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Dielectric, ferroelectric, piezoelectric, and strain properties of lead-free Sn-doped Bi1/2(Na0.82

K0.18)1/2TiO3 (BNKT) were investigated. A crossover from a nonergodic relaxor to an ergodic

relaxor state at room temperature, accompanied by a giant electric-field-induced strain, was observed

at 5 at. % Sn doping. Switching dynamics monitored during a bipolar poling cycle manifested that

the observed giant strain originates from incipient piezoelectricity. When Sn doping level reached

8 at. %, BNKT exhibited an electrostrictive behavior with a highly temperature-insensitive

electrostrictive coefficient of Q11¼ 0.023 m4 C�2. VC 2013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.4801893]

I. INTRODUCTION

Lead-free perovskite piezoceramics have been exten-

sively studied as alternatives to lead-containing counterparts

since the environmental regulations on harmful elements

was in effect.1,2 Since a giant electric-field-induced strain

was reported by Zhang et al.3 in Bi1/2Na1/2TiO3-BaTiO3-(K1/2

Na1/2)NbO3 (BNT-BT-KNN) ceramics, great attention has

been paid to (Bi1/2Na1/2)TiO3 (BNT)-based perovskite

ceramics in expectation for large-stroke actuator applications

such as fuel injectors and vacuum circuit breakers. A com-

mon strategy so far was to incorporate a small amount of

additional chemical entities such as single isovalent dop-

ants,4,5 donors,6,7 or ABO3-type compounds8–10 into BNT-

BT or BNT-(Bi1/2K1/2)TiO3 (BKT) solid solution systems at

the so-called morphotropic phase boundary (MPB).11,12

Here, we use the term, giant strains, to distinguish them from

the conventional electric-field-induced strain in poled ferro-

electric (FE) materials in that the onset of these strains

requires a certain threshold electric field level (referred to as

Epol hereafter), but this electric-field-induced poling state

becomes unstable with little trace of perceivable piezoelec-

tricity when the field is removed.13,14 This phenomenological

feature categorized the materials with such strain behavior as

a new material class designated as incipient piezoceramics.15

In spite of the exceptionally large strains available in the

incipient piezoceramics, there are at least three challenges to

be overcome for versatile applications. One is a relatively

large electric field required for activating the giant strains.

For the piezoelectric components to be incorporated into

devices, the giant strain should be inducible within the limit

of operating voltage allowed for the devices; hence, smaller

driving fields are always preferable. Another challenge is

significant hysteresis in the giant strain, which is often con-

sidered as a drawback in extending the practicability of the

material systems.16 The other is a rather strong temperature

dependence of strain properties, e.g., Smax/Emax, which

decreases significantly up to �150 �C for the reported mate-

rials.17,18 It was shown that this temperature dependence can

be circumvented when only the electrostrictive part of the

strain is utilized by suppressing the field-induced phase tran-

sition throughout the temperature range of interest.19 All the

aforementioned challenges converge to a conclusion that

the key to resolving the issues is to understand the nature of

the reversible field-induced phase transition.

It is interesting to notice that the incipient piezoelectric-

ity in BNT-BT or BNT-BKT systems have been reported to

be induced by the addition of 2–3 mol. % of additional com-

ponent regardless of the kind of the dopants.15 However, a

recent study revealed that the development of the incipient

piezoelectricity was especially retarded when isovalent Sn

was introduced though other isovalent dopants such as Zr

have little retarding effect.20 This implies that understanding

this exceptional behavior can bring us a deeper insight into

the mechanism for the incipient piezoelectricity. In this

study, therefore, we investigated the effect of Sn-doping on

the piezoelectric, FE, crystal structure, and dielectric proper-

ties of 0.82BNT-0.18BKT. A special focus was put on the

field- and temperature-dependent phase transition dynamics.

II. EXPERIMENTAL PROCEDURE

Ceramic powders conforming to the chemical formula

Bi1/2(Na0.82K0.18)1/2(Ti1�xSnx)O3 (BNKTxSn), where x¼ 0,

0.02, 0.05, and 0.08, were synthesized using a conventional

solid-state reaction route. Reagent grade Bi2O3, Na2CO3,

K2CO3, SnO2, and TiO2 (99.9%, High Purity Chemicals,

Japan) powders were used as raw materials. These raw mate-

rials were first put in a drying oven at 100 �C for 24 h to

a)Author to whom correspondence should be addressed. Electronic mail:

jslee@ulsan.ac.kr. Tel.: þ82 52 259 2286.
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remove moisture and then weighed according to the stoichio-

metric formula. The powders were ball-milled in ethanol

with zirconia balls for 24 h, dried at 80 �C for 24 h, and cal-

cined at 850 �C for 2 h in a covered alumina crucible. After

calcination, the powder was mixed with polyvinyl alcohol

(PVA) as a binder and then pressed into green discs with a

diameter of 12 mm under a uniaxial pressure of 98 MPa.

