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a b s t r a c t

Dy2O3 (0–0.8 wt.%)-doped (Bi0.5Na0.5)0.94Ba0.06TiO3 (abbreviated as BNBT6) lead-free piezoelectric ceram-
ics were synthesized by conventional solid-state processes. The compositional dependence of phase
structure and electrical properties of the ceramics was studied. X-ray diffraction (XRD) data shows that
0.2–0.8 wt.% Dy2O3 can diffuse into the lattice of BNBT6 ceramics and forms a pure perovskite phase. SEM
images indicate that all the modified ceramics have a clear grain boundary and a uniformly distributed
eywords:
y2O3-doped
NBT6 ceramics
iezoelectric property
erroelectric property

grain size, and the BNBT6 ceramics doped with appropriate Dy2O3 become denser. At room temperature,
the ceramics doped with 0.6 wt.% Dy2O3 have the highest piezoelectric constant (d33 = 170 pC/N), higher
mechanical quality factor (Qm = 102), high relative dielectric constant (εr = 1611) and lower dissipation
factor (tan ı = 0.051) at a frequency of 10 kHz. The BNBT6 ceramics doped with 0.4 wt.% Dy2O3 have the
highest planar coupling factor (kp = 0.33). Moreover, all BNBT6-x (wt.%) Dy2O3 ceramics exhibit a typical

fuse
ue at
ielectric property relaxor behavior with dif
behavior attains peak val

. Introduction

Most piezoelectric ceramic devices such as filters, resonators,
ctuators, sensors, and so on, were fabricated by using lead-based
iezoelectric ceramic materials such as Pb(Zr,Ti)O3 (PZT) and PZT
ased multi-component ceramics due to their superior piezoelec-
ric properties [1–3]. However, the preparation and application of
ead-based ceramics has not only caused serious lead pollution and
nvironmental problems, but also led to instability of the composi-
ion owing to its high volatility during sintering [4,5]. Multinational
overnments like the European Union have enacted laws to ban
he use of lead in the manufacture of many products [6]. There-
ore, lead-free piezoelectric ceramics have attracted considerable
ttention as new substituting materials for lead-based ceramics.

Bi0.5Na0.5TiO3 (BNT) is well known as a complex ABO3 per-
vskite ceramic with a ferroelectric rhombohedral phase at room
emperature and shows a great prospect not only for environment
rotection but also for various applications. However, the short-
oming of BNT ceramics is its high conductivity and high coercive
eld
(Ec = 7.3 kV/mm), and pure BNT is difficult to be poled and cannot
e a good piezoelectric material [7–11].

To improve the poling process and enhance the piezoelec-
ric properties of the BNT ceramics, a number of BNT-based
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E-mail addresses: fupeng9806@126.com, fupeng9898@yahoo.cn (P. Fu).
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phase transition characteristics and the degree of ferroelectric relaxation
doping level of 0.4 wt.%.

© 2010 Elsevier B.V. All rights reserved.

solid solutions, such as BNT-BaTiO3 [12,13], BNT-(Ba,Sr)TiO3
[14], BNT-Bi0.5K0.5TiO3 [15], BNBT-Ba(Zr0.04Ti0.96)O3 [10], BNT-
SrTiO3-Bi0.5Li0.5TiO3 [16], BNT-Bi0.5K0.5TiO3-Bi0.5Li0.5TiO3 [17],
BNT-Bi0.5K0.5TiO3-BiFeO3 [18] and Bi2O3 doped BNT-BaTiO3 [19]
have been developed and studied in recent years.

Among the BNT systems that have been developed so far,
(Na0.5Bi0.5)1−xBaxTiO3 [(1 − x)BNT–xBT] system seems more inter-
esting due to the existence of a trigonal–tetragonal morphotropic
phase boundary (MPB) near x = 0.06 [20–22]. When tetragonal
and trigonal system exists simultaneously, electric domain wall
turns easily, increasing spontaneous polarization intensity greatly
and remnant polarization, which can provide substantially excel-
lent piezoelectric properties [23–25]. So, BNBT6 ceramics exhibit
relatively higher piezoelectric properties and are regarded as an
excellent candidate for lead-free piezoelectric ceramics to replace
lead-based piezoelectric ceramics.

