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a b s t r a c t

Owing to the complex composition architecture of these solid solutions, some fundamental issues of the
classical (1�x)Bi1/2Na1/2TiO-xBi1/2K1/2TiO3 (BNT-xBKT) binary system, such as details of phase evolution
and optimal Na/K ratio associated with the highest strain responses, remain unresolved. In this work, we
systematically investigated the phase evolution of the BNT-xBKT binary solid solution with x ranging
from 0.12 to 0.24 using not only routine X-ray diffraction and weak-signal dielectric characterization, but
also temperature-dependent polarization versus electric field (P-E) and current versus electric field (I-E)
curves. Our results indicate an optimal Na/K ratio of 81/19 based on high-field polarization and elec-
trostrain characterizations. As the temperature increased above 100 �C, the x ¼ 0.19 composition pro-
duces ultrahigh electrostrains (> 0.5%) with high thermal stability. The ultrahigh and stable electrostrains
were primarily due to the combined effect of electric-field-induced relaxor-to-ferroelectric phase tran-
sition and ferroelectric-to-relaxor diffuse phase transition during heating. More specifically, we revealed
the relationship between phase evolution and electrostrain responses based on the characteristic tem-
peratures determined by both weak-field dielectric and high-field ferroelectric/electromechanical
property characterizations. This work not only clarifies the phase evolution in BNT-xBKT binary solid
solution, but also paves the way for future strain enhancement through doping strategies.

© 2021 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The advantages of actuators based on the electric-field-induced
strain (i.e., electrostrain) of ferroelectric ceramic materials include
high displacement control accuracy, fast response time, and low
power consumption [1e5]. They have awide variety of applications
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in electronics and military, including precision optics, micro-
positioners, fuel injection, and so on [1,4,6,7]. Thus, the electro-
strain properties of ferroelectric ceramics have gained attention
[4,8]. Electrostrain in ferroelectric ceramics is caused by a variety of
factors, including intrinsic piezoelectric and electrostrictive effects,
as well as extrinsic domain wall motion and reversal [9e13].
Furthermore, the electric-field-induced phase transition signifi-
cantly contributes to electrostrain [6]. Except for Bi1/2Na1/2TiO3
(BNT)-based materials, electrostrains in ferroelectric ceramics are
generally less than 0.2% when the driving field is less than 100 kV/
cm [14,15]. Zhang et al. reported a 0.45% giant unipolar electrostrain
in Bi1/2Na1/2TiO3 (BNT)-based Bi1/2Na1/2TiO3-BaTiO3-K1/2Na1/2NbO3
(BNT-BT-KNN) ceramics at room temperature in 2007, which was
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attributed to an electric-field-induced antiferroelectric-ferroelec-
tric (AFE-FE) phase transition [16]. This strainwas relatively greater
than that of lead-containing ferroelectric ceramics, such as
PbZrxTi1-xO3 (PZT), which have been dominating the piezoelectric
ceramic market [15]. It was suggested that the addition of KNN into
BNT-BT disrupts the ferroelectric long-range order and lowers the
depolarization temperature (Td) toward a low temperature,
resulting in the presence of an antiferroelectric phase at room
temperature [16]. However, Jo et al. determined the volume
changes of BNT-BT-KNN ceramics by measuring the longitudinal
and transverse strains simultaneously. They excluded the AFE-FE
phase transition mechanism for this giant strain and attributed
the grain strain to a nonpolar to polar phase transition [17]. It
should be noted that both the nonpolar to polar and AFE-FE phase
transitions can result in a high maximum polarization (Pmax) and a
low remnant polarization (Pr). Based on the electrostrictive effect,
the unipolar electrostrain (S) can be calculated, as follows [18]:

S ¼ Q33 � DP2 ¼ Q33 �
�
P2max � P2r

�
(1)

where Q33 is the electrostriction coefficient. Based on previous
works, Q33 is largely correlated to crystal lattice parameters,
rendering it almost temperature- and electric field-independent
[19e24]. Consequently, a large electrostrictive strain can be ach-
ieved in a dielectric material with a high DP2 [9,25]. Owing to the
development and evolution of polar nanoregions (PNRs) in BNT-
based materials [6,26,27], remnant polarization decreases rapidly
as the temperature increases above Td, whereas Pmax remains
relatively stable. This satisfies the condition indicated by Eq. (1),
thus, giant strains are often found in BNT-based materials above Td.

