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onse and fatigue-resistant
behavior in lead-free Bi0.5(Na0.80K0.20)0.5TiO3–
(K0.5Na0.5)MO3 (M ¼ Sb, Ta) ceramics

Jigong Hao, Zhijun Xu,* Ruiqing Chu, Wei Li, Juan Du and Peng Fu

(1 � x)Bi0.5(Na0.80K0.20)0.5TiO3–x(K0.5Na0.5)MO3 (M ¼ Sb, Ta) (BNKT20–KNM100x) lead-free piezoelectric

ceramics were designed and fabricated using a conventional fabrication process to achieve large strain

response in BKNT20-based ceramics. The KNM substitution was found to induce a transition from

ferroelectric to relaxor pseudocubic phase, and such transition is accompanied with the significant

disruption of ferroelectric order and the shift of the ferroelectric–relaxor transition temperature TF�R down

to room temperature. Accordingly, large electric-field-induced strains of 0.39–0.41% (at 80 kV cm�1,

equivalently 488–513 pm�1 V), which are derived from a reversible field-induced ergodic relaxor to

ferroelectric phase transformation, were obtained in 1.25 mol% KNM-modified compositions near the

phase boundary. Moreover, an attractive property for application as actuators was obtained in the

present system, compositions near the phase boundary with an ergodic relaxor state exhibited fatigue-

free behavior after 106 cycles. Furthermore, unexpected almost fatigue-free behavior was also observed

in 0.5 mol% KNM-modified samples with a typical ferroelectric long-range order. Results of the

enhanced activation energy (Ea) for electrical conduction suggest the well-observed fatigue-resistant

behavior in the present system should be mainly attributed to the lower defect density. These findings

give the current material great opportunity for actuator applications demanding improved cycling

reliabilities.
1. Introduction

Recently, increasing demand for environmentally friendly
materials in electronic industry promotes a wide range of
studies on lead-free piezoelectric ceramics to replace lead zirc-
onate titanate (PZT)-based ceramics. Great attention has been
paid to (Bi0.5Na0.5)TiO3 (BNT)-based perovskite ceramics in
expectation of large-stroke actuator applications such as fuel
injectors and vacuum circuit breakers1 since a large electro-
mechanical strain response comparable with some PZT-based
antiferroelectric ceramics has been found in BNT-based lead-
free piezoceramics2–22 with the observation of a composition-
induced ferroelectric–ergodic relaxor phase transition. Inter-
estingly, the emergence of this large strain is at the expense of
poling-induced piezoelectricity. Jo et al.3 proposed that the
origin of the large strain observed in the BNT-based systems can
be attributed to a reversible ergodic relaxor to ferroelectric
phase transformation under electric elds due to their compa-
rable free energies.

Generally, to achieve optimized strain properties in BNT-
based system, a proper choice of base composition and
ering, Liaocheng University, Liaocheng

ail: zhjxu@lcu.edu.cn; Fax: +86-635-

hemistry 2015
effective chemical modier is very important.4 The base BNT-
based composition should have inherently large poling strain,
and the long-range ferroelectric order can be disrupted with
chemical modications in a way that its reestablishment is
achievable by the application of electric eld.3 A common
strategy so far was to incorporate a small amount of additional
chemical entities such as single isovalent dopants5,6 donors7–9 or
ABO3-type compounds2–4,10–20 into BNT–BaTiO3 (BT) or BNT–
(Bi0.5K0.5)TiO3 (BKT) solid solution systems at the morphotropic
phase boundary (MPB). In addition, creation of moderate A-site
vacancies in the MPB compositions (BNT–BT or BNT–BKT) can
also be helpful for achieving large strain response.21,22

Compared with BNT–BT, BNT–BKT seems more attractive as a
base composition for achieving giant strain response since it is
known that this system has good piezoelectric performance
with large poling strain at its MPB at approximately 20 mol%
BKT.4,12