However, for practical applications, the piezoelectric proper-
ties of BNBT6 ceramics need to be further enhanced. To improve
their piezoelectric properties further, rare earth oxides are often
used as the additive in prepared the BNBT6 ceramics. Several kinds
of rare earth oxide such as CeO2 [26–28], Y2O3 [29], and La2O3
[30] have been tested to further modify piezoelectric properties
of BNBT6 ceramics, and the addition of these rare earth oxides has

a prominent influence on the structure and electrical properties of
the BNBT6 ceramics. However, the research of Dy2O3 doped BNBT6
ceramics has not been reported so far. As we all know, the radius
of Dy3+ (0.912 Å) is very close to the radius of Bi3+ (1.03 Å) and Na+

(1.02 Å). In view of the radius, it is possible for Dy3+ to enter into

dx.doi.org/10.1016/j.jallcom.2010.08.117
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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he A-sites of BNBT6 perovskite and affect the properties of BNBT6
eramics. Therefore, in present work, Dy2O3 was selected as dopant
f BNBT6 ceramics and the influences of Dy2O3 on the structure and
lectrical properties of BNBT6 ceramics were studied.

In this work, the MPB phase of the BNBT6 ceramics was iden-
ified, and the compositional dependence of phase structure and
he electrical properties of the BNBT6 ceramics were studied. The
esults demonstrated that the appropriated Dy2O3 doped BNBT6
eramics possessed enhanced electrical properties.

. Experimental details

Dy2O3 doped BNBT6 ceramics were prepared by conventional solid-state reac-
ion processes. The oxide or carbonate powders of high purity Bi2O3 (99.63%),
a2CO3 (99.5%), BaCO3 (99.5%), TiO2 (99.5%) and Dy2O3 (99.9%) powders were used
s the raw materials.

Firstly, the powders of these raw materials were mixed together by a planet
ill in a nylon jar with agate ball for 10 h. Next, the mixed powders were dried and

alcined at 900 ◦C for 2 h; the major reaction is as follows:

.235Bi2O3 + 0.235Na2CO3 + 0.06BaCO3 + TiO2 → (Bi0.5Na0.5)0.94Ba0.06TiO3

+ 0.295CO2 ↑ (1)

After calcining, the powders were ball-milled again by the planet mill with agate
alls for 4 h, the dried powders were mixed with polyvinyl alcohol (PVA) and pressed

nto disks with a diameter of 12 mm, and then calcined at 800 ◦C to exclude binder
PVA). Finally, the pressed disks were sintered at 1150 ◦C for 2 h in air. The sintered
amples were polished and pasted with silver slurry on both faces, and then fired
t 740 ◦C as electrodes. Specimens for piezoelectric measurements were poled for
0 min by silicone oil bath with the existence of a dc electric field of 4–5 kV/mm.
fter laying the polarized specimens for approximate 24 h to release the remnant
tress, piezoelectric properties were measured subsequently.

The density of sintered ceramics was measured by the Archimedes method.
he crystal structure of BNBT6 ceramics was determined by X-ray diffraction (XRD)
sing a Cu K� radiation (� = 1.54178 Å) (D8 Advance, Bruker Inc., Germany). The
icrostructure of the sintered ceramics was observed by scanning electron micro-

cope (SEM; JSM-5900, Japan). The piezoelectric coefficient d33 was measured
sing a quasistatic d33-meter (YE2730, SINOCERA, China). The electro-mechanical
oupling factors kp, the mechanical quality factor Qm were determined by a
esonance–antiresonance method on the basis of IEEE standards using an Agilent
294A impedance analyzer. And the curve between relative dielectric constant and
emperature were also measured by precision impedance analyzer (Agilent 4294A,
merica). The room temperature ferroelectric polarization versus electric field (P–E)
easurements was using a standardized ferroelectric test system (TF2000, Ger-
any) with an applied field of 5.5–7.0 kV/mm.
. Results and discussion