Zheng et al. [14] and Fan et al. [6] summarized the representative
compositions and corresponding electrostrains in BNT-based solid
solutions. It can be seen that the electrostrains vary substantially
(0.2%~0.7%) depending on the composition. Giant electrostrains are
often observed in BNT-xBT [16,28e31] and (1�x)BNT-xBi1/2K1/2TiO3
[32,33] (BNT-xBKT)-based solid solutions with different doping
elements or perovskite-structured end members, such as SrTiO3
(ST) [34], KNN [35], and SrZrO3 (SZ) [36]. The piezoelectric and
dielectric properties of PZT ceramics are highly correlated with the
Zr/Ti ratio. Superior performances are obtained in compositions
close to themorphotropic phase boundary (MPB) region (with Zr/Ti
ratios of approximately 52/48), due to the flattening of the free
energy landscape when the composition approaches the MPB re-
gion [37e39]. As the MPB is almost temperature-independent in
the PZT phase diagram, high piezoelectric properties obtained in
MPB compositions can be maintained until the temperature rea-
ches the Curie temperature (TC), demonstrating the high thermal
stability of piezoelectricity [15,40]. Furthermore, by doping the PZT
with acceptor and donor dopants, the piezoelectric and dielectric
properties can be further tailored based on defect engineering
strategies [37,40,41]. In comparison, coexistence of rhombohedral
BNT and tetragonal BKT phases was observed in BNT-xBKT solid
solutions with x ranging from 0.16 to 0.20. A maximum piezo-
electric coefficient d33 was recorded for the x ¼ 0.20 composition
[42]. However, the x¼ 0.20 composition cannot be simply regarded
as the MPB composition for the following reasons. First, as the
phase boundary of BNT-xBKT is not vertical to temperature, the
piezoelectric and dielectric are extremely temperature-dependent,
which is not the case in PZT [43]. Second, due to the depolarization
effect, the highest properties observed at room temperature display
significant degradation when T > Td, where Td is much lower than
TC. Thus, the first step in obtaining high electrostrains in BNT-xBKT
solid solution is to determine the optimum Na/K ratio. In BNT-
xBKT-based doped or ternary solid solutions, different Na/K ratios
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such as 84/16, 82/18, 80/20, and 78/22, have been selected
[22,32,35,44e51]. Although these systems have strong piezoelec-
tric and electrostrain responses, the reason for choosing these Na/K
ratios is not clear, and the optimum Na/K ratio in undoped BNT-
xBKT determined from composition-dependent electrostrain is still
lacking. Thus, applying the doping strategy to further boost the
electrostrains based on these works, as was the case in PZT, is
difficult. Furthermore, the phase diagram of BNT-xBKT is still
debatable [52,53]. Hiruma et al. determined the rhombohedral-
tetragonal phase transition temperature (TR-T) from the
temperature-dependent dielectric permittivity [53,54]. However,
owing to the relaxor characteristics in BNT-xBKT, this temperature
is difficult to determine, as reported by a few groups [55]. Normally,
the characteristic temperatures used to draw the phase diagram of
BNT-xBKT are derived from the temperature-dependent dielectric
properties of unpoled and poled samples excited at a very small
signal level. On the contrary, the electrostrains, are usually deter-
mined at relatively higher field strengths. As a result, the phase
diagram cannot adequately reflect the phase-electrostrain rela-
tionship. Therefore, it is necessary to reveal the phase-electrostrain
relationship with the assistance of high-field characterization
methods, such as temperature-dependent polarization versus
electric field (P-E) loops, current versus electric field (I-E) curves,
and strain versus electric field (S-E) curves.

In this work, to answer the above questions, we returned to the
simple BNT-xBKT binary solid solution and reveal the phase evo-
lutions in this system not only through routine X-ray diffraction
(XRD) and weak-signal dielectric characterization, but also by
means of high-field ferroelectric/electromechanical property
characterizations. Temperature-dependent P-E and I-E curves were
used to derive characteristic temperatures, which were then used
as important supplements to construct the phase diagram of the
BNT-xBKT binary system. More importantly, we determine the
optimal Na/K ratio as 81/19, in which composition, high electro-
strains above the Td with good thermal stability are achieved. With
the guidance of this work, more property tailoring and enhance-
ment can be realized after clarifying the phase evolution in BNT-
xBKT.

2. Experimental method

The samples of (1�x)Bi1/2Na1/2O3-xBi1/2K1/2TiO3 (x ¼ 0.12, 0.14,
0.16, 0.18, 0.19, 0.20, 0.22, 0.24) (BNT-xBKT) were prepared using a
traditional solid state method. The raw materials included Bi2O3
(99%, Sinopharm Chemical Reagent Co. Ltd., China), Na2CO3 (99.8%,
Sinopharm Chemical Reagent Co. Ltd., China), K2CO3 (99%, Sino-
pharm Chemical Reagent Co. Ltd., China) and TiO2 (98%, Sinopharm
Chemical Reagent Co. Ltd., China). To prevent the influence of
moisture in the raw materials on the accuracy, TiO2 was dried at
800 �C for more than 10 h, and Bi2O3 was dried at 300 �C for more
than 10 h, whereas Na2CO3 and K2CO3 were dried at 180 �C. The raw
materials were calcined for 2 h at 850 �C after 6 h of ball milling
(with alcohol as the solvent). Following the second ball milling, the
powder was dried and isostatic pressed into 10 mm diameter green
disks under a pressure of 250 MPa. These green disks were then
coated with the same powder composition and sintered at a rate of
3 �C/min for 2 h at 1150 �C to form dense ceramic samples. The
samples were carefully polished prior to microstructure testing.
The silver electrodes were all obtained for electrical testing by
daubing silver pulp and drying at 600 �C for 2 h.