Furthermore, it is disclosed that an enhancement of the
strain in BNT-based materials is accompanied by the disruption
of ferroelectric order and the formation of ferroelectric–ergodic
relaxor phase boundary. Our recent studies14,20 provided a
guideline for the detection of ferroelectric–ergodic relaxor (F–R)
phase boundary in (BNT–BKT)-based systems: the position of
F–R phase boundary in (BNT–BKT)-based system was related to
the tolerance factor t of the adding ABO3 member [t is a concept
RSC Adv., 2015, 5, 82605–82616 | 82605
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for the arrangement of interpenetrating dodecahedra and
octahedra in a ABO3 perovskite structure, as given by,

t ¼ ðRA þ ROÞ=
ffiffiffi

2
p ðRB þ ROÞ, where RA, RB, and RO are the ionic

radii of cation A, B and oxygen, respectively23], and the phase
boundary shis to a (BNT–BKT)-rich part as t of ABO3 increases,
which is quite consistent with that of BNT-based binary
systems.24 In addition, we found the end ABO3member having a
high tolerance factor >1.0 is much easier to induce the forma-
tion of the F–R phase boundary and produce a higher strain in
(BNT–BKT)-based system. In this regards, (K0.5Na0.5)NbO3

(KNN) (t ¼ 1.011) is an effective end member to BNT–BKT,
which can produced a giant strain response of 0.46% at 80 kV
cm�1 driving eld, equivalently 575 pm�1 V.12

(K0.5Na0.5)TaO3 (KNT) is perovskite type material with room
temperature paraelectric cubic crystal structure,25 and (K0.5Na0.5)
SbO3 (KNS) is pseudoilmenite structure.26 both them have nearly
equal tolerance factor t to that of KNN. Therefore, it is expected
that the addition (K0.5Na0.5)MO3 [KNM, (M ¼ Sb, Ta)] will distort
the local structure of BNT–BKT and result in enhancement of the
electric-eld strain. In the present study, we selected 0.8BNT–
0.2BKT (BNKT20) as a base material with small amounts of KNM
being introduced as doping species. Through the addition of a
proper amount of KNM, large strains of 0.39–0.41% with fatigue-
resistant behavior are obtained at 80 kV cm�1 with a KNM
content of 1.25 mol%. The temperature stability and fatigue
behavior of this large strain are additionally investigated.
Fig. 1 XRD patterns of the KNM100x [(a) M ¼ Sb, (b) M ¼ Ta] ceramics.
2. Experimental

The produced materials (1 � x)Bi0.5(Na0.80K0.20)0.5TiO3–

x(K0.5Na0.5)MO3 (M ¼ Sb, Ta) (abbreviated as KNM100x, M ¼ Sb,
Ta) were prepared by the conventional ceramic fabrication tech-
nique using reagent-grade metal oxides or carbonate carbonate
powders of Bi2O3 (99.975%), TiO2 (99.6%), Ta2O5 (99.99%), Sb2O5

(99.98%), Na2CO3 (99.995%) and K2CO3 (99.0%) as rawmaterials.
For each composition, the starting materials were weighed
according to the stoichiometric formula and ball milled for 24 h
in ethanol. The dried slurries were calcined at 850 �C for 4 h and
then ball milled again for 24 h. The resulting powders were then
mixed with 10% polyvinyl alcohol (PVA), and pressed into pellets
of 10 mm diameter and 0.8–1.0 mm thickness. Aer burning off
the PVA, the disk samples were sintered at 1140–1160 �C in
covered alumina crucibles for 2 h. To minimize the evaporation
of Na, K, and Bi elements, the samples were embedded in
atmospheric powder of the same composition.

Phase structure of the ceramics was identied by using X-ray
diffraction (XRD, Bruker D8 Advance, Karlsruhe, Germany) with
Cu Ka radiation. The microstructure of the ceramics was
observed by scanning electron microscopy (SEM) (JSM-6380,
Japan) on polished and thermally etched surfaces. For the
electric measurements, silver paste was coated on both sides of
the sintered samples and red at 650 �C for 10 min to form
electrodes. The temperature dependences of the dielectric
properties were measured using an Agilent 4294A precision
impedance analyzer (Agilent Inc., USA). Thermally stimulated
depolarization currents (TSDC) were measured on poled
82606 | RSC Adv., 2015, 5, 82605–82616
samples using aix-ACCTTF2000FE-HV ferroelectric test unit
(aix-ACCT Inc., Germany) at the same heating rate of 5 �Cmin�1

to determine the depolarization temperature (Td). Impedance
spectroscopy of the samples was performed using a broad
frequency dielectric spectrometer (Concept80, Novocontrol Inc.,
Germany) in the 0.01 Hz to 20 MHz frequency range at various
temperatures. The electric-eld-induced polarization (P–E) and
strain (S–E) measurements were carried out using an aix-
ACCTTF2000FE-HV ferroelectric test unit (aix-ACCT Inc., Ger-
many) connected with an accessory laser interferometer vibr-
ometer (SP-S 120/500; SIOS Mebtechnik GmbH, Ilmenau,
Germany). To study the fatigue behavior of the ceramics, the
samples were fatigued with a positive unipolar/bipolar sine
electric signal with the amplitude of 80 kV cm�1 at 10 Hz up to
106 cycles. For the measurement of piezoelectric properties,
samples were poled in silicone oil at RT under a dc electric eld
from 50 to 60 kV cm�1 for about 20 min. The piezoelectric
constant d33 was measured using a quasi-static d33 meter
(YE2730 SINOCERA, China).
3. Results and discussion

