf** content increases (see
green arrow dash dot line in Fig. 1b), which sug-
gests that the introduction of Hf** at B sites results
in the decrease of lattice constant according to the
Bragg equation (nl = 2dsinf). The ionic radii of
Hf*, Zr*™* and Ti** are 0.079 nm, 0.080 nm and
0.068 nm respectively. Thus, the decrease of lattice
constants caused by the introduction of Hf** results
from the substitution of Hf** with a relatively
smaller ion radius for Zr*" and relatively larger

16.6 um, respectively, which suggests that the sub-
stitution of Hf** for Zr** at B sites increases the
grain size of BCZHT ceramics. The increase of grain
size can be explained by the difference in ionic radii
of Hf** and Zr** at B sites. Since the ionic radius of
Hf** (0.079 nm) is smaller than that of Zr**
(0.080 nm), the partial substitution of Hf** for Zr**
results in greater mobility of the ions, which
promoted a rapid interdiffusion movement via the
grain boundary, favoring the formation of necks
between the grains as well as its growth and then
speeding up of the grain growth.?>>! Secondly, it is
found that BCZHT ceramics become denser as Hf**
content increases. To confirm the influence of Hf**
on densification of BCZHT ceramics, the density of
BCZHT ceramics was measured by Archimedes’
method, and then the relative density was obtained.
The relative densities of BCZHT (x = 0, 0.05 and
0.1) ceramics are 94.6%, 95.7% and 97.3%, respec-
tively, which indicates that the introduction of Hf**
at B sites is helpful to obtain higher densification.
The enhanced densification results from faster
diffusion speed caused by Hf** with a smaller ionic
radius at B sites. Moreover, it is seen that the grain
of the BCZHT ceramics becomes more uniform with
the increase of Hf** content.
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Fig. 2. SEM micrographs of BCZHT ceramics: (a) x = 0, (b) x = 0.05
and (c) x = 0.1.
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Electric Properties

Figure 3 shows dielectric constant and dielectric
loss as a function of temperature measured at
various frequencies for BCZHT ceramics. Firstly,
the dielectric constant peaks of BCZHT (x = 0, 0.05
and 0.1) ceramics decrease with the increase of
frequency, which is caused by different polarization
mechanisms. The result reveals the dielectric
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Fig. 3. Temperature dependences of dielectric constant and
dielectric loss of BCZHT ceramics: (a) x=0, (b) x=0.05 and (c)
x=0.1.

dispersion caused by a Maxwell-Wagner type of
interfacial polarization.®” In general, interfacial,
ionic and dipole polarizations respond to a low-
frequency region. As the frequency increases, the
interfacial and dipole polarization gradually could
not follow the change of electric field and relax
down,>® which leads to the decrease of the dielectric
constant of BCZHT ceramics. Secondly, the Curie
temperature corresponding to the maximum dielec-
tric constant of BCZHT (x =0, 0.05 and 0.1)
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ceramics remains unchanged with the increase of
frequency, which suggests that there is no obvious
frequency dispersion in BCZHT ceramics. Thirdly,
the dielectric loss of BCZHT (x = 0, 0.05 and 0.1)
ceramics decreases with the increase of frequency,
except that there is the dielectric loss peak around
100°C for BCZHT (x = 0 and 0.1) ceramics measured
at 1000 kHz. Moreover, the dielectric loss of BCZHT
(x = 0,0.05 and 0.1) ceramics sharply increases with
the rise of temperature when temperature is above
200°C, which results from increased leakage cur-
rent caused by enhanced mobility of a carrier, such
as electrons and holes at higher temperature.

The temperature dependences of dielectric con-
stant and loss of BCZHT ceramics measured at
1 kHz are given in Fig. 4. Firstly, it is seen that the
Curie temperature (T',) corresponding to the dielec-
tric constant peak of BCZHT (x = 0, 0.05 and 0.1)
ceramics is 109°C, 106°C and 95°C, respectively,
which suggests that the Curie temperature falls
with the increase of Hf** content. The results are
related to the change of tetragonality of BCZHT
ceramics. In general, the decrease of tetragonality
in BaTiOs-based materials can make the Curie
temperature fall, which is caused by the decrease of
internal stress.®* As mentioned above, the substi-
tution of Hf** for Zr** at B sites of BCZHT ceramics
make its tetragonality decrease, so that the Curie
temperature falls as Hf** content increases. Sec-
ondly, when x increases from 0 to 0.05 and 0.1, the
maximum dielectric constant of BCZHT ceramics
increases from 3637 to 4790 and 5637. It suggests
that the introduction of Hf** at B sites can increase
the dielectric constant, which is mainly caused by
the effect of grain size. The dielectric constant of the
grain boundary in ferroelectric materials is lower
than that of grain, so that the dielectric constant of
the ceramic sample with larger grain size is higher
than that of the sample with smaller grain size. As
mentioned above, the grain size of BCZHT ceramics
increases with the increasing of Hf** content, so the
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Fig. 4. Temperature dependences of dielectric constant and
dielectric loss of BCZHT (x = 0, 0.05 and 0.1) ceramics measured
at 1 kHz.

