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This work investigated the electrical properties of Nb5+ (0.0–1.0 mol%) doped with Ba0.90Ca0.10Zr0.10Ti0.90O3 while adding 1 mol% of Ba0.90Ca0.10Zr0.10Ti0.90O3 seeds. The mixed powder was ball milled for
24 h, calcined and sintered at 1200  C for 2 h and 1450  C for 4 h, respectively. The XRD patterns of the
ceramic samples were investigated by X-ray diffraction. The electrical properties of ceramics were
measured and the results indicated that all samples show a pure perovskite phase with no secondary
phase. Density and average grain size values were in the range of 5.60–5.71 g/cm3 and 12.62–1.86 mm,
respectively. The highest dielectric constant, er at room temperature (1 kHz) was 4636 found at 1.0 mol%
Nb. The dielectric loss, tan d was less than 0.03 for all samples at room temperature (1 kHz). Other
electrical properties, Pr, d33 and kp values were decreased with Nb doped relates to the decreasing grain
size in BCZT ceramics. Moreover, the degrees of phase transition diffuseness and relaxation behavior were
observed in the higher Nb doping.
ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
In recent years, work on lead free materials has been focused on
modiﬁed BaTiO3-based ceramics because of the phase transition
temperature of BT ceramics which can be modiﬁed by A-site or Bsite substitutions such as the addition of calcium (Ca) into the
barium (Ba) site (A-site) or zirconium (Zr) into the titanium (Ti) site
(B-site) [1]. Recently, lead-free BCZT based ceramics showed
excellent piezoelectric properties (piezoelectric coefﬁcient; d33
600 pC/N) and good dielectric properties with the use of high
calcination (1300–1350  C) and a sintering temperature (1500–
1550  C) as well as very long dwelling times [2]. Consequently,
these ceramics have been widely studied as lead-free perovskite
piezoelectric materials. However, these ceramics require very high
calcining and very long time for forming pure perovskite phases
and high sintering temperatures for good electrical properties
[2,3]. In the recent years, the methods which can reduce
calcination temperatures for forming perovskite phases and
improved electrical properties have been studied by using the
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seeds or the templates with the induced method [4–6] and doping
involving metal oxide. It has been well known that the seeding
process in ceramics has helped to develop a single crystal growth
under a controlled temperature conditions and the high electrical
properties have been observed [7]. The using seed induce method
has been reported by Li et al. [4]. They studied the perovskite phase
formation and electrical properties of Pb(Zn1/3Ta2/3)O3 ceramic
prepared using PbTiO3 seeds and found that the pure perovskite
phase of seed added samples can be formed at low calcination
temperatures and the seed added sample showed a high dielectric
constant (er) and low dielectric loss (tan d). Ye et al. [5] reported the
effect of BaTiO3 (BT) template particles which were prepared by
the molten salt method on the electrical properties of
Ba0.85Ca0.15Zr0.10Ti0.90O3. It was found that their ceramics used a
low calcination temperature of 1100  C and the textured BCZT
ceramics (BT templates added) showed piezoelectric coefﬁcient
(d33 470 pC/N), electromechanical coefﬁcient (kp 40%) and Curie
temperature (TC) higher than the sample without BT templates. Ye
et al. [6] also studied the comparison between the normal and hot
pressing method on the electrical properties of the
Ba0.85Ca0.15Zr0.10Ti0.90O3 ceramic in both of the ceramics without
BT template and the textured BCZT ceramic (using BT template).
They found that the textured BCZT sample showed values of d33, kp
and Tc higher than non BT template samples for both of the normal
and hot pressing methods. In the case of doping various metal
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2. Experimental procedure

Fig. 1. XRD patterns of un-doped and Nb doped BCZT ceramics (BCZT: x mol% Nb).