These green pellets were sintered at 1175 �C in a covered

alumina crucible for 2 h in air.

The crystal structure of the sintered samples was charac-

terized by X-ray diffraction (XRD, RAD III, Rigaku, Japan).

For electrical measurements, a silver paste was screen-

printed on both sides of specimens and subsequently burnt in

at 700 �C for 30 min. The polarization (P) and strain (S) hys-

teresis as a function of external electric field (E) were meas-

ured at 300 mHz with a 15 lF measurement capacitance

using a Sawyer-Tower circuit equipped with an optical sen-

sor (Philtec, Inc., Annapolis, MD, USA). The small-signal

field excitation to monitor the contributions of reversible

entities to d33(E) and e33(E) was measured in a commercial

apparatus, aixPES (aixACCT Systems GmbH, Aachen,

Germany), by applying a sinusoidal bipolar signal of 10 V/

mm at 1 kHz, which was superimposed on a bipolar electric

field profile with an amplitude of 6 kV/mm at 300 mHz. The

temperature-dependent dielectric constant (er) and dielectric

loss (tan d) of the poled BNKTxSn ceramics were recorded

using an impedance analyzer (HP4192A) attached to a

programmable furnace at the measurement frequencies of

1–100 kHz in a temperature range of 25–550 �C.

III. RESULTS AND DISCUSSION

X-ray diffraction patterns of the BNKTxSn ceramics are

shown in Fig. 1. Careful observation indicates that undoped

BNKT has a peak splitting at �46�, corresponding to the

(002)/(200) reflection of a tetragonal phase.21 Similar to the

changes in X-ray diffraction patterns for BNT-BT-KNN,3

Sn-doped BT,22 BiScO3-Bi(Zn0.5Ti0.5)O3-BaTiO3 (BS-BZT-

BT),23 BaTiO3-BiYbO3 (BT-BY),24 and modified BNKT

ceramic systems,4–10 the increase in Sn concentration causes

the tetragonal (002)/(200) peaks to gradually merge into

a single (200)pc (the subscript “pc” denotes pseudocubic

Miller index) reflection at x¼ 0.08, indicative of the loss of

macroscopically conceivable non-cubic distortion. The trend

is consistent with the previous results as shown in the BNT-

BKT system with other chemical modifiers.9,20,25

Electric field-induced polarization and strain hysteresis

loops of the BNKTxSn ceramics are presented in Figs. 2(a)

and 2(b), respectively. All the characteristic parameters such

as the maximum polarization (Pmax), the poling strain (Spol),

the remanent polarization (Prem), and the remanent strain

(Srem) decrease with increasing x, indicating that the addition

of Sn suppresses a field-induced FE order, which conforms

to the previous observations in modified BNKT systems.4–10

It is seen that there happens a significant increase in (Spol -

Srem) at x¼ 0.05, beyond which it decreases drastically. The

value of (Spol - Srem) corresponds to the maximum available

strain (Smax) when the material is used as electromechanical

actuator. This giant strain is activated above a certain thresh-

old electric field involving a considerably large hysteresis3,26

and is only available when macroscopic piezoelectricity

nearly vanishes.3,26 At this point, the typical butterfly-shaped

strain hysteresis transforms into a sprout-shaped one, imply-

ing the destabilization of ferroelectricity at zero field.15 This

categorizes the Sn-doped BNT-BKT materials as incipient

piezoceramics in that the material is not macroscopically

piezoelectric but evolves into one on the application of elec-

tric field. The key parameters from strain hysteresis loops are

given as a function of Sn content in Fig. 3.

Figure 4 shows the temperature dependence of dielectric

permittivity (er) and dielectric loss (tan d) for both unpoled

and poled BNKTxSn for three measurement frequencies of

1, 10, 100 kHz. All the unpoled specimens show strong fre-

quency dispersion from room temperature up to �150 �C,

which suggests that all specimens can be classified as relaxor

FIG. 1. X-ray diffraction patterns of Sn-doped BNKT ceramics as a function

of Sn concentration.