maximum dielectric constant increases. Thirdly, as
Hf** content (x) increases, the dielectric loss of
BCZHT ceramics slightly decreases when tempera-
ture is below 200°C, and the dielectric loss slightly
increases when temperature is above 200°C. More-
over, there is obvious broadening of the dielectric
constant peak corresponding to ferroelectric-para-
electric phase transition for BCZHT (x = 0, 0.05 and
0.1) ceramics. The result indicates that BCZHT
ceramics have a diffuse phase transition character-
istic, which is associated to structural disorder and
compositional fluctuations in the
(Bao_85Cao_15)(Zr0_1,foxTi0_9)03 solid solution.35

Diffuse phase transition is generally character-
ized by the broadening of the maximum dielectric
constant peak at the ferroelectric-paraelectric phase
transition temperature, a large separation between
the maxima of dielectric constant and that of
dielectric loss and a deviation from the Curie—Weiss
law in the vicinity of the Curie temperature.®® As is
well-known, the dielectric constant of a normal
ferroelectric follows the Curie-Weiss law above the
Curie temperature, described by

1/¢ = (T - To)/C (1)

where T is the Curie—-Weiss temperature and C is
the Curie—Weiss constant. The parameter AT},
which is often used to show the degree of the
deviation from the Curie-Weiss law, is defined as
follows:

AT = Tow — T 2)

where T'cw denotes the temperature from which the
dielectric constant starts to deviate from the Curie—
Weiss law, and T, represents the corresponding
temperature of the maximum dielectric constant.
Moreover, the diffuseness of the phase transition
can also be described by empirical parameter AT,
defined as follows:

AT = Ty, (1kHz) — T, (1 kHz) (3)

where &, is the maximum dielectric constant, 7', is
the temperature corresponding to the maximum
dielectric constant and Tyg,, is the temperature
corresponding to 90% of the maximum dielectric
constant in the high-temperature side measured at
1 kHz. The changes of inverse dielectric constant of
BCZHT ceramics measured at 1 kHz versus tem-
perature are shown in Fig. 5. Ty, C and Tcw are
obtained from linear extrapolation of the inverse
dielectric constant in the high-temperature region
(T > Tc) by Eq. 1, and AT, and AT are obtained by
Egs. 2 and 3 (all parameters are listed in Table II).
It is seen that the dielectric behavior does not
completely follow the Curie-Weiss law above the
Curie temperature (shown in Fig. 5). AT, and AT of
BCZHT (x = 0, 0.05 and 0.1) ceramics are 108°C and
10.1°C, 116°C and 10.4°C, and 132°C and 12°C
respectively, indicating that the diffuseness of the
ferroelectric-paraelectric  phase transition of
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Fig. 5. Temperature dependences of the inverse dielectric constant
for BCZHT ceramics measured at 1 kHz.

Table II. The Curie-Weiss temperature (T,), the
Curie-Weiss constant (C), AT, Tcw and AT, for the
BCZHT ceramics measured at 1 kHz

x 0 0.05 0.1
Ty (°C) 115.52 113.295 109.659
Ty, (°C) 109 106.0 95
To.9:m (°C) 119.1 116.4 107
C (x 10° K) 3.3062 4.4835 6.0889
AT (°C) 10.1 10.4 12
Tew (°C) 217 222 227
AT, (°C) 108 116 132

BCZHT ceramics is enhanced as hafnium content
increases.

To further confirm the diffuseness of ferroelectric
phase transition, a modified Curie—Weiss law was
proposed to describe the diffuseness as:?”