oxides in BaTiO3 (BT) bases and (BaCa)(ZrTi)O3 ceramics have been
widely reported due to their resultant lower calcination temperatures and also enhanced piezoelectric coefﬁcients and ferroelectric properties [8–10]. Other, Nb2O5 doped ceramics have been
investigated including Nb2O5 doped BaTiO3 (BT) [11,12], Nb2O5
doped PZT [13–15] and Nb2O5 doped BNKT [16]. Chu et al. reported
that Nb2O5 enabled a good sintering process, promoted domain
wall motion and enhanced the densiﬁcation and dielectric
properties of Pb10.5x(Zr0.52Ti0.48)1xNbxO3 ceramics. The highest
values of kp 0.59, er 1529, d33 386 pC/N and tan d 0.02 were
na
soiu et al. found that Nb5+ in Pb
found at 5.5 mol% Nb [13]. Ta
(Zr0.051Nb3Li)xTi0.49xO3 ceramics indicate optimal electrical properties of kp 0.59, er 1700 and d33 590 pC/N [15]. Kumar et al.
investigated the Nb doped Bi0.5(Na0.5K0.5)0.5TiO3 ceramic, results
showed that 0.4% Nb exhibited higher Pr and Rsq values and also
showed relaxor behaviors with phase transition diffuseness [16]. In
previous work, we have studied the effects of the Ba0.90Ca0.10Zr0.10Ti0.90O3 seed on electrical properties of the Ba0.90Ca0.10Zr0.10Ti0.90O3 ceramic system by varying the seed content (0.0–4.0 mol
%). It was found that the seed induced method can reduce the
calcination temperature and also improve properties of BCZT
ceramics such as high density values, piezoelectric coefﬁcients (d33
403 pC/N), remnant polarization (Pr 9.35 mC/cm2) and low
dielectric loss (tan d) which were obtained in seed added samples.
However, the 1.0 mol% BCZT seed added BCZT ceramic samples
exhibited dielectric constant (er) at room temperature were lower
than non seeded ceramics. As the above literature about Nb2O5
doped piezoelectric ceramics stated that proper Nb2O5 doping can
enhance the densiﬁcation, dielectric, ferroelectric and piezoelectric properties, thus, in this work, we studied the physical,
dielectric, ferroelectric and piezoelectric properties of Nb2O5 oxide
doped Ba0.90Ca0.10Zr0.10Ti0.90O3 ceramics induced by using 1 mol%
of BCZT (same composition) seed.

Ba0.90Ca0.10Zr0.10Ti0.90O3 ceramics were prepared by using
1.0 mol% of BCZT seed and doped with x mol% Nb2O5 (x = 0.0, 0.2,
0.3, 0.5 and 1.0). The BCZT seed as a raw material was synthesized
from Ba0.90Ca0.10Zr0.10Ti0.90O3 by the molten-salt method. The
starting powders of the seeds were weighed, ball-milled and dried.
After mixing with KCl–NaCl salt (1:1) and then heated at 1000  C
for 2 h. After heating, the powders were washed with hot deionized
water several times until no trace of anion, and dried in an oven at
120  C. The ceramic powders were prepared by using the solid state
reaction technique. The stoichiometric amounts of BaCO3 (99%,
Sigma–Aldrich), CaCO3 (98.5–100.5%, Sigma–Aldrich), ZrO2 (99%,
Sigma–Aldrich), TiO2 (99–105.5%, Sigma–Aldrich), Nb2O5 (99%,
Sigma–Aldrich) and BCZT seeds were mixed using ethanol as a
solvent. The mixed powder was ball-milled for 24 h and then dried.
The obtained powder was calcined at 1200  C for 2 h and sintered
at 1450  C for 4 h. The phase formation and microstructure of the
ceramic systems were analyzed by X-ray diffraction (XRD) and a
scanning electron microscope (SEM). For electrical properties
characterization, the sintered ceramics were polished and then
both faces were coated with silver as electrodes. The dielectric
properties were investigated as a function of frequency, temperature and Nb content by using an automated electrical measurement system (E4980A, precision LCR meter). The coated samples
had an applied electric ﬁeld of 1–2 kV/mm for measuring
ferroelectric properties by using a Sawyer Tower circuit (Radiant
Technologies, Inc.). The piezoelectric properties were measured by
using S5865 d33 meter (KCF Technologies) after being poled with
an electric ﬁeld of 3 kV/mm for 30 min in silicone oil at room
temperature. Then more properties were measured as a function of
Nb content.
3. Results and discussion
The phase formation of un-doped and Nb doped ceramics are
indicated in Fig. 1. From the XRD patterns, it can be seen that all
samples exhibited pure perovskite phase with no impurity phase.
Results show that the Nb ion can be dissolved in a BCZT solution.
From an expanded range of 44–46 , it was found that x = 0.0–0.5,
the samples exhibited a coexistence between the rhombohedral
and tetragonal phase. The Nb content increases at x = 1.0, ceramics
have a tetragonal phase which is observed by splitting peak of
(0 0 2)/(2 0 0) reﬂection [2,17]. The tetragonality (c/a) of Nb doped
BCZT ceramics is shown in Table 1. Results show that the sample of
x = 1.0 (highest Nb content) indicated the highest tetragonalilty.
The phase formation in these ceramics may be due to the change of
symmetry of the BCZT structure with Nb doped [17]. Fig. 2
illustrates the density and average grain size of the ceramic
systems. The density values of the ceramics decreased with
increasing Nb content for 0.2 mol% and then tended to increase
with increasing Nb content. The density values of the ceramics
were in the range of 5.60–5.71 g/cm3 as shown in Table 1. The
density value drop in samples of x = 0.2 may be a result of the small
Nb content, and was not enough to improve the signiﬁcant

