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New lead-free perovskite solid solution ceramics of (1 – x)(Bi1/2
Na1/2)TiO3–xBa(Ni1/2Nb1/2)O3[(1–x)BNT–xBNN,x = 0.02–0.06)
were prepared and their dielectric, ferroelectric, piezoelectric,

and electromechanical properties were investigated as a function

of the BNN content. The X-ray diffraction results indicated that
the addition of BNN has induced a morphotropic phase transfor-

mation from rhombohedral to pseudocubic symmetry approxi-

mately at x = 0.045, accompanying an evolution of dielectric

relaxor behavior as characterized by enhanced dielectric diffuse-
ness and frequency dispersion. In the proximity of the ferroelec-

tric rhombohedral and pseudocubic phase coexistence zone, the

x = 0.045 ceramics exhibited optimal piezoelectric and electro-

mechanical coupling properties of d33~121 pC/N and kp~0.27
owing to decreased energy barriers for polarization switching.

However, further addition of BNN could cause a decrease in

freezing temperatures of polar nanoregions till the coexistence of
nonergodic and ergodic relaxor phases occurred near room tem-

perature, especially for the x = 0.05 sample which has negligible

negative strains and thus show the maximum electrostrain of

0.3% under an external electric field of 7 kV/mm, but almost
vanished piezoelectric properties. This was attributed to the fact

that the induced long-range ferroelectric order could reversibly

switch back to its original ergodic state upon removal of external

electric fields.

I. Introduction

LEAD zirconate titanate based ceramics have been
extensively used for transducers, actuators, and sensors

due to their excellent piezoelectric and electromechanical
properties in the vicinity of morphotropic phase boundary
(MPB).1,2 However, concerns about lead pollution have in
recent years spurred considerable efforts to concentrate on
lead-free ceramics in consumer products.3 (Bi1/2Na1/2)TiO3

(BNT) with a rhombohedral symmetry (R3c) at room tem-
perature was considered to be a promising lead-free ferroelec-
tric ceramic due to its relatively large remanent polarization
(Pr~38 lC/cm2) and high Curie temperature (Tc~320°C) in
lead-free piezoelectric materials.4–6 Although its bottlenecks
such as high conductivity and coercive field have restricted
practical applications, these drawbacks can be largely allevi-
ated through various methods such as forming typical MPB
with (Bi1/2K1/2)TiO3 (BKT), BaTiO3 (BT) et al.

7–10

The concept of the tolerance factor (t), being widely used
to predict the stability of perovskite structures and provide
an indication of how far the atoms can move from the ideal
packing position, was first proposed by Goldschmidt et al.11

It can be expressed as t ¼ ðRA þ RoÞ=
ffiffiffi

2
p ðRB þ RoÞ, where

RA, RB, and RO are ionic radii of A , B site, and oxygen.
Lee et al.12 established a quantitative relation between the
MPB composition and the t values in BNT-based ceramics,
and they also demonstrated that the t value of the MPB
compositions in BNT-based systems was in the vicinity of
0.990–0.993 and should be independent of the added end-
members. After that, Hiruma et al.13,14 first put forward an
idea that BNT-based solutions should exhibit two types of
MPBs. One was the traditional MPB between the ferroelec-
tric rhombohedral and tetragonal phase (assigned to the
MPB I), such as BNT–BT,7,8 BNT–BKT,9,10 BNT–PT,15 and
the other was the MPB between the ferroelectric rhombohe-
dral and pseudocubic relaxor phases, such as BNT–SrTiO3

16

and BNT–KNbO3.
17 Due to the fact that the latter was cor-

related with the polymorphic phase transition, for conve-
nience, this kind of MPB was assigned to the MPB II. What
is more, Hiruma et al. considered that the end-member with
high tolerance factors was the prerequisite to form an MPB
II for BNT–ABO3 solid solutions, in which a large strain
could be expected during the transformation from the ferro-
electric rhombohedral to relaxor pseudocubic state.13,14 The
BNT–BT–K0.5Na0.5NbO3 (KNN) composition, which was
initially planned for the use of the pseudoternary system to
couple two MPB compositions BNT–BT and BNT–KNN to
maximize the electromechanical properties of the given sys-
tem, was finally found to own a rapid decrease in piezoelec-
tricity and the appearance of a giant strain.18–20 Afterward, a
few BNT-based compositions with large electrostrains were
reported.21–23