Fig. 1 shows the XRD patterns of the KNM100x (M ¼ Sb, Ta)
ceramics. In agreement with the previous study,25 KNM0
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Temperature dependence of dielectric constant and loss tangent for both (a) poled and (b) unpoled BNKT20 samples.

Fig. 4 Compositional dependence of Td as a function of x for
KNM100x ceramics (inset is temperature dependence of depolariza-
tion current jTSDC for poled BNKT20–xKNM samples).
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ceramic reveals peak splittings at around 46� of (002)/(200)
reections, which indicates the coexistence of rhombohedral
and tetragonal phases. As KNM increases, the rhombohedral
and tetragonal distortion gradually diminishes, as the split
(002)/(200) peaks of the coexisted phases nally merge into a
single (200) peak at higher KNS or KNT content. The result
suggests that the crystal structure of the KNM100x evolves from
the rhombohedral–tetragonal coexisted phases to a pseudo-
cubic symmetry as the content of KNM increases.14

Fig. 2 provides temperature dependence of dielectric
constant and loss tangent for both (a) poled and (b) unpoled
KNM0 samples, respectively, which are representative for all
ferroelectric compositions. Two dielectric anomalies are
observed for both poled and unpoled samples. Meanwhile, they
are also reected in the corresponding loss tangent curves.
These broad and frequency dependent peaks in dielectric
constant and loss tangent indicate that KNM0 samples exhibit
relaxor characteristics.26 The dielectric maximum around 300 �C
(Tm), provides a tetragonal to a cubic phase transition, and the
other dielectric anomaly at lower temperatures Tr–t, denotes the
rhombohedral–tetragonal phase transition.24,27 While recently,
it has been proposed that Tm is related to a relaxation of
tetragonal polar nanoregions (PNRs) emerged from rhombo-
hedral PNRs, which has nothing to do with measurable
Fig. 3 Temperature dependence of dielectric constant and loss tangen

This journal is © The Royal Society of Chemistry 2015
structural transition.28 For poled specimens, the dielectric
anomaly at lower temperatures is due to thermal evolutions of
discrete PNRs, and it denotes the transition from ferroelectric-
to-relaxor state,29 where the ferroelectric-to-relaxor transition
point, TF–R can be determined by the frequency independent
peak in the dissipation factor.28 Generally, TF–R obtained from
t for poled KNM100x [(a) M ¼ Sb, (b) M ¼ Ta] samples.

RSC Adv., 2015, 5, 82605–82616 | 82607
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dielectric measurement had also been referred to as depolar-
ization temperature Td,21,27 however, recent study26 demon-
strated that the difference between TF–R and Td, where Td is
measured by thermally stimulated depolarization currents
(TSDC) and is a little bit lower than the previously determined
TF–R value.

Fig. 3 shows the temperature dependence of dielectric
constant and loss tangent for poled KNM100x (M ¼ Sb, Ta)
samples. The measurement frequency ranges from 1 kHz to 1
MHz, and the dash line indicate the determined TF–R. It can be
seen clearly that TF–R shis gradually down to RT with the
Fig. 5 Changes in the polarization hysteresis loops and bipolar/unipolar
and 10 Hz.

82608 | RSC Adv., 2015, 5, 82605–82616
increase of KNM content. Fig. 4 gives the variation of Td with
KNM content, and insets show the temperature dependence of
depolarization current (jTSDC) for poled KNM100x (M ¼ Sb, Ta)
samples. Similar to the variation of TF–R with KNM content, it is
noted that the Td determined from the peak in jTSDC is also
shied down to RT by increasing the KNM content. In the
present work, the downward shi of TF–R and Td with increasing
KNM content indicates a compositionally induced ferroelectric-
to-relaxor phase transition. Due to the formation of ferroelec-
tric–ergodic relaxor phase boundary, optimized strain response
can be expected in a critical composition.
strain hysteresis loops of KNM100x (M ¼ Sb, Ta) systemmeasured at RT