1/6—1/em= (T—Tm)"/C (4)

where 7 and C are constant, and &, and Tp,
represent the maximum dielectric constant and its
corresponding temperature, respectively. The dif-
fuseness constant y defines the character of the
phase transition: for y = 1, a normal Curie—Weiss
law is followed, whereas y = 2 describes a complete
diffuse phase transition. To obtain 7y, the plots of
In(1/e — 1/ey,) as a function of In(T' — T,) for BCZHT
ceramics are drawn and shown in Fig. 6. A linear
relationship is observed for BCZHT ceramics. The
slope of the fitting curves by Eq. 4 is the diffuseness
constant y, and some parameters are listed in
Table III. It is found that the diffuseness constant
y increases as hafnium content increases, which also
suggests that the introduction of Hf** enhances the
diffuseness of phase transition. The diffuse phase
transition of ferroelectric materials has generally
been attributed to the existence of nano-regions
resulting from local compositional fluctuation over a
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Fig. 6. Plots of In(1/e — 1/ey,) as a function of In(T — T,,,) of BCZHT
ceramics.

Table III. The corresponding temperature (7T,,) of
the maximum dielectric constant, the inverse
maximum dielectric constant (1/¢,) and the
diffuseness constant (y) for BCZHT ceramics

x 0 0.05 0.1
Tm (°C) 109 106.0 95

1en (x 1074 2.74933 2.08765 1.7737
? 1.443 1.452 1.508

length scale of 10-100 nm. The substitution of Hf**
for Zr** at B sites reduces the long-order polar
ordering, yielding enhanced diffuse ferroelectric
phase transition. Furthermore, as mentioned above,
there is no obvious frequency dispersion for BCZHT
(x = 0,0.05 and 0.1) ceramics. Hence, it is concluded
that BCZHT (x =0, 0.05 and 0.1) ceramics are
ferroelectrics with diffuse phase transition rather
than relaxor ferroelectrics.

Figure 7 shows room-temperature hysteresis
loops of BCZHT ceramics measured at 100 Hz.
Firstly, it is seen that the P-E hysteresis loops of
BCZHT ceramics show saturation characteristics.
The remnant polarization (2P,) of BCZHT ceramics
increases with the increase of Hf** content, which is
caused by the interaction of grain size and tolerance
factor (¢). As is well-known, the grain size of
ferroelectric ceramics has a significant effect on its
polarization. On the one hand, smaller grain size
inhibits the formation of large ferroelectric domain
and reduces the effective contribution to total
polarization of ferroelectrics.?” On the other hand,
the grain boundary has weak ferroelectricity, which
suggest that the polarization of the grain boundary
may be little and even none. Space charges on the
grain boundary exclude polarization charge on the
grain surface so that a depletion layer on the grain
surface can be formed, which results in polarization
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Fig. 7. Room-temperature hysteresis loops of BCZHT ceramics
measured at 100 Hz (the inset is composition dependences of
remnant polarization and coercive electric field).

discontinuity on the grain surface to form a depo-
larization field so that polarization decreases.>® As
mentioned above, the introduction of Hf** results in
the increase of grain size of BCZHT ceramics, which
leads to the decrease of remnant polarization.
Moreover, it is well-known that a smaller ionic
radius at B sites in ABOgs perovskite structure

. — _Tratro
results in a larger tolerance factor ¢ (¢t = Voo

where rg is the oxygen ionic radius, and ra and rg
are the ionic radii of A-site and B-site atoms). The
large tolerance factor gives B-site ions enough space
to move, and then leads to good ferroelectricity of
BaTiOs-based materials.?® Hf** with a smaller ionic
radius (0.079 nm) substitutes for Zr** with larger
ionic radius (0.08 nm) at B sites, which makes the
space of oxygen octahedral larger and the deviation
of Hf** from the equilibrium position easier, so that
the ferroelectricity of BCZHT ceramics is enhanced.
Interaction of the above three aspects results in
increased remnant polarization of BCZHT ceramics
with the increasing of Hf** content. Secondly, the
coercive electric field (2E, of BCZHT ceramics
initially begins to increase and then slightly
decreases as Hf*" content increases (shown in inset
of Fig. 7). Thirdly, it is noteworthy that there is an
obvious asymmetric hysteresis loop along the elec-
tric-field axis for BCZHT (x = 0) ceramics (E{ is not
equal to E;), as shown in Fig. 7. In other words,
there is an internal electric field in BCZHT (x = 0)
ceramics, which results from the imprint process
caused by defects.? It is well-known that the point
defect, such as oxygen vacancy (V), forms easily
during the sintering process of BaTiOjz-based

ceramics. The trapped charge (0’2) associated with
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Fig. 8. Hysteresis loops of BCZHT ceramics measured at various
temperature and 500 Hz: (a) x = 0, (b) x = 0.05 and (c) x = 0.1.
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the oxygen vacancy can promote a local stoichio-
metric deviation affecting the shape of the P-E
hysteresis loops. A significant shift of the P-E
hysteresis loop in BCZHT (x = 0) ceramics is along
the electric-field axis toward the positive bias as a
consequence of these space charges. But the P-E
loop of BCZHT ceramics along the electric-field axis
becomes more symmetric as Hf** content increases.
The result suggests that the concentration of oxygen
vacancy decreases, which is caused by the substitu-
tion of Hf** with a smaller ionic radius for Zr** with
a larger ionic radius at B sites. It is because the
bond strength of the Hf~O bond is larger than that
of the Zr—O bond*° which makes the oxygen of
BCZHT ceramics difficult to lose during the sinter-
ing process; this leads to the decrease of oxygen
vacancy.