The sintered ceramic sample was ground into a fine powder,
annealed (annealing temperature of 500 �C at a rate of 1 �C/s) to
remove the stress at high temperatures. An X-ray diffraction
apparatus (XRD, SmartLab, Rigaku, Japan) was used to measure the
XRD pattern of the sample at a step length of 0.02�. The lattice
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parameters were refined using the FULLPROF software package
(version 2000). After sintering the dense ceramic disk, the upper
and lower surfaces were polished and coatedwith silver electrodes.
The temperature-dependent dielectric permittivity was measured
using a multi-frequency LCR meter (E4980A, Agilent, Palo Alto,
USA). A commercial ferroelectric test device (TF analyzer 2000,
aixACCT, Aachen, Germany) with a laser interferometer vibrometer
(SP-S 120, SIOS Mebtechnik GmbH, Germany) was used to collect
the electric hysteresis loops for polarization (P-E), strain (S-E) and
current density (J-E). The test frequency was set to 1 Hz. The in-
ternal field-induced ferroelectric domains and relaxation behavior
of the samples whose surfaces were well polished with a diamond
suspension were measured using piezoresponse force microscopy
(PFM, Cypher S, Asylum Research, Oxford Instruments).

3. Results and discussion

The XRD patterns of the BNT-xBKT ceramic samples are shown
in Fig.1(a). In the 20�~80� range, all diffraction peaks of the samples
showed a perovskite structure, and no second phase was detected.
Fig. 1(b) shows the partial enlargements of the (110) peaks from 32�

to 33� for the different components. As the BKT content increased
from 12% to 24%, the (110) peak moves to a lower angle. The ion
radius of Naþ (139 p.m.) was smaller than that of Kþ (164 p.m.)
when the coordination number (CN) was equal to 12 [56]. Thus, the
Fig. 1. XRD patterns of BNT-xBKT ceramics samples with selected angles of (a) 20�e80� , (b
patterns from 38� to 39� . Lattice parameter (d) and phase content (e) as functions of x for
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increase in Kþ concentration enlarged the cells, resulting in a shift
of the (110) peak to a lower angle. The partial enlargements of the
(111) peaks from 38� to 41� and from 39.5� to 40.5� are shown in
Fig. 1(c). As x increased, the peak near 40� shifted slightly to a lower
angle. In the component x ¼ 0.18e0.24, the (111) peaks had an
apparent splitting. The inset of Fig. 1(c) shows a superlattice
diffraction peak at approximately 38.5�, which vanished when the
composition x ¼ 0.18. A similar superlattice diffraction peak was
also confirmed by Hiruma et al. for two-phase explanation [57]. The
splitting of the (111) and superlattice diffraction peaks implies a
phase transition near x ¼ 0.16e0.18. Based on the Rietveld refine-
ment (see Supplementary Fig. S1 and Table S1), the lattice con-
stants and phase content of BNT-xBKTceramics were extracted, and
are summarized in Fig. 1(d) and (e). The tetragonal phase appeared
at x ¼ 0.18 composition, and the content of the tetragonal phase
increased with the increase in BKT. At room temperature, the
symmetries of BNT and BKT were rhombohedral and tetragonal,
respectively. As exhibited in Fig. 1(d), the lattice constants a, b and c
gradually increased as x increased, in both rhombohedral and
tetragonal phases. Note that when x � 0.18, the two-phase coex-
istence condition dominated the phase structure of the BNT-xBKT
ceramics.

The variations of the dielectric permittivity (εr) and dielectric
loss (tand) of the BNT-xBKT ceramic samples with temperature are
shown in Fig. 2(a)-(h). The data for the unpoled samples are
) 32�e33� and (c) 38�e41� and 39.5�e40.5� . The inset in (c) shows the enlarged XRD
BNT-xBKT ceramics.



Fig. 2. Dielectric permittivity (εr) and loss tangent (tand) measured at 0.1 kHz, 1 kHz, 10 kHz and 100 kHz as functions of temperature from room temperature to 500 �C for BNT-
xBKT ceramic samples with a heating rate of 2 �C/min (a) x ¼ 0.12, (b) x ¼ 0.14, (c) x ¼ 0.16, (d) x ¼ 0.18, (e) x ¼ 0.19, (f) x ¼ 0.20, (g) x ¼ 0.22 and (h) x ¼ 0.24. The solid and dash lines
are the dielectric properties determined before and after poling, respectively. (i) ε10 kHz�ε100 kHz as a function of temperature from room temperature to 500 �C. Here ε10 kHz and ε100

kHz were the εr measured at 10 kHz and 100 kHz, respectively. The characteristic temperature (Ts) in (i) is indicated by the vertical arrows.

Table 1
Characteristic temperatures of BNT-xBKT ceramics.

x TFR (�C) Tm (�C) TRE (�C) Ts (�C) TB (�C) T1 (�C) T2 (�C)