Fig. 1 shows the XRD patterns of BNBT6-x (wt.%) Dy2O3 (x = 0.0,
.2, 0.4, 0.6, 0.8) ceramics sintered at 1150 ◦C in the 2 � range of
0–70◦. From Fig. 1, it is indicated that all specimens exhibit typ-
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Fig. 1. XRD patterns of BNBT6-x (wt.%) Dy2O3 (x = 0.0–0.8) ceramics.

ical ABO3 perovskite diffraction peaks and no second phases are
observed, meaning that Dy3+ may have completely entered into
crystalline lattice structure of BNBT6 ceramics to form a homolo-
gous solid solution or the second phase can not be detected because
of the small doping amount of Dy2O3. The magnification of Fig. 1 in
the 2� ranges of (A) 39–41◦ and (B) 46–47◦ is shown in Fig. 2. Obvi-
ous splitting of XRD peaks is detected for all specimens, as shown
in Fig. 2. They can be assigned to a (0 0 3)/(0 2 1) peak splitting at
about 40◦ and a (0 0 2)/(2 0 0) peak splitting at about 46.5◦ according
to a rhombohedral symmetry and a tetragonal symmetry, respec-
tively. It is shown that two phases of rhombohedral and tetragonal
coexist, and suggests that a morphotropic phase boundary (MPB)
between the rhombohedral and tetragonal phases exists in all sam-
ples. These results indicate that the addition of Dy2O3 does not lead
to an obvious change in the phase structure.

The SEM micrographs of the surface and fracture surface of the
BNBT6-x (wt.%) Dy2O3 ceramics are shown in Figs. 3 and 4, respec-
tively. For the pure BNBT6 ceramics, the grain sizes are not very
homogeneous, and some distinct pores exist in the grain bound-

ary are observed, whereas, the average grain size vary significantly
with an increase in the Dy2O3 content, as shown in Fig. 3. Com-
pared with the pure BNBT6 ceramics with an average grain size of
2 �m, the average grain size of the BNBT6 ceramics doped with
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Fig. 3. SEM micrographs of surfaces for BNBT6-x (wt.%) Dy2O3 cerami

.2 wt.% Dy2O3 changes not obviously. However, further doping
f Dy2O3 (0.4–0.8 wt.%) inhibits the grain growth and leads to the
ecrease of crystalline grains obviously. As is well known, the seg-
egation of the oxide additive near grain boundaries decreases
heir mobility. The reduction in the mobility of the grain bound-
ry weakens the mass transportation. As a result, grain growth
s inhibited [31,32]. Moreover, it should be noticed that all the

odified ceramics have a clear grain boundary and a uniformly
istributed grain size, and the BNBT6 ceramics doped with Dy2O3
ecome denser obviously compared with pure BNBT6 ceramics.
iezoelectric ceramics usually require a high mechanical strength;
he uniform grain microstructure is able to enhance the mechani-
al strength of piezoelectric ceramics [15]. Therefore, the ceramics
ith a homogeneous microstructure are advantageous for piezo-

lectric ceramics applications.
As shown in Fig. 4, in the present system the fractures of the
eramics are mainly transgranular. Furthermore, it is found that
ome pores exist in each specimen. The quantity of pores decreases
nd size of pores reduces, and the samples also become denser
radually as x increases from 0 to 0.6, demonstrating the use-
ulness of appropriate Dy2O3 as a sintering aid. However, excess
ered at 1150 ◦C: (A) x = 0.0, (B) x = 0.2, (C) x = 0.4, (D) x = 0.6, (E) x = 0.8.

Dy2O3 (0.8 wt.%) makes the porosity increase and the size of pores
becomes big again.

The bulk density gradually increases as x increases from 0
to 0.6 and reaches a maximum value at x = 0.6. Then, the bulk
density decreases with further increasing x to 0.8, as shown in
Table 1. When x = 0.6, the samples possesses the maximum den-
sity of 5.87 g/cm3, which is about 98.0% of the theoretical value. The
densities of other ceramics are in the range of 5.58–5.74 g/cm3, cor-
responding to the relative densities 93.2–96.8% of the theoretical
value. These results indicate that the optimum Dy2O3 addition can
promote sintering and thus improve the density of BNBT6 ceramics.
However, excess Dy2O3 addition can also result in the decrease of
the bulk density. The results agree with the results in Figs. 3 and 4.