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) Composition dependence of negative strain Sneg and uni-
polar strain Suni. (b) Composition dependence of the quasi-static d33
and normalized strain d*

33 (Smax/Emax) of KNM100x ceramics.
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Fig. 5 shows the changes in the polarization hysteresis loops
and bipolar/unipolar strain hysteresis loops of KNM100x (M ¼
Sb, Ta) system measured at RT and 10 Hz. It is evident that
KNM0 sample exhibits a typical ferroelectric behavior with
buttery shaped strain hysteresis loop and visible negative
strain Sneg (the denition for Sneg can be found in ref. 16 and 30).
A sharp polarization current peak (denoted as P1) ascribed to
the domain switching could be observed at the coercive eld Ec,
as shown in the inset of Fig. 5(a) and (d). In contrast, a signif-
icant reduction in the coercive eld Ec is denoted in samples
with a small amount of KNM addition (x ¼ 0.01) with a slight
trace of constriction, whereas the maximum polarization Pmax is
essentially unchanged. It indicates that the ferroelectric activity
is soened with a small amount of KNM addition. Besides, a
trace of pinching an also be observed for samples with 0.01KNM
addition. An additional increment of KNM content to 1.25
mol% signicantly disrupted the long-range ferroelectric order
with an appearance of the pinched P–E loops along with an
additional current peak P2, and the constricted feature indicates
the development of ergodic relaxor phase at zero eld.3

The compositionally induced ferroelectric to ergodic relaxor
phase transformation with the addition of KNM is also veried
by bipolar strain measurements, as shown in Fig. 5(b) and (e).
With the increasing KNM content, Sneg disappears where the
pinching takes place in the polarization hysteresis, together
with a concurrent increase in the total bipolar strain level (Sbi).
These changes also indicate a pronounced increase in the strain
that is expected to contribute to the unipolar strain (Suni). In
fact, a drastic increase in the Suni up to 0.39% (KNS1.25) and
0.41% (KNT1.25) is observed in these compositions, as shown
in Fig. 5(c) and (f). The shape of the unipolar strain curves
clearly visualizes the underlying mechanism for the enhanced
strain value, which is in good conformity with the previous
observation made on the BNT-based ceramics.2–6,8–15 For
samples with x # 0.01, the unipolar strain curve shows an
almost linear increase with electric eld, which is usual in
normal ferroelectric materials such as PZT. The smaller
hysteresis with a linear strain response in these samples shows
a large amount of intrinsic contributions to the strain response.
However, as the KNM content increases up to 0.0125, large
variation takes place in the strain, which increases quadratically
from 0 until it culminates at around 40 kV cm�1 and again
decreases quadratically with decreasing electric eld. The large
degree of piezoelectric hysteresis in samples with KNM1.25
shows that the high strain level in the present work is aligned
with an effective piezoelectric response, which mainly derived
from extrinsic effects while less from intrinsic contribution.13

Fig. 6(a) gives the composition dependence of negative strain
Sneg and unipolar strain Suni strain value, showing an apparent
correlation between the negative strain Sneg and unipolar strain
Suni: a large negative strain Sneg reduces the potential for a
material to display large strains upon unipolar electric
loading.31 Fig. 6(b) shows the composition dependence of the
quasi-static d33 and normalized strain d*

33 (Smax/Emax). It is
interesting that an abrupt drop in d33 is simultaneously
observed at 0.0125KNM, where the largest d*

33 of 488 pm�1 V
(KNS1.25) and 513 pm�1 V (KNT1.25) are obtained. At this
This journal is © The Royal Society of Chemistry 2015
point, specimens show little piezoelectric responses, conrm-
ing an ergodic relaxor phase states in this material.

To further analyze the phase transition behavior in the
KNM100x (M ¼ Sb, Ta) system, the small-signal parameters 333
and d*

33 of the samples were measured, as presented in Fig. 7.
Ferroelectric compositions KNM100x (x # 0.01) exhibit notable
hysteretic behavior in 333–E curves, which is closely connected
to switching of ferroelectric domains.18 Furthermore, the d*

33–

E curves of the two samples resembles their P–E loops. It is also
noted that no prominent peak of d*

33 is observed near the Ec for
the KNM100x (x # 0.01) samples, which is indifferent from the
so PZT, where a sharp maximum in 333 near the Ec results in a
maximum in d*