Barium nickel niobate [Ba(Ni1/2Nb1/2)O3, abbreviated as
BNN] is a perovskite ferroelectric ceramic, which exhibits a
diffuse phase transition and possesses a cubic structure at
room temperature.24 According to Shannon’s reports,25 BNN
has a tolerance factor of t = 1.064 (RBa

2+ = 1.61 �A,
RNi

3+ = 0.56 �A, and RNb
5+ = 0.64 �A) and seems possible to

form MPB II with BNT. In this study, a binary solid solu-
tion of BNT–BNN was designed and fabricated. The phase
composition dependence of its dielectric, ferroelectric, piezo-
electric properties, and electromechanical strain properties
was systematically investigated as a function of the BNN
content.

II. Experimental Procedures

The (1�x)BNT–xBNN (x = 0.02–0.06) piezoelectric ceramics
were synthesized by a conventional solid-state reaction
method using high-purity chemicals: Bi2O3 (99.0%), Na2CO3

(99.8%), BaCO3 (99.0%), C4H6NiO4
.4H2O (99.0%), Nb2O5
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(99.5%), and TiO2 (99.0%) as raw materials. The powders
were weighed and ball-milled with ethanol and zirconia
media for 6 h, then the slurry was dried at 100°C. Nickel
acetate was used in this study instead of nickel oxide (NiO)
to obtain a higher reactive activity, although its reprecipita-
tion problem during drying may induce the powder inhomo-
geneity. This issue was solved by repeatedly grinding and
sieving the powder mixture. Moreover, the powders were cal-
cined twice in a closed alumina crucible at 850°C for 3 h.
After calcination, the mixture was ball-milled again for 10 h
with 1 wt% PVB as a binder. The granulated powder was
uniaxially pressed into disks with a diameter of 10 mm and
a thickness of 1 mm. The compacted disks were sintered in
the temperature of 1100°C–1160°C for 2 h. To minimize the
vaporization of Na and Bi, sample disks were buried in the
sacrificial powder of the same composition. For the electrical
measurements, silver paste was painted on major sides of the
disks and fired at 550°C for 30 min as the electrodes. The
specimens were polarized in the silicone oil bath at room
temperature under a dc field of 5–7 kV/mm for 15 min.

The phase structures were analyzed at room temperature
by an X-ray diffractometer (XRD; D/Mzx-rB, Rigaku,
Tokyo, Japan) with CuKa1 radiation. The dielectric proper-
ties were measured at various frequencies using an LCR
meter (Agilent E4980A; Santa Clara, CA) in a temperature
range 20°C–400°C and in a frequency range 10 kHz–1 MHz.
The piezoelectric strain constant d33 of poled samples was
measured by a Belincourt-meter (YE2703A; Sinocera, Yangz-
hou, China). The planar electromechanical coupling factor kp
was determined by a resonance–antiresonance method using
an impedance analyzer (PV70A; Beijing Band ERA Co. Ltd.,
Beijing, China). A ferroelectric test system (Precision LC;
Radiant Technologies, Inc. Albuquerque, NM) was used to
measure the polarization–electric field (P–E) hysteresis loops
and electric-field-induced strain (S–E) curves.

III. Results and Discussion

Figure 1(a) shows the XRD patterns of (1�x)BNT–xBNN
ceramics. It can be seen that all the compositions exhibit a pure
perovskite structure and no obvious second phases could be
detected. That is to say, Ba2+ and (Ni1/2Nb1/2)