The polarization versus electric field hysteresis loops of BNBT6-
x (wt.%) Dy2O3 ceramics were measured at 10 Hz, and the results
are presented in Fig. 5. It is evident that the ferroelectric proper-

ties of BNBT6 ceramics have significantly been affected by doping
with Dy2O3. Compared with the pure BNBT6 ceramics, the remnant
polarization Pr increases with increasing x and then decreases, giv-
ing a maximum value of 42.2 �C/cm2 at x = 0.4. The coercive field Ec

increases slightly with x increasing to 0.4 firstly, and then decreases
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wt.%) Dy2O3 ceramics: (A) x = 0.0, (B) x = 0.2, (C) x = 0.4, (D) x = 0.6, (E) x = 0.8.
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Fig. 4. SEM micrographs of the freshly fractured surfaces of BNBT6-x (

radually to 3.51 kV/mm with x further increasing to 0.8. This result
ndicates that the BNBT6 ceramics doped with appropriate Dy2O3
ecome “softer”, with its specimens showing a larger remnant
olarization Pr and a lower coercive field Ec [33]. Enhanced rem-
ant polarization shows that ferroelectric properties of the BNBT6
eramics have been improved with the addition of Dy2O3.

Moreover, the ferroelectric characteristic of the ceramics can
lso be assessed with the hysteresis loop squareness Rsq, which is
ypically understood to be ratio of Pr/Ps, where Pr is the remnant
olarization at zero electric field and Ps is the saturated polar-
zation obtained at some finite field strength below the dielectric
reakdown. One can also use the loop squareness to measure not
nly the deviation in the polarization axis but also that in the elec-
ric field axis with the empirical expression, Rsq = (Pr/Ps) + (P1.1Ec/Pr)

able 1
hysical properties of specimen with the amount of Dy2O3 addition.

Dy2O3 (wt.%) Density (g/cm3) d33 (pC/N) kp Qm Rsp

x = 0.0 5.58 147 0.27 143 1.15
x = 0.2 5.71 148 0.31 132 1.40
x = 0.4 5.80 157 0.33 108 1.29
x = 0.6 5.87 170 0.28 102 1.28
x = 0.8 5.71 151 0.26 126 1.07
121086420-2-4-6-8-10-12

-60

-50

-40

-30

-20

-10

0

10

E (kV/mm)

Fig. 5. Measured P–E hysteresis loops of BNBT6 ceramics with different amount of
Dy2O3 additive sintered at 1150 ◦C.
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here P1.1Ec is the polarization at the field equal to 1.1Ec. For the
deal square loop, Rsq is equal to 2.00 [34]. The Rsq parameter
ists in Table 1 for all BNBT6 ceramics at room temperature, the
esult shows that more loop squareness increases with increasing
y2O3 contents firstly, and then decreases, and Rsq reaches a peak
alue (1.40) at x = 0.2. The square type loops are due to abruptly
witching of a domain structure with an electric field. On the other
and, the slim type loops are owing to more sluggish reversal [34].

ncreasing loop squareness can also show that the movement of
omains becomes easier and the ferroelectric properties of the
NBT6 ceramics have been improved with the addition of Dy2O3.

Table 1 collects various room-temperature properties of BNBT6-
(wt.%) Dy2O3 ceramics sintered at 1150 ◦C. It was reported that

he piezoelectric constant d33 of BNBT6 ceramics prepared by the
onventional solid-state method attains about 120pC/N [10,22,35].
n our study, the pure BNBT6 ceramics has a relatively lager d33
f 147 pC/N, which is significantly larger than the reported values.
s listed in Table 1, with the increasing value of x, the piezoelec-

ric constant and planar coupling factor gradually increases firstly
nd reaches peak values at the doping level of 0.6 wt.% and 0.4 wt.%
y2O3 respectively: d33 = 170 pC/N, kp = 0.33, and then the two val-
es decreases with the further increase of Dy2O3. The results show
hat the addition of appropriate Dy2O3 improves the piezoelectric
roperties of the BNBT6 ceramics significantly.