FIG. 2. P(E) and S(E) hysteresis loops at room temperature for Sn-doped

BNKT ceramics.
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ferroelectrics. There are two distinct anomalies evident in er

for all compositions: a shoulder at �150 �C with a strong fre-

quency dispersion and frequency-insensitive peaks at

�300 �C. The magnitude of overall dielectric signal is seen

to decrease with increasing Sn content, while the tempera-

ture range for each anomaly remains practically invariant.

Consistent observation has been reported in BT-BY,24 BNT-

BT,27 and BNT-BKT28 systems with additional chemical

modifiers being introduced. On the other hand, an additional

dielectric anomaly appears when the materials are electri-

cally poled. This anomaly is commonly referred to as depo-

larization temperature (Td) where a field-induced FE order

converts back to an ergodic relaxor state.15 This anomaly is

best seen in BNKT0Sn, manifested as a frequency independ-

ent discontinuity both in er and tan d. It is also seen that Td

decreases from �132 �C for BNKT0Sn to �84 �C for

BNKT0.02Sn and then is not detectable for the compositions

with higher Sn contents. The absence of apparent Td in

BNKT0.05Sn and BNKT0.08Sn in the current measurement

data is indicative of the lowering of Td below the room tem-

perature by the addition of Sn.17 However, it is noticed that

the electrical poling still has an influence on the dielectric

signal even for the BNKT0.05Sn and BNKT0.08Sn, repre-

sented as a fluctuation in the spectra around 100 �C. This

suggests that there should still be a trace of nonergodicity in

BNKT0.05Sn and BNKT0.08Sn.29

The small-signal dielectric permittivity e33(E) of

BNKTxSn ceramics as a function of electric field is pre-

sented in Fig. 5. A significant change in the shape profile of

e33(E) is evident with increasing Sn content, which is con-

sistent with those observed in BZT-modified BNT-BKT.30

The observed hysteresis in e33(E) for undoped BNKT resem-

bles that of ordinary FE materials, representatively PZT,

where the local maximum in e33 appears near the coercive

field due to field-induced domain reorientations.31 This

means that BNKT0Sn is a nonergodic relaxor that transforms

irreversibly into a FE by poling process.32 On the other hand,

with 2 at. % doping of Sn, two distinct features are noticed.

One is a significant increase in the absolute value of e33(E) at

zero field, which could be attributed either to an increased

mobility of polar nanoregions (PNRs) or to an increase in

their density. The other is a splitting in local maxima, both

FIG. 3. Changes in Spol, Srem, and the difference between them (Spol � Srem)

as a function of Sn concentration.

FIG. 4. The temperature dependent relative dielectric constant (er) and dielectric loss (tan d) for poled Sn-doped BNKT ceramics. The Sn content x was (a) 0,

(b) 0.02, (c) 0.05, and (d) 0.08, respectively.

FIG. 5. Small signal e33(E) measured at 1 kHz of BNKTxSn as a function of

electric field.
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of which gradually diffuse away with a further increase in Sn

content.

Figure 6 presents the dielectric signals in comparison

with the current flow during polarization reversal of

BNKTxSn. In the case of BNKT0Sn as in Fig. 6(a), it is seen

that the dielectric loss peaks at the inflection point in dielectric

permittivity, which corresponds to the coercive field where

the switching current peaks. This single switching behavior

implies that BNKT0Sn is fully converted into a FE phase dur-

ing the electrical cycles. On the other hand, it is noted that the

addition of 2 at. % Sn introduces a change in the switching

behavior featured by a peak splitting in all the signals pre-

sented. Given the fact that this specific composition exhibits a

trace of constriction in P(E) as shown previously in Fig. 2(a),

it is believed that the additional peak in the switching current

reflects two-step switching, i.e., a dissociation of long-range

FE domains prior to polarization reversal due to a composi-

tionally induced instability of the field-induced FE order. It is

noticed that this compositionally induced two-step switching

behavior is in close phenomenological proximity to the ther-

mally induced two-step switching behavior as proposed in a

canonical relaxor (Pb0.92La0.08)(Zr0.65Ti0.35)O3 (PLZT) near

its depolarization temperature.33,34 The two-step switching

hypothesis is, in fact, strongly supported by the data collected

from BNKT0.05Sn and BNKT0.08Sn depicted, respectively,

in Figs. 6(c) and 6(d). The field level required for the

polarization reversal (Epr) increases from �3 kV/mm in

BNKT0.02Sn to �5 kV/mm in BNKT0.05Sn and so does the

field for the dissociation of the field-induced long-range order

(Edis) from �1.8 kV/mm in BNKT0.02Sn to �0.7 kV/mm in

BNKT0.05Sn. No peak in the switching current is evident in

the case of BNKT0.08Sn, suggesting that the applied Emax of

6 kV/mm is not enough to induce a long-range ferroelectric

order, and thus there exists no long-range order to be defrag-

mented for the successive cycles.