4+ ions have
completely diffused into the lattice and formed a solid solution
with BNT. The asymmetry of (111) diffraction peaks and non-
splitting of the (200) peaks for the x = 0.02–0.04 samples sug-
gest that these compositions may own a rhombohedral
structure. When the BNN content was increased up to 0.05,
0.0525, and 0.06, single peaks of (111) and (200) profiles could
be clearly seen, which illustrates that these three compositions
should display a pseudocubic perovskite structure in combina-
tion with the analysis of the macroscopic properties infra. To
give an insight into the room-temperature phase structure, the
slowly scanned (111) peaks were fitted by using Gaussian peak
shape function for samples with x = 0.02–0.05, as shown in
Figs. 1(b1)–(b5). The structural symmetry of the samples can
be well established from the peak splitting and the relative
intensity of these reflection lines. It can be clearly seen that the
samples with x = 0.02, 0.03, and 0.04 display a rhombohedral
structure due to the splitting of (111) peaks (as denoted by
arrows). However, the (111)R/(�111)R and (111)PC peaks
could be simultaneously detected in the x = 0.045 sample, indi-
cating the coexistence of rhombohedral and pseudocubic
phases. The single (111) peak for samples with x = 0.05,
0.0525, and 0.06 indicates a pseudocubic symmetry. For sim-
plicity, only the x = 0.05 sample was used as an example here.
It seems also possible to fit the XRD data of the x = 0.045
sample using a single Gaussian peak. However, the best fit was
obtained for this sample as the existence of rhombohedral and
pseudocubic phases was considered. This is because the good-
ness of fit (r2 = 0.998) value extracted by using three Gaussian
peaks is bigger than that in the case of a single Gaussian peak
(r2 = 0.984). In a word, the ferroelectric rhombohedral

distortion gradually decreased with increasing the BNN
content and finally evolved into a pseudocubic structure start-
ing from x = 0.05. Based on the XRD data, the lattice con-
stant a was calculated by fitting the diffraction peak profile
with a pseudocubic-Voigt profile function using the program
of MDI Jade 6.0, as shown in Fig. 1(c). It can be obviously
seen that the lattice constant a increased slightly with increas-
ing the BNN content, suggesting that there is a slight lattice
expansion. This is probably due to the relatively large ionic
radii of Ba2+ compared with Bi3+ and Na+ at the A
sites (CN = 12, R(Bi1/2Na1/2)

2+ = 1.42 �A < RBa
2+ = 1.64 �A),

although the B-site average ionic radii of (Ni1/2Nb1/2)
4+

(CN = 6, R(Ni1/2Nb1/2)
4+ = 0.60 �A) are slightly smaller than

that of Ti4+ (CN = 6, RTi
4+ = 0.605 �A).25

Figure 2 shows the SEM micrographs of (1�x)BNT–
xBNN ceramics with x = 0.02–0.06. It can be noted that the
grains of all samples grow extremely well and are closely
packed with almost no pores, indicating of high densities.
Moreover, with increasing the BNN content, the grain size
only slightly increases from ~20.1 lm for the x = 0.02 sample
to ~23.2 lm for the x = 0.06 sample as estimated using a lin-
ear intercept method. Although the sample microstructure
should be closely correlated to the final electrical properties,
yet a slight change in this study will not make an obvious
difference in the corresponding dielectric and ferroelectric
properties. Good densification behavior of the studied lead-
free materials would provide an additional advantage as
compared to alkaline niobate based lead-free compositions.

Figure 3 shows that temperature and frequency depen-
dences of dielectric permittivity of unpoled and poled (1�x)
BNT–xBNN ceramics (x = 0.02–0.06) with changing the
measuring frequency from 10 kHz to 1 MHz. It is obvious
that all samples show a strong frequency dispersion around
the temperature at the dielectric maxima (Tm), which illus-
trates that these samples can be classified as relaxor ferroelec-
trics.26 The evolution of the relaxor behavior was believed to
derive from the change in the size and dynamics of the polar
nanoregions (PNRs). The PNRs usually appear at a tempera-
ture of a few hundred degrees above the Curie temperature
and the macroscopic polarization completely disappears in
this temperature region,26–29 during which the PNRs are ran-
domly distributed and exist in an ergodic state. Then, the
average size of PNRs increases and their dynamics slow
down during cooling. The ergodic PNRs would then either
transform into microsized domains at a temperature called as
TFR to form normal ferroelectrics or be frozen into a static
polar order of nonergodic relaxor state below a critical freez-
ing temperature Tf.