Table 1
Physical and electrical properties for Nb doped BCZT ceramic.
Samples (x Nb)

Density (g/cm3)

Grain size (mm)

c/a

er (*)

Loss d (Tr)

er (*) (Tm)

loss d (Tm)

g

d

0.0130
0.0300
0.0260
0.0326
0.0217

13288
13924
11404
11011
6594

0.0085
0.0190
0.0142
0.0217
0.0106

1.53
1.06
1.26
1.06
1.85

8.60
3.42
5.43
6.30
29.82

(Tr)
0.0
0.2
0.3
0.5
1.0

5.71
5.60
5.65
5.64
5.71

12.83
10.36
5.36
2.63
1.77

1.0083
1.0064
1.0077
1.0083
1.0091

2103
2373
3475
4428
4636

c/a: Tetragonality; (*): measurement at 1 kHz; Tr: room temperature; Tm: maximum temperature of phase formation.
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Fig. 2. Density and average grain size of un-doped and Nb doped BCZT.

Fig. 3. (a) Dielectric constant, er, (b) dielectric loss, tan d as a function of frequency
at room temperature and (c) expand dielectric loss in the frequency range of 1–
100 kHz.
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densiﬁcation in BCZT ceramic systems. The average grain size
values of the ceramics tended to decrease from the un-doped BCZT
sample to the highest Nb doped ceramics; thus, changing from
12.62 mm to 1.86 mm. The decreasing grain size with increasing Nb
doping was like the results of BCZT doped with La and PZT-based
ceramics doped with Nb [18,19]. Decreasing grain size with higher
Nb doping may be due to the small particle size of the Nb ion
accumulating near the grain boundary which leads to suppressed
grain growth during the sintering process. The report of Atkin et al.
[20] described the sintering process of the PZT ceramic in terms of
lattice diffusion of vacancies from the pore to the grain boundaries
which lead to grain growth. For Nb doped PZT ceramics it was
found that the Nb ion reduced the diffusion coefﬁcient of vacancies
so Nb doping may inhibit mass transport in PZT ceramics [20,21].
Present can be described by the abovementioned theory.
The dielectric constant (er) and dielectric loss (tan d) (at room
temperature) as a function of frequency are displayed in Fig. 3.
From the results it can be observed that the er for the un-doped
sample (x = 0.0) and Nb doped sample (x = 0.2) show little change
and are stable with frequency. The er for samples of x = 0.3, 0.5 and
1.0 decreased with increasing frequency. It was found that the er
value tended to increase as Nb content increased for all
frequencies. From the results it can be noted that Nb doping
improved the dielectric constant at room temperature of the BCZT
ceramics with a decrease in grain size [22,23]. Dielectric loss (tan d)
at room temperature as a function of frequency is shown in
Fig. 3(b) and (c). The inset in Fig. 3 shows expanded dielectric loss
for frequencies 1–100 kHz. It can be seen that tan d changes with
frequency and Nb content. Tan d values tended to increase with
increasing frequency but were less than 0.05 for both un-doped
and Nb doped ceramics in the range of frequencies of 1–100 kHz. In
addition, the decreasing of the dielectric constant and increasing of
dielectric loss with frequency can suggest that relaxor behavior
occurs in ceramic systems which are clearly observed for higher Nb
content [24]. Fig. 4 shows er and tan d with Nb (x mol%) measured at
room temperature (Troom (Tr)) and a phase transition temperature
(Tmax (Tm)). From the er value at Tr as shown in Fig. 4(a), it was
found that er increased with increasing Nb content from x = 0.0–
1.0 while the er value at Tm (Fig. 4(c) increased from x = 0.0 to x = 0.2
and then decreased with higher Nb content for x = 0.3 to x = 1.0. The
highest of er value at Tr and Tm were 4636 and 13,924 for sample of
x = 1.0 and x = 0.2, respectively which can be seen in Table 1. The
tan d values at Tr are similar to those in Tm with no signiﬁcant
change in Nb content. It can be noted that the Nb doping had little
effect on the dielectric loss of BCZT ceramics. The increasing er