33. By contrast, ergodic relaxor KNM100x (x $

0.015) samples display indiscernible hysteretic behavior with
slim 333–E and d*

33–E, indicating little domain switching.18

Suitable materials for piezoelectric applications not only
show excellent properties but also have to be reliable under
long-term electric cycling.32,33 Recently, large strain response
was reported in many BNT-based systems.2–22 Nevertheless,
electrical fatigue on BNT-based lead-free piezoelectric systems
receives quite little attention and only few studies have been
published.34–38 PZT is known to exhibit poor piezoelectric
fatigue properties with relatively severe degradation in strain
behavior aer only a few millions of cycles of applied eld,
while the completely electrostrictive rhombohedral phases of
La-doped PZT behavior were shown to be fatigue free up to 106

cycles.39 More recently, MPB compositions of 0.94BNT–0.06BT
RSC Adv., 2015, 5, 82605–82616 | 82609
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Fig. 7 The small-signal parameters (a), (c) 333 and (b), (d) d*
33 of KNM100x (M ¼ Sb, Ta) samples under high bias fields up to 80 kV cm�1.
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have been investigated for piezoelectric fatigue. Results showed
the polarization dropped by 47.4% of the initial value aer 1000
cycles. Proper amount of CuO acted to stabilize the rhombo-
hedral phase into a tetragonal phase and improved the fatigue
characteristics without negatively impacting the piezoelectric
response.34 These ndings suggested that the fatigue property
of the sample was related to its phase structure. In the present
work, we selected two kinds of samples with different phase
structures (ferroelectric and ergodic relaxor) to study the rela-
tion of fatigue characteristics and phase structure. The results
are presented in Fig. 8 and 9.

Fig. 8 shows the unipolar fatigue behavior of ferroelectric (a)
KNM0, (b) KNT0.5 and ergodic relaxor (c) KNT1.25, (d) KNS1.25
ceramics measured at a frequency of 10 Hz for 106 cycles. The
unipolar strain levels at different unipolar fatigue cycles for the
above samples are summarized in Fig. 8(e). For the ferroelectric
KNM0, the electromechanical strain value shows relatively
small, but consistent decreases of approximately 11.5% in the
unipolar strain Suni, from 0.180% to 0.153%, aer 106 cycles.
This decrease, however, is quite minimal when compared to the
reduced strain and signicant hysteresis asymmetry seen in
previously published work on PZT.39,40 While for ferroelectric
KNT0.5, it shows an enhanced fatigue behavior with only a 6.0%
decrease of Suni. By contrast, ergodic relaxor KNT1.25 and
KNS1.25 materials exhibit large strains double of that of the
ferroelectric KNM0 and KNT0.5 samples, together with fatigue-
free behavior up to 106 switching cycles: the general variation of
the Suni up to 106 cycles is within �2.3% of original value. That
82610 | RSC Adv., 2015, 5, 82605–82616
is to say the ergodic relaxor phase stabilizes the unipolar fatigue
behavior.

To understand the behavior of the unipolar strain during
electrical cycling more in detail, bipolar hysteresis loops of
polarization P and strain Swere recorded in the unfatigued state
and aer distinct cycling steps. The evolution of polarization
P�E and bipolar strain S�E hysteresis loops of ferroelectric (a
and b) KNM0, (c and d) KNT0.5 and ergodic relaxor (e and f)
KNT1.25, (g and h) KNS1.25 ceramics are displayed in Fig. 9.
Following the completion of one million cycles of fatigue at 80
kV cm�1, clear trends can be observed in the polarization and
strain hysteresis data, for ferroelectric KNM0 ceramics.
Although the symmetry of the strain hysteresis is maintained
upon completion of the fatigue cycling, the electromechanical
strain is seen to decrease from approximately 0.182% to
0.149%, a decrease of approximately 18.1%. In the case of
remanent polarization (Pr), the similar effect is observed with a
slightly larger decrease of 19.8% in this sample. For ferroelectric
KNT0.5, it is noted that this material is less sensitive to bipolar
fatigue loading: there is a small variation in the remnant
polarization Pr (3.0%) and electromechanical strain S (the
average value is 4.5%). In contrast, ergodic relaxor KNT1.25 and
KNS1.25 samples render fatigue process stable and nearly no
fatigue degradation is noted: the materials with giant strain
nally exhibit almost no quantiable degradation even with
fatigue loading at 80 kV mm�1 for 106 cycles.

When compared to traditional PZT,42,43 a signicant
improvement on the fatigue response was obtained in present
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 The evolution of polarization P–E and bipolar strain S–E
hysteresis loops of ferroelectric (a and b) BNKT20, (c and d) KNT0.5
and ergodic relaxor (e and f) KNT1.25, (g and h) KNS1.25 ceramics.