0.12 141 298 218 145 465 150 168
0.14 138 317 216 127 476 140 148
0.16 108 308 203 89 469 118 126
0.18 94 310 211 86 472 94 102
0.19 97 298 227 108 468 88 104
0.20 75 314 224 107 471 \ 64
0.22 114 297 240 117 464 98 134
0.24 136 298 264 130 470 134 152
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represented by solid lines, whereas the data of the same samples
after poling are represented by dotted lines. The poling conditions
were 50 kV/cm for 20 min. As shown in Fig. 2(a)e(h), there were
several dielectric anomalies that corresponded to different char-
acteristic temperatures. The first temperature was Tm, which is
defined as the temperature at which the dielectric permittivity
reaches its maximum value (εm). It can be seen that the Tms did not
change before and after poling. A clear frequency dispersion is
revealed in the εr-T curves for each composition. The degree of
frequency dispersion became evident as the temperature increased
and reached amaximum at the characteristic temperature Ts, which
represents the temperature with the most apparent frequency
dispersion, and relates to the relaxor feature. Ts is linked to the
thermal activation of PNRs, and no structural changes were
observed during this process [58]. After passing the dielectric
anomaly related to the dielectric dispersion, the testing curves
measured at different frequencies began to converge. At a special
temperature TRE, the testing curves almost overlapped. Frequency
dispersion appeared again above the TRE and continued up to
500 �C. Fig. 2(i) shows the curves of Dεr ¼ ε10 kHz-ε100 kHz versus
temperature. The temperature corresponding to the maximum Dεr
was defined as Ts. The minimum value of Dεr corresponded to TRE,
the temperature at which the frequency dispersion almost
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disappeared. The εr-T curves of the same sample at high tempera-
ture region before and after poling almost coincided. In contrast, a
new dielectric anomaly was observed in the low-temperature re-
gion for poled samples, where εr increased sharply, the corre-
sponding temperature is normally defined as Td [59]. The Tm and Td
values are summarized in Table 1. It shows that Tm did not
demonstrate a clear trend as x increased, but fluctuated within a
narrow temperature range. On the contrary, as x increased, Td first
decreased and then increased, and eventually reached a minimum
value of 75 �C at x¼ 0.20 composition. In some studies, Td is defined
as TFR, and relaxor states are often identified when the temperature



Fig. 3. I-E curves in the first and second quadrants of a BNT-xBKT ceramic sample with
x ¼ 0.19 measured from 30 �C to 170 �C at a step of 10 �C. Complete I-E curves at some
representative temperatures are also shown.
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is above Td [52,60]. Jo et al. proposed that BNT-based relaxor fer-
roelectrics exhibit both R3c and P4bm symmetry PNRs at room
temperature [58]. The combined effect of these two thermal evo-
lution behaviors resulted in temperature-dependent dielectric
properties. Fig. 2(i) shows that Ts appeared in each component, and
the specific values are listed in Table 1. Similar to TFR, Ts initially
decreased and then increased at the amount of BKT increased. The
minimum Ts observed was 86 �C when x ¼ 0.18.

The P-E hysteresis loops of the BNT-xBKT ceramics are shown in
Fig. S3(a-h). It can be seen that all the ceramic samples exhibited
typical hysteresis loops. As x increased, the P-E loops gradually
became slender and inclined. However, even at a high electric field
(100 kV/cm), all the compositions studied did not show saturation
characteristics. Fig. S3(i-k) summarizes the variation curves of the
maximum polarization (Pmax), remnant polarization (Pr), and co-
ercive field (Ec) of each composition as functions of the electric field
(E). The values of Pmax, Pr, and Ec for each component increased with
the increases in E. Most of the ferroelectric domains were macro-
domains, which flipped under a specific electric field (Ec), result-
ing in a sudden change in polarization. With the addition of BKT,
the degree of disorder of the A-site ions was further increased,
leading to an enhanced relaxor nature and an increase in the local
PNRs. As the PNRs of the ergodic relaxor ferroelectric phase were
more active and responded quickly, the polarization exhibited
lower driving electric fields, and the P-E loops started to tilt [61,62].
It is interesting to note that Pmax, Pr, and Ec continued to increase as
E increased from 10 to 100 kV/cm. Thus, we plotted the Pmax, Pr, and
Ec determined at 100 kV/cm against the x values shown in Fig. S3(l).
Both Pmax and Pr initially increased and then decreased with x,
reaching maximum values of approximately x ¼ 0.18e0.20. Some
researchers have attributed these maximum values to MPB; how-
ever, others have suggested that the relaxor and ferroelectric pha-
ses coexist in this range, resulting in high Pmax and Pr values. The
monotonous decrease in Ec as x increasedwas related to the gradual
increase in the relaxor ferroelectric phase content.

Fig. S4(a-h) displays the S-E curves of the BNT-xBKT ceramic
samples at room temperature. All the samples exhibited typical
butterfly curves. The S-E curves of some compositions clearly
showed asymmetric characteristics as x increased, especially at
high electric fields. This was due to the A-site vacancies in the
lattices of the BNT-xBKT ceramics, which were caused by the
volatilization of Bi3þ, Naþ, and Kþ ions. To preserve the valence
state equilibrium, an increase in A-site vacancies caused an increase
in oxygen vacancies [63,64]. These defects formed a local bias field
[65], which caused asymmetry in the S-E loops. This is universal in
BNTceramics [33,64,66]. To investigate the effect of the BKTcontent
on the electrostrain of the ceramic samples and determine the
asymmetry of the electrostrain, as shown in Fig. S4(h), we marked
the maximum positive electrostrain, maximum negative electro-
strain, and total electrostrain generatedwith a positive electric field
as Sþpos, Sþneg, and Sþtot, respectively. When the corresponding reverse
electric field was applied, they were labeled as S�pos, S�neg, and S�tot.
Fig. S4(i) depicts the variation curves of these parameters as func-
tions of x. It can be seen that the Sþneg and S�neg were almost identical,

however, the Sþneg was slightly larger. In contrast, Sþpos and S�pos, S
þ
tot

and S�tot were relatively different. As the asymmetry was induced to
be more pronounced in a high electric field, this is the case. The
maximum values of all the electrostrain parameters were approx-
imately x ¼ 0.19e0.20, which also corresponded to the high po-
larization properties of these compositions in Fig. S3.