30–32 Generally speaking, PNRs were
determined by a local random field owing to the disorder dis-
tribution of different ions at one or more equivalent crystal-
lographic sites of the structure. In this system, incorporation
of Ba2+ ions at the A site and (Ni0.5Nb0.5)

4+ complex ions
at the B site led to the increase in the relaxor behavior. For
poled ceramics, the dielectric anomaly at lower temperatures
TFR could be more clearly seen as x = 0.02–0.045. This
anomaly was referred as a transformation from the rhombo-
hedral ferroelectric order to the relaxor state, corresponding
to the frequency-independent peaks in the dielectric curves
[the inflection point was indicated by arrows in the insets of
Figs. 3(a)–(d)]. Moreover, in contrast to nearly invariant Tm

values, TFR sharply decreases from 194°C for x = 0.02 to
67°C for x = 0.045, and cannot be detected above room tem-
perature in the dielectric curves as x ≥ 0.05. Although an
obvious anomaly peak was not seen in poled samples with
x ≥ 0.05, yet the value of dielectric permittivity for poled
samples was suppressed compared with unpoled samples, as
shown in Figs. 3(h), (i) and (j). As known, dielectric permit-
tivity can be influenced by the mobility and density of the
domain walls. Higher dielectric permittivity for unpoled
relaxor states may be due to the existence of polar nanodo-
mains.33 As the electric field is applied, the long-range ferro-
electric order is established and large domains appear, then
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resulting in a degradation of dielectric permittivity. For sam-
ples with x = 0.0525 and 0.06, no obvious difference can be
detected in the dielectric curves before and after poling, indi-
cating that these two samples are completely of ergodic sates
above room temperature. For the same reason, the x = 0.05
sample should possibly lie in the coexistence zone of ergodic
and nonergodic relaxor phases at room temperature but
should be dominated by ergodic relaxor phases.

Figure 4(a) shows the inverse dielectric permittivity versus
temperature curves for (1�x)BNT–xBNN ceramics as indi-
cated. For a normal ferroelectric, it is known that the dielec-
tric permittivity above its Curie temperature follows the
Curie–Weiss law: 1/e = (T�Tc)/C,

34 where Tc is the Curie
temperature and C is the Curie–Weiss constant. Nevertheless,
it is found that the inverse dielectric permittivity of (1�x)
BNT–xBNN ceramics (x = 0.02, 0.04, and 0.06) shows an
obvious deviation from the Curie–Weiss law, which can be
denoted as DTm given by the following equation:
DTm = Tcw�Tm, where Tcw denotes the temperature where
the inverse dielectric permittivity begins to deviate from the
Curie–Weiss law. This deviation was commonly observed in
relaxor ferroelectrics.26 As a matter of fact, for relaxor ferro-
electrics, the diffuseness of phase transition can be accounted
for more effectively by a modified Curie–Weiss law 1/e �
1/em = C�1(T�Tm)

c,35 where c denotes the degree of diffuse-
ness, and em stands for the maximum dielectric permittivity
at a fixed frequency. Generally speaking, the parameter c
ranges from one for a normal ferroelectric to two for an
ideal relaxor ferroelectric. The plots of ln(1/e�1/em) versus ln
(T�Tm) for three compositions (x = 0.02, 0.04, and 0.06)
exhibit a well linear relationship, as shown in Fig. 4(b). The
c values for different compositions can be obtained from the
slope of the fitted lines. In addition, the parameter DTrelax,
which is defined as the difference between two Tm values at
1 MHz and 10 kHz, was introduced to investigate the relaxa-
tion degree of ferroelectric ceramics. As can be seen from
Fig. 4(c), three of DTrelax and c and increase with increasing
the BNN content, indicating that the relaxor behavior of the
system was obviously enhanced with increasing the BNN
content. Such a phenomenon can also be seen in other lead-
free piezoelectric ceramics.36,37