Fig. 4. Dielectric constant, er and dielectric loss, tan d as a function of x mol% Nb at room (a, c) and maximum temperature (b, d).
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value at room temperature with increasing Nb content might be a
result of the distortion of lattice with Nb doped BCZT ceramics,
vacancies and inner stress within the lattice structure were
created. The vacancies with Nb doped BCZT ceramics can be
described through the behavior of ion doped ceramics as in Eqs.
(1)–(3). It is known that the Nb5+ doped BaTiO3 creates a donor like
behavior because the valance size of the Nb ion is larger than the

valance size of the Ba and Ti ions. Small Nb5+ content,
compensation of electron should be indicated as shown in
Eq. (1) [25].
1
5þ
Nb2 O5 ! 2NbTi4þ þ 4O0 þ O2 þ 2e0
2

(1)

Fig. 5. (a) Dielectric constant (a1, a2) and dielectric loss (a3, a4) with temperatures at 1 kHz and 100 kHz and (b) dielectric constant with frequency and temperature; (b1)
x = 0.0, (b2) x = 0.2, (b3) x = 0.3, (b4) x = 0.5 and (b5) x = 1.0 for Nb doped BCZT ceramics.
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Fig. 6. Ac conductivity of un-doped and Nb doped BCZT ceramics.

For higher Nb5+ content, A or B site vacancies (V0 Ba and V0000 Ti)
will be created. These vacancies are effects from the lattice
disordered, and produce inner stress as described in Eqs. (2) and
(3) [12];
Nb2 O5 ! 2NbBa2þ þ 5O0 þ V00Ba

(2)

2Nb2 O5 ! 4NbTi4þ þ 10O0 þ V000
Ti

(3)