Fig. 10 Unipolar strain deviations DS of KNT1.25 ceramics as a func-
tion of cycles with the data of a soft commercial PZT (PIC151) provided
for comparison.41 Inset shows the unipolar strain curves of KNT1.25

Fig. 8 Unipolar fatigue behavior of ferroelectric (a) BNKT20, (b)
KNT0.5 and ergodic relaxor (c) KNT1.25, (d) KNS1.25 ceramics
measured at a frequency of 10 Hz for 106 cycles. (e) The unipolar strain
levels at different unipolar fatigue cycles for the above samples.

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
2 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
16

/0
9/

20
16

 1
2:

30
:2

0.
 

View Article Online
KNM100x system. Fig. 10 depicts the fatigue behavior of
KNT1.25 in relation to the degradation characteristics of a
commercial so PZT with the composition Pb0.99[Zr0.45Ti0.47-
(Ni0.33Sb0.67)0.08]O3 (PIC151 from PI Ceramics, Lederhose, Ger-
many)42 under 107 cycling conditions. Inset shows the unipolar
strain curves of KNT1.25 ceramics under different unipolar
fatigue cycles. The general variation of the strain for KNT1.25 up
to 107 cycles is within 3% of original value. In contrast to that,
PIC151 experiences approximately 15% reduction in strain
behavior aer 107 electric cycles. In traditional lead-based
system, the pinning of domain walls by stress, point defect,
space charge eld, microcracks or macrocracks, and eld
screening due to damaged material accumulated around the
electrode region played an important role in the fatigue
behavior.40–43 However, the fatigue models for the traditional
PZT ceramics appeared to be quite weak for the present
KNM100x system. Regarding to the intrinsic mechanism
responsible for the observed fatigue-free behavior, several
mechanisms such as the combined effects of the symmetry
variation and decrease in the local charges, and a reversible
eld-induced phase transition have been proposed.34,36,44–46

These explanations could indeed account to some extent for the
ferroelectric fatigue-free behavior of lead-free solid solutions
with a specic order state. For the BNT-based ceramics with
This journal is © The Royal Society of Chemistry 2015
ergodic relaxor phase, e.g. BNT–BT–SrTiO3,37 BNT–BT–Bi(Zn0.5-
Ti0.5)O3,38 BNT–BT–KNN,47 the improved fatigue property can be
attributed to the reversible eld-induced phase transition
between the ergodic relaxor pseudocubic and ferroelectric
phase along with the low concentration of defects.37,38,48 These
explanations could be able to explain the ferroelectric fatigue-
free behavior of the studied KNT1.25 and KNS1.25 samples
with ergodic relaxor state. Nevertheless, for the present ferro-
electric KNM0 and KNT0.5, they exhibited much different
fatigue characteristic, although both them exhibit typical
ceramics under different unipolar fatigue cycles.

RSC Adv., 2015, 5, 82605–82616 | 82611
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ferroelectric behavior. It is therefore quite necessary to clarify
the intrinsic reason.

It is well known that intrinsic defects play an important role
in the fatigue behavior of the perovskite ferroelectric materials.
In the present work, complex impedance spectra were charac-
terized to give an insight into the defect type and electrical
conductivity. Fig. 11(a) shows the complex impedance spectra of
the KNM100x (M¼ Sb, Ta) ceramics with x¼ 0.005, 0.0125, 0.02
and 0.04 in the frequency range of 0.01 Hz to 20 MHz over 500–
650 �C. The results of pure KNM0 sample can be can be refer-
enced in our recent work.48 Commonly, electrode, grain
boundary and grain components contribute to the conductivi-
ties of the polycrystalline materials and their effects on
conduction can be segregated into three parallel RC elements
connected in series in an equivalent circuit, from low frequency
to high frequency.49 For the studied samples, there is only a
single, substantially undistorted Debye-like semicircle
observed, indicating that all the sample contains essentially one
electrical component associated with the grain effect in the
measured temperature range. Upon heating, the semicircles
gradually shi to the real axis (Z0). This behavior can be
assigned to the activation of the weakly trapped charge carriers,
which results in the increase in conductivity (s).