Figures 5(a)–(g) show the composition dependence of the
room-temperature P–E loops for samples with x = 0.02–0.06,

together with the corresponding current density loops (J–E).
It is obvious that saturated and square P–E loops combined
with one single-sharp current density peak P1 appear in sam-
ples with x = 0.02–0.04, which can be ascribed to the
domain switching of long-range ferroelectric order (x ≤ 0.04)
or short-range polar order (nonergodic phases) (x = 0.045,
0.05). When the BNN content reached 0.045 and 0.05,
slightly pinched P–E loops with an additional current density
peak P2 can be clearly observed, probably due to the coexis-
tence of ergodic and nonergodic relaxor phase.38–41 The
induced long-range ferroelectric order would revert back to
its initial ergodic state as the applied electric field was
released, generating the second polarization current peak
P2. By comparison, very slim P–E loops in the absence of
obvious polarization current peaks were observed in
samples with x ≥ 0.0525, indicating that the samples should
exhibit a pure ergodic state at room temperature. The
above statements are also in good agreement with the die-
lectric measurements. The variation tendency of the maxi-
mum polarization (Pmax), remanent polarization (Pr), and
coercive field (Ec) values with changing the BNN content is
shown in Fig. 5(h). Compared with the change in Pr, the
Pmax value does not change much for different composi-
tions because the latter is mainly related to the poling state
of the (electric field induced) long-range ferroelectric states,
although both of them seem to have the maximum values
at x = 0.045. This may be due to the easier domain switch-
ing under an external electric field near the ferroelectric
phase coexistence zone through the addition of BNN into
BNT. It can be seen that the Pr value reaches the minimum
as x > 0.05. Although a long-range ferroelectric state can
be induced from an ergodic state by an electric field, yet it
becomes more unstable as the relaxor degree of the sample
increases due to an increase in the local random field. The
Pr value for the 0.045 ≤ x ≤ 0.05 samples is relatively large
compared to the x > 0.05 sample because of a small
amount of ferroelectric order irreversibly transformed from
nonergodic phases.32 As expected, the Ec value approxi-
mately defined as the electric field when the Pr becomes
zero drops monotonously with increasing the BNN content,
which can be ascribed to the increased domain switching
dynamics because of the disruption of long-range ferroelec-
tric order.

(a) (b1) (b2)

(b3)

(b5)

(c)

(b4)

Fig. 1. (a) Room-temperature XRD patterns of (1�x)BNT–xBNN ceramics (x = 0.02–0.06), (b1)~(b5) the (111) diffraction peaks fitted by using
PeakFit software with the Gaussian profile for the x = 0.02–0.05 samples, and (c) the variation in the lattice parameter a with respect to the
BNN content.
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Figure 6 shows that the bipolar and unipolar strain loops
measured at room temperature under an electric field of
7 kV/mm. For bipolar S–E curves, (1�x)BNT–x BNN
(x ≤ 0.045) samples generally exhibit a butterfly strain loop
with a large negative strain Sneg, which is typical for
ferroelectrics. With the further incorporation of BNN
(x ≥ 0.05), the butterfly like loop drastically changes into the
sprout-shaped loop, accompanied by a drastic decrease in the
negative strain Sneg and a concurrent increase in the positive
strain Spos, as shown in Fig. 6(a). Figure 6(b) shows that the
unipolar strain curves change with respect to the BNN con-
tent. The maximum unipolar strain of 0.3% appears in the
sample with x = 0.05. The definition of Spos and Sneg was
explained in Fig. 6(c). Both of them change as a function of
the BNN content, as shown in Fig. 6(d). It is obvious that
the absolute value of Sneg first increase until the BNN con-
tent is up to 0.045. The increment of the absolute value of
Sneg may also originate from the easier domain switching
near the phase coexistence zone, which is in agreement with
the variation in Pr [Fig. 5(h)]. When the BNN content rises
to 0.05, the appearance of dominant ergodic phases may be
responsible for the sharp decrease in Sneg, which also keeps a
good agreement with the variation in Pr. Interestingly, it can
be seen that Spos steadily increases and reaches its maximum
value of ~0.3% in the vicinity of x = 0.05, as shown in
Fig. 6(d). An obvious increase in the electric field induced
strains was usually correlated with the coexistence of ergodic

and nonergodic phases, in which ergodic phases can be
reversibly and easily transformed into a long-range ferroelec-
tric order under an external electric field.20,42 Further addi-
tion of BNN tends to decrease the Spos value because the
phase composition in the sample has been away from the
phase coexistence zone so that the transformation from an
ergodic phase to a ferroelectric phase becomes rather
hard. Similar phenomena have also been observed in other
Bi-containing perovskite-structured ferroelectrics.38–43