5þ

5þ

As shown in the description above, it can be suggested that the
vacancies and inner stress with Nb doping effect the dielectric
properties and improve the dielectric constant at a low temperature.
Fig. 5 illustrates the dielectric constant (a1, a2) and dielectric
loss (a3, a4) as a function of temperature measured at 1 kHz and
100 kHz. The results indicate that the ceramics exhibit two phase
transition peaks which are clearly observed from the sample of
x = 0.0–0.3. The peak at the low temperature, about 30  C and at
high temperature, about 90  C corresponded with the rhombohedral to tetragonal (TR–T) and tetragonal to the cubic (TC) phase
transitions. For Nb content from x = 0.5 to x = 1.0, the phase
transition from rhombohedral to tetragonal was not observed.
The lack of TR–T in x = 0.5 and 1.0 samples can suggest that the phase
transition is to pseudocubic phase which is the change of the
ferroelectric to the paraelectric phase [19]. The TC of ceramics were
reduced from 97  C to 69  C with increasing Nb content from
x = 0.0–1.0. The decreasing TC may be due to the appearance of
higher inner stress. The deformation of ABO3 lattice from ion
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disorder with the higher Nb content relates to the decreasing grain
size in ceramic systems. The ion disorder will have an effect on long
range interactions, resulting in the lowering of transition
temperature [2,26]. The dielectric peak at TC becomes broader
and gradually more disperse with frequency (Fig. 5(b1–b5)) when
the higher Nb content as is clearly seen for sample of x = 1.0, it can
suggest that the degrees of phase transition diffuseness is apparent
in ceramic systems [23,27]. The diffuseness of phase transition can
be described through the dielectric behavior of ceramics. The
permittivity of a ﬁrst-order normal ferroelectric and second order
relaxor ferroelectric can be described by the Curie–Weiss law and
the simple quadratic law. A modiﬁed Curie–Weiss law was
proposed to describe the diffuseness of the ferroelectric phase
transition which can be derived from the reference equation [28].
The parameters of g and d were described. The value of g and d are
the expression of degrees of dielectric relaxation and the degree of
diffuseness of the phase transition, respectively. The g and d values
of these ceramics are shown in Table 1. It was found that these
values changed with the Nb content with values of 1.03–1.85 and
3.42–29.82, respectively. The higher g value found at x = 1.0 is
related with the broader maximum dielectric peak, the dispersion
with frequency, the phase transition temperature slightly shifted
to a higher temperature with an increasing frequency and also a
smaller grain size. Because of the small grain size a high stress in
structure of ceramics is caused, thus leading to the increase of
relaxation strength in ceramics [6,29]. So, it can be noted that this
sample showed higher dielectric relaxation behavior. Moreover, it
was found that the diffuseness of the diffuse phase transition
tended to signiﬁcantly increase as grain size decreased and may be
a result of lattices disorder increase and the unbalancing of charge
with increasing Nb doping [30]. From results, it can be conﬁrmed
that diffuseness of the phase transition and relaxation behavior
appears in these ceramics. For tan d results with temperatures as
shown in Fig. 5(a2 and a3) and Fig. 5(b1–b5), it was found that tan d
values for both of 1 kHz and 100 kHz tended to increase with the
increasing temperatures, which can be clearly seen for the sample
of x = 0.5 and x = 1.0. However, tan d value in the temperature range
from 30  C to 100  C is lower than 0.04 for all samples. The tan d
value as shown in Fig. 5(b1–b5), found that the samples of x = 0.0 to
x = 0.5 indicated the dispersion of tan d with frequencies around the
phase transition temperature. This behavior can support the
description of the degree of phase transition diffuseness in those
ceramics.
The ac conductivity of ceramics was measured as a function of
frequency at room temperature and is shown in Fig. 6. The ac
conductivity can be deﬁned as the following equation [31]

s ac ¼ ve0 er tand

Fig. 7. P–E hysteresis loops (a) and hysteresis parameter (b) of Nb doped BCZT ceramics.

(4)
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Table 2
Ferroelectric, piezoelectric and electromechanical properties of Nb doped ceramic systems.
Samples (x Nb)

Pr (mC/cm2)

Ec (kV/cm)

Ps (mC/cm2)

Rsq

d33 (pC/N)