The effect of temperature on ferroelectricity and electrostrain
was then evaluated. The P-E loops of the BNT-xBKTceramic samples
measured at some characteristic temperatures are shown in Fig. S5
(Supplementary information). For each composition, its P-E loops
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exhibited a relatively square shape at first, which is typical for
normal ferroelectrics [62]. As the temperature increased, the P-E
loop became pinched at a certain temperature. The determination
of this transition temperature is illustrated in detail in Figs. 3 and 4.
As the temperature increased further, the pinched P-E loops
became more visible. The electrostrain reached its maximum value
at the same temperature. The transition temperatures of the
investigated compositions were 186 �C, 166 �C, 132 �C, 104 �C,
100 �C, 70 �C, 142 �C, and 164 �C, with a decreasing and then
increasing trend. This temperature, as well as the characteristic
temperature, TFR, is discussed. Even though the values of the two
characteristic temperatures were different, their laws of change
were identical. The ferroelectric to relaxor phase transition corre-
sponding to the TFR is often accompanied by two steps. First, the
ferroelectric domains transform into PNRs for relaxor ferroelectrics.
Under an external electric field, PNRs can undergo a reversible non-
polar phase to polar phase transition, resulting in a large electro-
strain [17]. Thus, the temperature at which a large electrostrain
occurs tends to be slightly higher than that at which phase tran-
sition occurs.

The corresponding S-E curves of the BNT-xBKT ceramic samples
measured at the same temperature as those for the P-E loops are
shown in Fig. S6 (Supplementary information). For each composi-
tion, the S-E curves showed typical butterfly-shaped loops at the
beginning. The negative electrostrain gradually decreased as the
temperature increased, eventually reaching zero at a certain tem-
perature. In contrast, the positive electrostrain increased as the
temperature increased. Near the ferroelectric-to-relaxor phase
transition temperature, the S-E loop transformed from butterfly-
shaped to sprout-shaped. Around this temperature, the ferroelec-
tric and relaxor ferroelectric phases coexisted inside the ceramic
samples. As the ergodic relaxor and ferroelectric phases have
similar free energies, long-range ferroelectric order can be induced
in the ergodic relaxor phase using an electric field excitation.
Simultaneously, a large electrostrain can be obtained under the
application of an applied electric field accompanying the electric-
field-induced phase transition [67]. Once the electric field is
removed, the induced long-range ferroelectric order disappears
again [68]. Thus, in this temperature range, the Pr in the P-E loops



Fig. 4. Temperature evolution of current peaks measured in first and second quadrants for BNT-xBKT ceramics with x from 0.12 to 0.24. (a) x ¼ 0.12, (b) x ¼ 0.14, (c) x ¼ 0.16, (d)
x ¼ 0.18, (e) x ¼ 0.19, (f) x ¼ 0.20, (g) x ¼ 0.22, and (h) x ¼ 0.24. (i) The characteristic temperatures (T1, T2, T3) extracted from (a)e(h) as functions of x for BNT-xBKT ceramics. The
dotted lines are guides to the eye.
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also tends to be zero. The maximum electrostrains of BNT-xBKT
ceramics at this characteristic temperature were 0.41%, 0.37%,
0.36%, 0.40%, 0.44%, 0.40%, 0.29%, and 0.30%, respectively. The
maximum electrostrain was observed at x ¼ 0.19. Furthermore, it
can be seen that some of the electrostrain curves clearly showed
asymmetry, which might be due to the interaction of the internal
bias and external electric fields.