The variation of piezoelectric properties can be explained with
he “soft” and “hard” additive model. According to “soft” and “hard”
dditive model [36], the radius of Dy3+ (0.912 Å) is very close to the
adius of Bi3+ (1.03 Å) and Na+ (1.02 Å). It is difficult for Dy3+ to enter
nto the B-sites of BNBT6 perovskite because of the smaller radius
f Ti4+ (0.68 Å). Accordingly, Dy3+ is considered to be a substitute
ccupying the A sites of BNBT6 lattice. In the present study, the A-
ite (Bi3+ and Na+) substitution by Dy3+ in BNBT6 ceramics can be
ormulated using defect chemistry expressions as:

y2O3
(Bi0.5Na0.5)0.94Ba0.06TiO3−→ 2DyBi + 3OO (2)

y2O3
(Bi0.5Na0.5)0.94Ba0.06TiO3−→ 2DyNa

•• + 4V′
NA + 3OO (3)

When Dy3+ occupies Bi-site, as shown in Eq. (2), the substitution
f Bi3+ by Dy3+ may cause the slack of BNBT6 lattice. The lat-
ice deformation can make the ferroelectric domains reorientation

ore easily during electrical poling and leads to the enhancement
f piezoelectric properties. Additionally, Dy3+ can also occupy the
-site of Na+, as shown in Eq. (3). In this case, the valence of Dy3+ ion

s higher than that of Na+ ion. To maintain overall electrical neutral-
ty, Dy3+ acts as a donor leading to some Na-site vacancies [Eq. (3),
′
NA] in the lattice, which can relax the strain caused by reorienta-

ion of domains. Therefore, the movement of the domains becomes
asier and thus the piezoelectric properties of the BNBT6 ceramics
re improved significantly [10]. The replacement of Bi3+ or Na+ by
y3+ makes a contribution to improve the piezoelectric properties.

n addition, substitution by smaller ion Dy3+ causes compressive
train on the lattice with respect to octahedral unit in perovskite
attices, making to transform to rhombohedaral. As a result, it

ight lead to easy domain reorientation and make piezoelectric
roperties improved [37]. Furthermore, easier domain reorienta-
ion increases the degree of modulating spontaneous polarization,
hich makes the remnant polarization Pr increase. These results

gree with the results in Fig. 5. However, if the amount of Dy2O3
s excessive, the distortion of crystal cell would be enlarged, the
ifficulty of polarization would be increased. As a result, the piezo-
lectric properties of BNBT6 ceramics doped with 0.8 wt.% Dy2O3

ecreases subsequently.

Typically, large remnant polarization usually facilitates the
iezoelectric properties of the piezoelectric ceramics. Compared
ith Pr of BNBT6 ceramics doped with 0.4 wt.% Dy2O3, Pr of BNBT6

eramics doped with 0.6 wt.% Dy2O3 is lower, as shown in Fig. 5,
T ( C)

Fig. 6. Relative dielectric constants at a frequency of 10 kHz of BNBT6-x (wt.%) Dy2O3

(x = 0.0, 0.2, 0.4, 0.6 and 0.8) ceramics as a function of temperature.

but d33 is higher than that of BNBT6 ceramics doped with 0.4 wt.%
Dy2O3. It’s probably due to the lower Ec of 0.6 wt.% Dy2O3 doped
BNBT6 ceramics, which makes the BNBT6 ceramics be prone to be
polarized.

According to the thermodynamic theory, d33 is correlated with
the electrostriction coefficient Q11, the spontaneous polarization Ps

(which may be approximated by Pr) and relative permittivity εr via
a general equation d33 = 2Q11ε0εrPs, where ε0 is the permittivity
of free space. Q11 is related to the domain structure and should
not change significantly by doping for the ceramics studied here
[32,38]. Hence, the maximum d33 value observed for the BNBT6
ceramics doped with 0.6 wt.% Dy2O3 should also be attributed to
the maximum εr as discussed in Fig. 6.