Fig. 11(b) shows the logarithms of conductivities (s) vs. 1000/
T of the KNM100x (M ¼ Sb, Ta) ceramics. From which, the
Fig. 11 (a) Complex impedance spectra of the KNM100x (M ¼ Sb, Ta) cer
0.01 Hz to 20 MHz over 500–650 �C. (b) The logarithms of s vs. 1000/T

82612 | RSC Adv., 2015, 5, 82605–82616
activation energy (Ea) for electrical conduction can be detected
by using the Arrhenius equation:

s ¼ s0 exp(�Ea/kT) (1)

where s and s0 are the dc conductivity and the pre-exponent
constant, respectively, Ea is the activation energy, k is Boltz-
mann's constant, and T is absolute temperature. The solid lines
are the best least-squares tting of eqn (1). In ABO3 perovskite
materials, the values of Ea for A- and B-site cations are around 4
and 12 eV, respectively.50 For oxygen vacancies, it varies from 0.5
to 2 eV, depending on their concentration.51 In the present
work, the achieved Ea of KNM100x are in the range of 1.68–1.79
eV, which are closely related to the oxygen ion/vacancy migra-
tion. Therefore, it is reasonable to suggest that oxygen vacancies
dominate the conductivity in this temperature range from 550
to 650 �C. Compared with the Ea of PZT ceramics (Ea ¼ 1 eV),52

all the samples exhibited a much higher Ea, indicating the
decreased oxygen vacancies compared to the PZT ceramics. The
lower oxygen concentration may be attributed to the lower
sintering temperature of the present KNM100x solid solution
which would lead to a lower defect density compared to the PZT
system. Therefore, the greatly enhanced fatigue properties in
the present KNM100x system should be attributed to the lower
defect density.36–38 Furthermore, for the present ferroelectric
KNM0 and KNT0.5, the Ea was determined to be 1.55eV (ref. 48)
amics with x ¼ 0.005, 0.0125, 0.02 and 0.04 in the frequency range of
of the KNM100x (M ¼ Sb, Ta) ceramics.

This journal is © The Royal Society of Chemistry 2015
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and 1.79 eV, respectively. The result conrms that small amount
of KNT would likely result in a signicantly lower defect density,
and thus promoted the fatigue resistance.

It is well demonstrated that a large unipolar strain could be
obtained for compositions located at the F–R phase boundary at
RT with the assistance of a relaxor-to-ferroelectric phase tran-
sition. However, as the stability of the relaxor phase depends
not only on composition but also on temperature, the
temperature-dependent strain was investigated in ferroelectric
KNT0.5 and ergodic relaxor KNT1.25, as shown Fig. 12. For
ferroelectric KNT0.5, the P–E loop at RT is saturated and
exhibits a hysteretic shape, typical for ferroelectrics. When the
temperature is increased to 80 �C above Td (68 �C), the hyster-
esis loop becomes pinched, indicating the occurrence an
ergodic relaxor state. The sudden change of the P–E loop around
80 �C coincides with the strain variation. The S–E curve of
samples exhibits a transition from the buttery shape to horn
shape with the loss of the negative strain and a signicant jump
of positive strain as the temperature extends beyond Td, con-
rming the FE to relaxor phase transition induced by increasing
temperature. For ergodic relaxor KNT1.25, since Td is at about
RT, the room-temperature P–E curve already exhibits an ergodic
relaxor characteristic, the S–E loops starts from a shape
Fig. 12 Hysteresis loops and bipolar strain curves for (a), (b) ferroelec
temperatures.

This journal is © The Royal Society of Chemistry 2015
reective of an ergodic relaxor, and only a progressive decrease
of the Pr as well as S with increasing temperature is observed.

The variation of strain with temperature of the samples can
be seen more clearly in the temperature-dependent unipolar
strain hysteresis loops, as shown in Fig. 13(a) and (b). From this
gure, the strain response of ferroelectric KNT0.5 shows a
drastic change with temperature, and a sudden increase in the
unipolar strain is observed at �80 �C. On the other hand,
ergodic relaxor ferroelectric KNT1.25 shows distinctly different
behavior: continuous decreases in the strain level with the
slimmer unipolar strain loops are observed as the temperature
increases. Fig. 13(c) and (d) compares the variations in d*

33 with
temperature between ferroelectric KNT0.5 and ergodic relaxor
KNT1.25 materials. It is noted that the maximum d*

33 value for
the KNT0.5 is achieved at the temperature higher than the
previously indicated Td value, because Td is a function of electric
eld.29 For the typical ferroelectric composition with KNT0.5,
signicant increases in d*