Figure 7(a) shows that the small-signal d33, kp and large-
signal piezoelectric constant d33* (also defined as the normal-
ized strain Smax/Emax) as a function of the BNN content. With
increasing the BNN content, both d33 and kp first increase
gradually and reach the maximum value of 121 pC/N
and 0.27, respectively, at x = 0.045, which should be ascribed
to relatively low-energy barrier for polarization switching
provided by coexisting ferroelectric rhombohedral and pseu-
docubic phases.44 Moreover, the formation of nanodomains
may also help to reduce the domain wall energy owing to
the existence of pseudocubic nonergodic relaxor phases.45

However, with a further introduction of BNN, the d33 and
kp values drastically decrease and nearly approach to zero
at x = 0.05–0.06 owing to the completely reversible phase
transition to ergodic phases. It is worthy of note that the
nonzero d33 value for the x = 0.05 sample may demonstrate
that a little trace of nonergodic relaxor phase still exists in
this composition range. At the moment when the d33 and

(a) (b)

(c) (d)

(e) (f)

Fig. 2. Typical SEM micrographs of (1�x)BNT–xBNN ceramics sintered at their optimal temperatures: (a) x = 0.02, (b) x = 0.03, (c)
x = 0.045, (d) x = 0.05, (e) x = 0.0525, and (f) x = 0.06.
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kp values significantly decrease, the d33* value sharply
increases to a maximum value of ~420 pm/V in the compo-
sition with x = 0.5, being derived from a crossover from a
dominant nonergodic phase to a dominant ergodic relaxor
phase. It can be seen that the quasistatic piezoelectric prop-
erties and dynamic large-signal strain properties are domi-
nated by the contribution from the irreversible domain
switching (i.e., the maximum Pr) and the recoverable ergo-
dic–ferroelectric phase transformation (i.e., near-zero Sr),
respectively. Moreover, the values of piezoelectric and ferro-
electric properties are notably higher than those of
Bi0.5Na0.5TiO3–BiCoO3 (BNT–BC), BNT–Bi(Mg0.5Ti0.5)TiO3

(BNT–BMT), Bi0.5Na0.5TiO3–Bi(Al0.5Ga0.5)O3 (BNT–BAG)
compositions, et al.,46–50 and are comparable with
those of Bi0.5Na0.5TiO3–Ba(Al0.5Ta0.5)O3 (BNT–BAT) and
Bi0.5Na0.5TiO3–SrTiO3 (BNT–ST) systems.16,51 The compari-
son of the piezoelectric and ferroelectric properties among
those BNT-based binary solid solution ceramics was made,
as shown in Table I. Combined with the XRD data, dielec-
tric, ferroelectric, and piezoelectric properties analyzed
above, a schematic phase diagram was constructed, indicat-
ing different phase regions with changing the BNN content
and temperature, as shown in Fig. 7(b). The characteristic
temperatures such as Tcw, TFR, and Tm have been discussed

(a) (b) (c)

(d) (e) (f)

(g) (j) (h) (i)

Fig. 3. Dielectric permittivity of unpoled and poled (1�x)BNT–xBNN ceramics as a function of temperature and frequency for samples with
(a) x = 0.02, (b) x = 0.03, (c) x = 0.04, (d) x = 0.045, (e) x = 0.05, (f) x = 0.0525, and (g) x = 0.06; (h), (i) and (j) the locally magnified curves in
fig. 3(e), (f), and (g) in the temperature range 180°C–280°C, respectively.