As a whole, compared with the pure BNBT6 ceramics, the
mechanical quality factor Qm of the BNBT6 ceramics doped with
Dy2O3 decreases and Qm is 102 at the doping level of 0.6 wt.%, as
listed in Table 1. According to “soft” and “hard” additive model,
Dy2O3 acts as a soft-additive and promotes the movement of the
domains, leading to an increase of inner attrition together with a
decrease of Qm of modified BNBT6 ceramics compared with pure
BNBT6 ceramics. Excessive Dy2O3 (0.8 wt.%) increases the difficulty
of polarization, so inner attrition decreases and leads to the increase
of Qm again, as shown in Table 1.

Fig. 6 shows temperature dependence of relative dielectric con-
stant and the loss tangent of BNBT6-x (wt.%) Dy2O3 ceramics at
a frequency of 10 kHz. The curves of temperature dependence
of relative dielectric constant for different samples look similar,
which all shows two-phase transitions, as indicated in Fig. 6. Td is
the depolarization temperature which corresponds to the transi-
tion from a ferroelectric state to so-called “anti-ferroelectric” state
which is defined as one in which lines of ions in the crystal are
spontaneously polarized, but with neighboring lines polarized in
antiparallel directions [39], while Tm is the maximum temperature
at which relative dielectric constant εr reaches a maximum value
and corresponds to a transition from an “anti-ferroelectric” state
to a paraelectric state [40]. The Curie point (Tc) can be approxi-
mately determined by using the maximum temperature (Tm) [21].
From Fig. 6, the Dy2O3 addition induces an obvious decrease in
Tc and increase of in Td of the BNBT6 ceramics. At room tempera-
ture, the sample has higher relative dielectric constant: εr = 1539

when x = 0.4 and εr = 1611 when x = 0.6. Furthermore, compared
with pure BNBT6 ceramics, the dielectric maxima become signif-
icantly higher at x = 0.6. It is 4127 for pure BNBT6 ceramics, 4291
for 0.6 wt.% Dy2O3 doped BNBT6 ceramics. However, the dielectric
maxima becomes lower when the addition of Dy2O3 is super-
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Fig. 7. Dielectric constants of BNBT6-x (wt.%) Dy2O3 ceramics as a function o

bundant (x = 0.8), suggesting that the dielectric properties are
eakened when addition of Dy2O3 is superabundant.

From Fig. 6, it is found that the loss tangent tan ı gradually
ncreases with temperature up to Td where it reaches its maximum
ue to the ferroelectric to anti-ferroelectric phase transition, and
hen decreases with the temperature because of the less distortion
n the crystalline structure after depolarization until Tm [41,42].
ow dielectric loss at room temperature is obtained in all sam-

les and it changes slightly with the increase of Dy2O3, and the
eramics doped with 0.6 wt.% Dy2O3 have a low dissipation factor
tan ı = 0.051) at a frequency of 10 kHz.

Fig. 7 shows temperature and frequency dependences of
ielectric properties of BNBT6-x (wt.%) Dy2O3 ceramics. For
erature and frequency: (A) x = 0.0, (B) x = 0.2, (C) x = 0.4, (D) x = 0.6, (E) x = 0.8.

each specimen, relative dielectric constant (εr) exhibit strong
temperature–frequency dependence, indication of a typical relaxor
ferroelectric behavior, as shown in Fig. 7. εr shows a very strong
dependence on frequency below Td, this dependence becoming
weaker between Td and Tm. However, the dependence becomes
obvious again above Tm. This result is similar to Ref. [43].
With increasing frequency, dielectric constant of each specimen
decreases. The value of the dielectric constant of each specimen

at higher frequencies markedly dropped. This phenomenon can
be explained in terms of interfacial polarization. The built-up of
charges at the grain-grain boundary interface is responsible for
large polarization, therefore, the high dielectric constant exists
at lower frequencies [44]. Besides, Td gradually shifts to a higher
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ig. 8. Plots of ln(1/ε − 1/εm) as a function of ln(T − Tm) at 10 kHz for BNBT6-x (wt.%)
y2O3 ceramics.

emperature with increasing frequency and Tm changes not much.
he “shoulder” (Td) becomes smaller with increasing frequency. All
amples show similar dissipation factor behavior [15].