Figs. S5 and S6, show a characteristic temperature, above which
the electric field can induce a relaxor to ferroelectric phase tran-
sition. However, it is difficult to determine the characteristic tem-
perature solely based on the evolutionary features of the
constricted P-E loops or the sprout-shaped S-E curves. Therefore,
we introduced current density versus electric field (J-E) curves to
accurately determine the phase transition process. As the polari-
zation currents related to the motions of domains and PNRs are
340
completely different, they can be readily distinguished from the J-E
curve [69]. Fig. 3 shows the evolution of J-E curves with tempera-
ture in the first and second quadrants for the ceramic sample with
x ¼ 0.19, as well as the complete J-E curves at some of the charac-
teristic temperatures. In Fig. 3(a), the evolution of the J-E curvewith
temperature can be seen as consists of three processes. The J-E
curve shows only one current density peak at in the low-
temperature region. As the temperature increased, the peak posi-
tion moved almost linearly to low field, as indicated by the dashed
arrow. As the temperature during this process was lower than that
of TFR, the ceramic sample was still in its ferroelectric state,
composed of long-range ordered ferroelectric domains. The coer-
cive field was the electric field that corresponded to this current
density peak. The corresponding and complete J-E curves are
depicted in Fig. 3(b). Double current density peaks appeared in the
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J-E curves as the temperature increased. The electric field corre-
sponding to the lower peak position is referred to as E1, whereas the
electric field corresponding to the higher peak position is referred
to as E2. During heating, the current density peak corresponding to
E1 directly passed through the zero point of E and continued to
move in the opposite direction of the increasing electric field. It has
been mentioned above that a ferroelectric to relaxor phase transi-
tion occurs near TFR during heating. The phase transition has awide
temperature range and gradually evolves into the relaxor phase
over a broad temperature range. In this temperature region, both
the ferroelectric and relaxor phases coexist. The current density
peak corresponding to E1 is the sudden change in current density
caused by the reversal of the ferroelectric domains under the action
of the applied electric field, whereas the bulging of the current
density corresponding to E2 is induced by the directional arrange-
ment of the randomly arranged PNRs by an external electric field,
resulting in the formation of a polar region with the same direction
in the samples. We defined the temperature at which double peaks
appeared on the J-E loop as T1, and confirmed it as 78 �C based on
the J-E curves shown in Fig. 3(b). T2 is the temperature at which the
current density peak corresponding to E1 reaches the zero point of
the electric field. In this study, T2 was 90 �C for x ¼ 0.19. Finally, the
electric field values corresponding to E1 and E2 began to stabilize
and hardly change with temperature. The temperature at which
this process beganwas defined as T3, which was 134 �C for x¼ 0.19.

Fig. 4 depicts the temperature evolution of the current density
peaks for all the BNT-xBKT ceramic samples, with some character-
istic temperatures marked. The movement of the current density
peaks is indicated by the purple dotted arrows. In the temperature
range of 30 �Ce180 �C, the three processes for each composition are
not completely shown. For x ¼ 0.12, 0.14, and 0.24, the temperature
for the third process exceeded the temperature window. Like
x ¼ 0.20, the temperature of the first process dropped below room
temperature. It is worth noting that, in contrast to the two
completely separate peaks in the other components, the two peaks
corresponding to E1 and E2 in x ¼ 0.22 and 0.24 compositions
overlapped in the second process. We assumed that the current
density curve was the current density plateau corresponding to E2,
which appeared beside the sharp E1 current density peak based on
the equipotential surface diagram. We sorted the characteristic
temperatures for all BNT-xBKTceramic samples as shown in Fig. 4(i)
and indicated their trends with dashed arrows. The change in xwas
similar for the three characteristic temperatures. They all initially
decreased and then increased, with a minimum value observed at
x ¼ 0.20.

Fig. 5 shows the Pmax, Pr, Smax (strain measured at the maximum
positive electric field Emax), and Smax/Emax as functions of the
temperature of the BNT-xBKT ceramic samples. As depicted in
Fig. 5(a), the Pmax of most of the components increased slightly with
increasing temperature and then gradually decreased. The
composition x¼ 0.18 had the highest Pmax among the compositions
studied. It is worth noting that the Pmax for x ¼ 0.24 barely changed
as the temperature increased. Fig. 5(b) shows the temperature
evolution of the Pr. It can be seen that the Pr for each composition
slightly decreased as the temperature increased, and then dropped
abruptly at a characteristic temperature. This was the temperature
at which the P-E loop began to become pinched during the heating
process. Here, we defined the characteristic temperature as Td,
which corresponds to DPr/2 [half width of Pr in Fig. 7(b)]. For
x ¼ 0.12e0.24 compositions, Tds were 154, 144, 125, 94, 88, 60, 118
and 138 �C, respectively. Td is also referred to as TFR, which is
determined by the dielectric properties in some articles. As the
directional arrangement of the PNRs in the ergodic relaxor ferro-
electric was reversible under the application of an external electric
field, the remnant polarization also decreased when the electric
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field dropped to zero. However, owing to the diffuse nature of the
phase transition, the ferroelectric and relaxor ferroelectric phases
coexisted over a broad temperature range, resulting in non-zero
remnant polarization. When the temperature increased, Pr tended
to increase again. This probably resulted from the activation of the
leakage conductance at high temperatures. As shown in Fig. 5(c),
the Smax initially increased with increasing temperature, and then
reached its maximum value at a temperature, that was often
slightly higher than Td. The temperatures at which the maximum
electrostrain occurred corresponding to x ¼ 0.12e0.24 were 186,
166, 132, 104, 100, 70, 142, and 164 �C, respectively. Once Smax
reached its maximum value, it tended to decrease gradually.
However, there was a secondary increase for x ¼ 0.16, 0.18 and 0.19.
In particular, for x ¼ 0.19, a large electrostrain (>0.5%) was main-
tained in awide temperaturewindow. The Smax gradually increased
with BKT doping, reached its maximum value around
x¼ 0.18e0.20, and then decreased again at x¼ 0.22 and 0.24. Based
on Eq. (1), a large Pmax can be generated only when long-range
ordered ferroelectric domains in the ferroelectric phase interact
with oriented PNRs in the relaxor phase. The PNRs content of the
non-polar P4bm increased as the relaxor phase increased, which
inevitably reduced the polarization due to the long-range ferro-
electric order. Consequently, the Pmax values for x ¼ 0.22 and 0.24
were significantly reduced. Combining these two aspects, it resul-
ted in a larger electrostrain value for x ¼ 0.18e0.20.