(a) (b)

(c)

Fig. 4. (a) Inverse dielectric permittivity versus temperature curves for samples as indicated, (b) the ln(1/e�1/em) versus ln(T�Tm) curves at
1 MHz for samples as indicated, and (c) the variation in both DTrelax and c as a function of the BNN content.
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supra. The freezing temperature Tf should have been
obtained by fitting the measured dielectric permittivity ver-
sus temperature curves at different frequencies for unpoled

(a) (b) (c)

(d)

(g) (h)

(e) (f)

Fig. 5. P–E hysteresis loops together with J–E curves measured at a frequency of 1 Hz for (1�x)BNT-xBNN ceramics: (a) x = 0.02, (b)
x = 0.03, (c) x = 0.04, (d) x = 0.045, (e) x = 0.05, (f) x = 0.0525, and (g) x = 0.06; (h) the variation in the maximum polarization Pmax, remanent
polarization Pr and the zcoercive field Ec values against the BNN content.

(a) (b)

(c) (d)

Fig. 6. (a) Bipolar and (b) unipolar S–E curves for samples as
indicated, (c) the indication of both Spos and Sneg values, and (d)
Spos and Sneg values at room temperature as a function of the BNN
content.

Table I. Piezoelectric and Ferroelectric Properties of BNT-Based Binary Solid Solution Ceramics

d33 (pC/N) kp Strain (%) d33* (pm/V) Pmax (lC/cm
2) Pr (lC/cm

2) Ec (kV/mm) References

BNT–BC 107 ~0.13 ~0.12 ~150 ~40 ~35 ~5 46
BNT–KNN 94 ~0.25 ~0.22 ~275 ~30 ~20 ~1.5 47
BNT–BAG 93 / ~0.09 ~100 ~30 ~25 ~5 48
BNT–BZT 92 ~0.22 ~0.15 ~188 ~28 ~18 ~2.5 49
BNT–BMT 110 / ~0.12 ~150 ~38 ~25 ~3 50
BNT–BAT 127 / ~0.36 ~448 ~37 ~17 ~2 51
BNT–ST 127 / ~0.29 ~488 ~35 ~10 ~2 16
BNT–BNN 121 ~0.27 ~0.3 ~420 ~34 ~20 ~1.7 This study

(a)

(b)

Fig. 7. (a) Piezoelectric strain coefficient d33, electromechanical
coupling coefficient kp and normalized strain d33

* of (1�x)BNT–
xBNN (x = 0.02–0.06) ceramics as a function of the BNN content,
and (b) the schematic phase diagram of (1�x)BNT–xBNN ceramics.
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samples (Fig. 3) to the Vogel–Fulcher relationship.28 It was
shown that piezoelectric and electromechanical strain prop-
erties exhibit an obvious phase compositional dependence.
Near the transition zone (MPB II) between the ferroelectric
rhombohedral and pseudocubic relaxor phase, the optimal
piezoelectric and electromechanical coupling properties were
obtained in the vicinity of x = 0.045. By comparison, the
coexistence of ergodic and nonergodic relaxor phases in an
appropriate amount mainly contributes to the appearance
of significantly enhanced eletrostrains around the x = 0.05
composition. The basic reasons for the phase-composition-
dependent piezoelectric and strain properties are based on
the lower energy barrier for the polarization switching (or
domain wall motion) and phase transition provided by
coexisting two phases in an appropriate ratio.

IV. Conclusions

(1�x)BNT–xBNN binary solid solution ceramics were fabri-
cated via a solid-state reaction method and their dielectric, fer-
roelectric, piezoelectric, and electromechanical strain
properties were systematically investigated as a function of the
BNN content, showing a strong phase composition depen-
dence. For the composition with x = 0.045, the optimal d33
(~121 pC/N) and kp value (~0.27) were obtained, which are
also relatively high as compared to the pure BNT ceramic and
other BNT-based binary compositions. Moreover, further
addition of BNN would induce an obviously enhanced electro-
strain (d33

*~420 pm/V) in the vicinity of x = 0.05 because of
the coexistence of nonergodic and ergodic phases, but simulta-
neously lead to completely vanished piezoelectric properties.
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