According to the theory of dielectric response of relaxor ferro-
lectrics discovered by Thomas [45], when the coupling reaction
etween A site cation and BO6 octahedron decreases, the stability
f ferroelectric domain decreases. Dy3+ occupying A site in BNBT6
attice can create vacancy of A site, as discussed in Eq. (3). More-
ver, the significant volatility of Bi3+ from the ceramics during high
emperature sintering also creates A site vacancy. Therefore, the
oupling reaction between A site and BO6 octahedron is weak-
ned, which leads to the relaxor characteristics in the ceramics [46].
oreover, in the solid solution of BNBT6, Dy3+ ions occupy A-sites

f ABO3 perovskite structure, which may act as defects to destroy
he long range ordering in the materials, therefore the ion disor-
er in the perovskite unit cell should be one of the reasons for the
ppearance of the frequency dispersion [47].

In order to characterize the dielectric dispersion and diffuseness
f the phase transition, the modified Curie–Weiss law is proposed
y many researchers [48–50]:

1
ε

− 1
εm

= (T − Tm)�

C
(4)

here ε is dielectric constant at a temperature T and εm is its max-
mum value at Tm, C is a constant and � is called the degree of
elaxation which is used to express the diffuseness exponent of the
hase transition. By fitting the experimental data based on Eq. (4),
e obtain the value of parameter � . The value of � can vary from

, for normal ferroelectrics with a normal Curie–Weiss behavior, to
, for completely disordered relaxor ferroelectrics [51,52].

Fig. 8 shows the plot of ln(1/ε − 1/εm) as a function of ln(T − Tm)
t 10 kHz for BNBT6-x (wt.%) Dy2O3 ceramics and the � values of
ach specimen. It is obvious that the value of � for all BNBT6 ceram-
cs is close to 2, suggesting the appearance of the typical relaxor
ehavior. Moreover, the dielectric properties sensitively depend
n the Dy2O3 content, the value of � increases with the increas-
ng Dy O content and then decreases, the value of � reaches peak
2 3
alues 2.08 at the doping level of 0.4 wt.% Dy2O3. This result indi-
ates that a little Dy2O3 doped BNBT6 ceramics increases the degree
f the relaxor behavior, and then the degree of the frequency dis-
ersion weakens and the relaxor behavior decreases as the further
y2O3 content (0.6–0.8 wt.%) increases.

[

[
[
[
[
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4. Conclusions

The BNBT6 ceramics doped with 0–0.8 wt.% Dy2O3 has been
investigated. No obvious change in the crystal structure is observed
for BNBT6 ceramics doped with Dy2O3. The addition of appropri-
ated Dy2O3 improves the piezoelectric and dielectric properties
of BNBT6 ceramics significantly. At room temperature, the piezo-
electric constant d33 and planar coupling factor kp reaches peak
values at the doping level of 0.6 wt.% and 0.4 wt.% Dy2O3 respec-
tively: d33 = 170 pC/N, kp = 0.33, the mechanical quality factor Qm is
102, εr attains 1611 and tan ı = 0.051 (at a frequency of 10 kHz)
at the Dy2O3 doping level of 0.6 wt.%. The P–E hysteresis loops
on BNBT6-x (wt.%) ceramics show that the proper Dy2O3 addi-
tion results in the increase of the remnant polarization Pr and the
decrease of the coercive field Ec, and then more loop squareness
are obtained with increasing Dy2O3 contents, and Rsq reaches a
peak value 1.40 at x = 0.2. Moreover, the BNBT6 ceramics doped
with Dy2O3 have the ferroelectric relaxor behavior and the degree
of the relaxor behavior attains peak value (� = 2.08) at the doping
level of 0.4 wt.%.
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