33 up to 579 pm�1 V are observed at
temperatures higher than Td. While for KNT1.25 samples
dominated with the ergodic relaxor phase, due to the shi of Td
down to RT, a large d*

33 of 567 pm�1 V is observed at RT.
Furthermore, temperature-dependent fatigue behaviors in

the present system were studied in this work. Fig. 14 shows the
tric KNT0.5 and (c), (d) ergodic relaxor KNT1.25 samples at different

RSC Adv., 2015, 5, 82605–82616 | 82613
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Fig. 13 Temperature-dependent unipolar strain hysteresis loops for (a) ferroelectric KNT0.5 and (b) ergodic relaxor KNT1.25 samples. Variations
in d*

33 with temperature of (c) ferroelectric KNT0.5 and (d) ergodic relaxor KNT1.25 materials.
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unipolar fatigue behavior of (a–c) ferroelectric KNT0.5 and (d–f)
ergodic relaxor KNT1.25 ceramics at different temperature for
106 cycles. Unipolar strain at different temperature of the two
samples as function of cycles is summarized in Fig. 14(g) and
(h). It can be noted that both samples exhibit temperature-
independent fatigue behavior: the general variation of the
Fig. 14 Unipolar fatigue behavior of (a–c) ferroelectric KNT0.5 and (d–
cycles; (g) and (h) unipolar strain at different temperature of the two sam

82614 | RSC Adv., 2015, 5, 82605–82616
strain up to 106 cycles is within 4.5% of original value. That is
the fatigue-free behavior in the present system is also insensi-
tive to the temperature, suggesting these materials have excel-
lent potential for demanding high cycle applications such as
microelectromechanical systems actuators.
f) ergodic relaxor KNT1.25 ceramics at different temperature for 106

ples as function of cycles.

This journal is © The Royal Society of Chemistry 2015
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Fig. 15 SEM images from near electrode regions showing the surface
of the (a) virgin sample and different temperature-fatigued specimens
[(b) at 25 �C; (c) at 70 �C; (d) at 120 �C], for KNT0.5 composition. Insets
are SEM micrographs of the surface of the samples at high
magnification.
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The appearance of cracks in the material due to long-term
cyclic loading is one of the main reasons for fatigue failure of
ferroelectric components. Severe crack growth is mostly
induced by bipolar or electric elds with amplitudes high
enough to induce polarization switching,53 but can sometimes
also be observed aer unipolar electric loading.54 In bulk
ceramics, cracking oen occurs close to the electrode interface
and can lead to delamination of the electrodes.55 While in the
present study, samples exhibit temperature independent
fatigue behavior, which indicates samples may not suffer from
microstructural crack during high-temperature fatigue process.
To conrm the above statement, SEM images from near elec-
trode regions showing the surface of (a) virgin sample and (b–d)
fatigued samples for KNT0.5 composition are provided, as
shown in Fig. 15. No trace of microstructural crack is found
during the high-temperature fatigue process. It isn't hard to
understand why the present samples are restraint to led
cycling even at high temperatures. Insets are SEM micrographs
of the surface of the samples at high magnication. Dense
microstructures without any microstructural damage are
observed even aer high temperature eld cycling. The grain
size is uniform and only about 1.0 mm. The dense and uniform
microstructure with small grain size which provides a high
resistance to eld cycling, may be the intrinsic reason for the
fatigue-free behavior in the present system, as previously
reported in the hot pressed.56
4. Conclusions

In summary, the effect of KNM addition on the ferroelectric
behavior and piezoelectric properties of BNKT20 lead-free pie-
zoceramics were investigated. KNM100x samples underwent a
phase transition from ferroelectric rhombohedral and tetrag-
onal phases to relaxor pseudocubic phase with increasing KNM
content, and such transition are accompanied with the signi-
cant disruption of ferroelectric order and the shi of the
This journal is © The Royal Society of Chemistry 2015
ferroelectric–relaxor transition temperature TF–R down to RT.
Accordingly, it induced an enhancement of the eld-induced
strain with a peak at values of 0.39–0.41% obtained in 1.25
mol% KNM-modied samples. Temperature dependent
measurements of both polarization and strain suggested that
the origin of the large strain is due to a reversible eld-induced
ergodic relaxor to ferroelectric phase transformation. Moreover,
excellent fatigue-resistant behavior was observed in the
proposed KNM100x solid solution especially those with ergodic
relaxor phase aer 106 bipolar cycles. This nding demon-
strates that these materials have excellent potential for
demanding high cycle applications such as micro-
electromechanical systems actuators.
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