%kp

0.0
0.2
0.3
0.5
1.0

8.79
7.72
5.20
6.67
2.13

1.83
1.44
1.16
1.68
2.09

11.82
13.28
11.41
16.04
5.06

0.82
0.67
0.58
0.47
0.59

372
303
178
–
–

40.66
28.34
18.37
–
–

where v = 2pf, f is frequency, e0 and er are the permittivity of
vacuum and dielectric constant and tan d is dielectric loss. Results
found that the ac conductivity clearly changed with frequency and
increased with increasing frequency for all the samples. It was
found that the Nb content did have an effect on the ac conductivity.
With increasing Nb content, the ac conductivity increased and the
sample of x = 0.5 and x = 1.0 mol% exhibited the highest ac
conductivity where this condition may arise from a high dielectric
constant and a high dielectric loss for room temperature. The
dependence of ac conductivity with frequency may be a result from
the defects of ion vacancies in BCZT ceramic structure with Nb
doped [17,28,32]. The higher ac conductivity which was obtained
from the sample at higher Nb content may have been a result from
high unbalance and also higher electron and barium vacancies of
valence in BCZT lattice [33].
Fig. 7 illustrates the ferroelectric properties at room temperature, P–E hysteresis loop (Fig. 7(a)) and remnant polarization (Pr),
coercive ﬁeld (Ec), squareness of the hysteresis loop (Rsq) (Fig. 7(b)).
It can be observed that the samples at x = 0.0–0.3 showed slim
hysteresis loop and when Nb content increased to x = 0.5 and 1.0,
the P–E loop was obviously changed. The sample with x = 0.5 shows
a large P–E loop and it can be noted that this sample has a high
dielectric loss and higher ac conductivity while x = 1.0 sample, a
more slim loop is observed related to the broader maximum
dielectric peak at maximum phase temperature which shows a
higher degree of relaxation behavior. The parameters of ferroelectric properties of the ceramics are shown in Fig. 7(b) and Table 2. It
can be seen that the Nb doping increased, and the Pr value greatly
decreased. The decreasing Pr might be the restricted movement of
the domain walls and polarization switching while the electric
ﬁeld was applied [16]. The Rsq value is a parameter which is
checked of the quantiﬁcation of changes in the hysteresis loop [34].
From the results it was found that the Rsq value decreased slightly
when Nb content increased, suggesting that the Nb doping
produced a slight change in the hysteresis loop of BCZT ceramics.
In the case of the Ec parameters it was found that the Nb doping
had little effect on the Ec value. The piezoelectric (d33) and
electromechanical coefﬁcient (kp) for these ceramics were
investigated and data were listed in Table 2. It was found that
the d33 and kp values decreased with Nb doping from x = 0.0–0.3.
On the other hand, samples with x = 0.5–1.0 that did not provide d33
and kp values may be due to smaller grain size. This will lead to
difﬁculty of domain movement and the switching of polarization
during poling process [35,36]. While the samples of x = 0.0–
0.3 showed d33 and kp values because of large grain size than the
high Nb doped samples and also these samples show the
coexistence between rhombohedral and tetragonal (TR–T) phase
which are the reason to support the piezoelectric properties
because of the stability of the polarization state during the
electrical ﬁeld was applied [35,37].
From the above results, it can be seen that the Pr and grain size
have important inﬂuences on the piezoelectric and electromechanical coefﬁcient of these ceramic systems. According to the
thermodynamic theory of ferroelectric by Haun et al. d33 and kp
depend on Pr (d33, kp a Pr) [38]. It can be noted that in the present
data, d33 and kp reduced with decreasing Pr values. Moreover,

Randall et al. [39] has reported the domain size (d) is dependent on
grain size (t) (d a t) and found that small grain size leads to the
domain size, the balance of the depolarization energy and domain
wall energy decreased [39,40]. Therefore, it can be suggested that
the decreasing grain size in these ceramics caused the low d33 and
kp values. However, the high dielectric constant and low dielectric
loss at room temperature were obtained from the Nb doped
ceramics.
4. Conclusions
the
present
work,
Nb5+
(0.0–1.0 mol%)
doped
Ba0.90Ca0.10Zr0.10Ti0.90O3 ceramic produced by using 1 mol% BCZT
seeds were investigated. Note that BCZT seed can be reduced at
calcine temperature 100–150  C. The XRD patterns showed pure
perovskite phase and no secondary phase for all ceramic samples.
Density values were in the range of 5.60–5.71 g/cm3. The average
grain size values of ceramics changed from 12.62 to 1.86 mm. The
highest dielectric constant, er at room temperature (at 1 kHz) of
4636 was obtained for 1.0 mol% Nb. Nb doping lead to changes of
the ferroelectric, piezoelectric and electromechanical properties,
and the values of Pr, d33 and kp were decreased with Nb doped.
Moreover, the highest Nb doping (x = 1. mol%) samples showed
higher degrees of phase transition diffuseness (d  29.82) and
relaxation behaviors (g  1.85). Results can be concluded that the
Nb addition helped to improve the electrical properties of these
ceramics, especially the dielectric properties at room temperature.
In
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