The ultrahigh and stable electrostrains in the x ¼ 0.19 compo-
sition, particularly in the high-temperature region (100e160 �C),
are intriguing. Here we compared the Smax/Emax of this composition
with other representative BNT-BKT-based systems in Fig. 5(d)
[22,32,44e48]. Owing to the electrostrictive effect in their relaxor
state, Er-doped BNT-BT-BKT ceramics [47] and Nb-doped BNT-BKT
ceramics [48] have large Smax/Emax values with good temperature
stability. However, their Smax/Emax is only stable at approximately
400 pm/V; whereas, some BNT-BKT-based systems have higher
Smax/Emax values below 100 �C. Owing to the thermal disturbance to
long-range order, it is difficult to obtain high electrostrain with
good temperature stability, particularly in the high-temperature
region. It can be clearly seen that the Smax/Emax of the x ¼ 0.19
composition in the high-temperature regionwas superior to that of
other BNT-BKT-based systems. It is worth noting that normally high
Smax/Emax is obtained in very complex systems [22,32,44e48]. In
this work, we achieved ultrahigh and stable Smax/Emax over a wide
temperature range in the most basic BNT-BKT binary system.

Although an external electric field can induce a relaxor-to-
ferroelectric phase transition as temperature increases, the orien-
tation of the domains induced by the electric field is simultaneously
affected by thermal disturbances. When the temperature exceeds a
certain point, the orientation of the domain vanishes completely.
Here, we adopted temperature-dependent XRD to elucidate this
process in the x ¼ 0.19 ceramic sample before and after poling.
Fig. 6(a) and (c) show the XRD patterns for an unpoled sample at
temperatures ranging from 30 �C to 200 �C, with selected angles of
45.5�e47� and 67�e68.5�, respectively. It can be clearly seen that
the diffraction peaks did not change during the entire heating
process, however, the peak position gradually moved to a lower
angle, owing to the expansion of the crystal lattice. Fig. 6(b) and (d)
show the XRD patterns of the same sample after poling. Under the
application of an electric field, the ceramic sample transformed
from the coexistence state of the ferroelectric R3c rhombohedral
andweakly polar P4bm tetragonal phases to the coexistence state of
the R3c rhombohedral and polar P4mm tetragonal phases. The peak
position was still toward a lower angle as the temperature
increased. The ceramic depolarized when the temperature
increased to Tt, and the polar P4mm tetragonal phase reverted to
the weakly polar P4bm tetragonal phase. Fig. 6 demonstrates that a



Fig. 5. (a) Pmax, (b) Pr, (c) Smax and (d) Smax/Emax as functions of temperature for BNT-xBKT ceramics with x from 0.12 to 0.24 determined at 60 kV/cm. The solid lines are guides to the
eye.

Fig. 6. Temperature evolution of XRD patterns for unpoled (a, c) and poled (b, d) BNT-
xBKT ceramics with x ¼ 0.19 from 30 �C to 200 �C at selected angles of 45.5�e47� and
67�e68.5� .
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ceramic sample can undergo a relaxor-to-ferroelectric phase tran-
sition under the application of an external electric field, which can
be restored during the heating process. Tt of x ¼ 0.19 was 112 �C,
which was slightly higher than the TFR and Td of the same sample.

We also adopted PFM to investigate the domain morphology of
the x¼ 0.19 composition for the purpose of elucidating the dynamic
evolution of the domain structure under an applied electric field.
Fig. 7 shows the amplitude and phase images for x ¼ 0.19 before
and after poling. We confirmed the coexistence state of the ferro-
electric and relaxor ferroelectric phase in the sample with x ¼ 0.19
composition using XRD and other characterizationmethods. Owing
to the coexistence of nonpolar P4bm tetragonal phase PNRs and
polar R3c rhombohedral ferroelectric phase at room temperature, it
is difficult to observe the neatly arranged, regular domain structure
in the sample with x¼ 0.19 composition, which differs from normal
ferroelectric materials, such as PZT [41,70,71]. In contrast, Fig. 7(a)
and (d), show the type of nano-scale domains in this composition
before poling. Clear domain rearrangement was observed when the
electric field strength was increased from 3 to 10 V, which was
consistent with the ferroelectric nature. It can be found from
Fig. 7(b) and (e), only a portion of the domain flip is observed when
a local poling voltage of ±3 V was used. However, the domains in
the positive and negative regions were not completely reversed.
When the poling voltage was increased to ±10 V, the contrast be-
tween the positive and negative poling regions increased, and
almost all the ferroelectric domains and PNRs were completely
switched and rearranged, as shown in Fig. 7(c) and (f). Conse-
quently, under a relatively high voltage, the sample with x ¼ 0.19
composition underwent a microscopic transition from the coexis-
tence state of the ferroelectric and weakly polar tetragonal phase to
the long-range order ferroelectric phase.