The hysteresis loops of BCZHT ceramics mea-
sured at various temperatures are shown in Fig. 8.
Firstly, it is seen that the remnant polarization (P,),
saturation polarization (P,) and the coercive electric
field (E.) decrease simultaneously with the rise of
temperature, which is due to phase transition from
ferroelectric to paraelectric in BCZHT ceramics. The
domain and domain wall can switch more easily at
higher temperature, so that the coercive electric
field decreases with the rise of temperature.
Secondly, as mentioned above, the Curie tempera-
ture (T,) of BCZHT (x = 0, 0.05 and 0.1) ceramics is
about 109°C, 106°C and 95°C, respectively. It is
worthwhile to note that the P-E curves of BCZHT
(x =0, 0.05 and 0.1) ceramics still show nonlinear
characteristics when temperature (110°C and
140°C) is above the ferroelectric—paraelectric phase
transition temperature (7T,,; see the P-E curves
marked with dark cyan and magenta color in
Fig. 8), and the P-E curves measured at 180°C
show linear characteristics. The obvious nonlinear
hysteresis loops and nonzero remnant polarization
in BCZHT (x = 0, 0.05 and 0.1) ceramics above the
Curie temperature imply that the micropolar clus-
ters exist above T,.*! It further proves that there is
diffuse phase transition and relaxor-like behavior in
BCZHT ceramics. Furthermore, the piezoelectric
coefficient ds3 of BCZHT (x =0, 0.05 and 0.1)
ceramics obtained by a Berlincourt-type quasi-static
ds33 meter is 200 pC/N, 280 pC/N and 320 pC/N,
respectively. The result suggests that the piezoelec-
tric properties of BCZHT ceramics are enhanced
with the increasing of Hf** content, which is due to
the increase of grain size and the phase evolution
from the orthorhombic phase to the mixture of
tetragonal and orthorhombic phase as Hf** content
increases.

CONCLUSIONS

(Ba0.85Ca0_15)(Zr0.1_foxTi0.9)O3 (x = 0, 0.05 and
0.1) ceramics were prepared via a conventional
solid-state reaction method. Hf** ions have diffused

Guo, Cai, Gao, Fu, Chen, Deng, Wang, and Zhang

into the lattice to form  single-phase
(Bag g5Cag 15)(Zrg 1 Hf, Tig 9)O3 solid solution, and
Hf** with a smaller ionic radius substitutes for Zr**
with a larger ionic radius at B sites, so that the
lattice constant decreases with the increasing of
Hf** content. Room-temperature XRD patterns con-
firm the orthorhombic phase in BCZHT (x = 0)
ceramics and the coexistence of tetragonal and
orthorhombic phase in BCZHT (x = 0.05 and 0.1)
ceramics. The introduction of Hf** enhances the
densification of BCZHT ceramics and accelerates its
grain growth. The introduction of Hf** at B sites
results in the fall of the Curie temperature of
BCZHT ceramics by decreasing its tetragonality.
The maximum dielectric constant of BCZHT ceram-
ics increases with the increasing of Hf** content. It
is found that the ferroelectric—paraelectric phase
transition of BCZHT (x = 0, 0.05 and 0.1) ceramics
have obvious diffuse phase-transition characteris-
tics and the diffuseness of phase transition
enhances as Hf** content increases. There is no
obvious frequency dispersion for BCZHT (x = 0, 0.05
and 0.1) ceramics. The room-temperature P-E
hysteresis loops of BCZHT (x =0, 0.05 and 0.1)
ceramics indicate that the remnant polarization
increases with the increase of Hf** content, which is
caused by interaction of grain size and tolerance
factor. The nonlinear P-E curves of BCZHT (x = 0,
0.05 and 0.1) ceramics above the Curie temperature
further prove that there is diffuse phase transition
and relaxor-like behavior in BCZHT ceramics. The
introduction of Hf** enhances piezoelectric proper-
ties of BCZHT ceramics, which is caused by the
coexistence of tetragonal and orthorhombic phase
and the increased grain size.
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