Fig. 8(a) presents the phase diagram of BNT-xBKT based on the
characteristic temperatures derived from the low-field dielectric
and high-field ferroelectric characterizations. The transition from



Fig. 7. The amplitude and phase images of x ¼ 0.19 before poling (a, d) and after poling under ±3V (b, e) and ±10V (c, f).

Fig. 8. (a) A schematic phase diagram of BNT-xBKT ceramics. (b) Positive and negative Pr, permittivity of the sample before and after poling as a function of temperature for BNT-
xBKT ceramic with x ¼ 0.19. Corresponding P-E, S-E, J-E curves at some characteristic temperatures, and for a BNT-xBKT ceramic with x ¼ 0.19.
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the R3c rhombohedral phase to the coexisting state of the R3c
rhombohedral and P4bm tetragonal phases for the composition
around x ¼ 0.16e0.18 was confirmed by XRD results at room
343
temperature. Under this condition, the ceramic with composition of
x ¼ 0.19 exhibited behaviors shown in Area I in Fig. 8(b). Dielectric
frequency dispersion was always present in this area. Apparent
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negative electrostrain and single current density peaks were
observed in the S-E and J-E curves, respectively. Under the action of
an external electric field, the ferroelectric domains and PNRs flip-
ped and aligned to form a long-range ordered ferroelectric phase
[17,58,69,72,73]. When the temperature approached TFR, the
ferroelectric and relaxor ferroelectric phases coexisted in the
ceramic sample [74,75]. At this temperature, part of the rhombo-
hedral phase in the samples with lower BKT content also began to
transform into the tetragonal phase, accompanied with a transition
of R3c symmetry PNRs to P4bm symmetry PNRs [58]. The absence
of a visible structural transition in the sample during the heating
process was confirmed through the temperature-dependent XRD
results. The rhombohedral and tetragonal phases still coexisted in
these samples, but with different phase content ratios. This process
corresponded to Area II in Fig. 8(b). The pinched P-E loop began to
appear, the remnant polarization dropped rapidly, and the negative
electrostrain decreased dramatically. In addition to the sharp cur-
rent density peak corresponding to domain flipping, a wide and flat
bulge appeared in the J-E curve. This was because the content of
PNRs in the ceramic samples increased with increasing tempera-
ture, and their orientation arrangement under the application of an
external electric field was a continuous process that occurred
gradually rather than a definite electric field threshold. The reversal
of the ferroelectric domains and the directional arrangement of the
PNRs worked in tandem to produce a larger polarization intensity.
When the temperature increased to TFR, which was determined by
the dielectric-dependent temperature spectrum of the polarized
sample for Area III in Fig. 8(b), the PNRs in the ceramic sample
continued to increase and became the dominant microstructure of
the sample, outnumbering the oriented ferroelectric domains. The
directed arrangement of these PNRs transformed into long-range
order polarization regions when an electric field was applied,
however, the process was reversed when the electric field was
removed, thus, the remnant polarization was minimized at this
temperature and the negative electrostrain was zero. The non-zero
remnant polarization was due in part to the internal leakage of the
ceramic, and in part to the residual ferroelectric phases and ferro-
electric domains during the non-instantaneous phase transition.
When the temperature increased to Ts [area IV in Fig. 8(b)], the
PNRs were the main components in the structure, and their ther-
mal evolution had a significant impact on the dielectric and elec-
tromechanical properties. The sharp current density peak for the
domain flip in the J-E curve was transferred into a bulge. When the
temperature continued to rise [area V in Fig. 8(b)], the amount of
PNRs gradually decreased, and the activity increased, resulting in a
decrease in hysteresis in both P-E loop and S-E curve. The electro-
strictive effect dominates electrostrain in this region [18,62]. The
hysteresis persisted because the leakage conductance of the
ceramic was activated at high temperature. When the temperature
increased to Tm [Fig. 8(a)], the polar R3c PNRs inside the ceramic
gradually changed to weakly polar P4bm PNRs [58]. As the tem-
perature increased above TB, all the PNRs disappeared, and the
ceramic transformed into a cubic paraelectric phase. Therefore, the
temperature-dependent ferroelectric and electromechanical prop-
erties of BNT-based ferroelectrics are the result of the combined
effect of a ferroelectric to relaxor phase transition during the
heating process, and a relaxor to ferroelectric phase transition
induced by an external electric field.

4. Conclusions

The phase evolution of BNT-xBKT binary solid solutions was
studied systematically in this work using weak-signal dielectric
characterization and strong electric field characterization. From the
high electric field characterizations, an optimal Na/K ratio of 81/19
344
was obtained. In addition to Td, the temperature-dependent J-E
curves and XRD results revealed many characteristic temperatures
related to the phase evolution of PNRs and macroscopic electro-
strain properties. Furthermore, as a result of the combined effect of
the ferroelectric-to-relaxor phase transition during the heating
process, and the relaxor-to-ferroelectric phase transition induced
by an external electric field, high electrostrains (> 0.5%) with good
thermal stability were obtained at x ¼ 0.19 composition, when the
temperature was above 100 �C. The phase evolution of the BNT-
xBKT solid solutions was revealed using these characteristic tem-
peratures, and their relationship with polarization and electro-
strain responses was also developed. This study verifies the phase
evolution in BNT-xBKT solid solutions and paves the way for future
property enhancement through doping strategies.
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