An emphasis is placed on the fact that Edis becomes pos-

itive, which coincides with the appearance of giant strain,

when the Sn content is increased from 2 to 5 at. %. The posi-

tive Edis means that the field-induced FE order is not sustain-

able in the absence of bias field, confirming that the

observed giant strain originates from incipient piezoelectric-

ity.15 It is noticed that the giant strain due to the incipient

piezoelectricity is a consequence of a repetitive reversible

phase transition between a macroscopically “weakly” polar

to a polar phase during each unipolar cycle.13 An insight into

the nature of the macroscopically weakly polar phase may be

grasped from the set of data collected from BNKT0.08Sn,

since the field-induced phase transition is absent in this com-

position. In spite of the absence of a long-range polar order

as evidenced from Fig. 6(d), it is seen that a significant d33

value (Figure 7) can be induced by the application of electric

FIG. 6. Dielectric signals in comparison with the current flow during polarization reversal of BNKTxSn.

FIG. 7. Small signal d33(E) as a function of electric field.
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fields. Considering the fact that this d33 value is largely based

on the reversible contributions,33,35 this assumed macroscopi-

cally weakly polar phase is, in fact, microscopically strongly

polar, and the individual polar vector of each polar entity is

rather easily aligned and randomized in the presence and ab-

sence of a small electric field, respectively. Another impor-

tant aspect of this macroscopically polar phase is revealed by

Fig. 8(a) that depicts the S-P2 of BNKT0.08Sn at room tem-

perature. A strongly linear dependence of strain on polariza-

tion square is noted, classifying the observed strain in

BNKT0.08Sn as a phenomenologically electrostrictive one.

The phenomenological electrostrictive coefficient Q11 is esti-

mated at 0.023 m4 C�2, which is no smaller than that of the

representative electrostrictive materials in the literature.36 As

commonly expected,19,37 both the electrostrictive coefficient

and the strain are highly stable against temperature change

(Fig. 8(b)). It follows that the macroscopically weakly polar

phase can be defined as an ergodic relaxor ferroelectric com-

posed of electrically sensitive mobile PNRs and the way the

PNRs respond to the external electric fields is well described

by phenomenological electrostrictive model.

Figure 9 presents Smax/Emax of all the studied composi-

tions as a function of temperature. Consistent with the earlier

studies in BNT-based materials,19,38 Smax/Emax of both

BNKT0Sn and BNKT0.02Sn show a strong temperature de-

pendence with a peak at a temperature near the depolariza-

tion temperature of each composition. It is known that the

presence of peak in the Smax/Emax originates from an

enhancement in strain with the reduction in the remanent

strain of which results from the destabilization of field-

induced long-range FE order.13,15 In this sense, the mono-

tonic decrease of Smax/Emax in BNKT0.05Sn in the absence

of a peak in Smax/Emax can be rationalized by the fact that the

depolarization temperature is already below the room tem-

perature. However, a comparison of the temperature coeffi-

cient of Smax/Emax of BNKT0.05Sn with that of a previously

reported 92BNT-6BT-2KNN featured by about �0.38%/ �C
change in Smax/Emax up to 100 �C reveals a significant

decrease in temperature stability of BNKT0.05Sn at

�0.72%/ �C. The reason for this deteriorated temperature

stability is considered to be due to a highly diffused Epol of

BNKT0.05Sn, making the major contribution to Smax/Emax

over the studied temperature range rely largely on the field-

induced phase transition that is, in general, highly sensitive

to temperature changes. The current results suggest that tun-

ing Epol is one of the critical parameters in achieving practi-

cally important strains in incipient piezoceramics.

IV. CONCLUSIONS

The electric field-induced strain properties of Sn-doped

BNKT solid solutions have been investigated by measuring

S(E), P(E), XRD, small signal d33(E) and e33(E), and

temperature-dependent dielectric permittivity spectra.

Undoped BNKT showed typical FE features with significant

Pr and Ec as well as butterfly-shaped S-E loops after electrical

poling. As Sn-doping level increased to 5 at. %, a transition to

an ergodic relaxor behavior was evidenced by a strong

frequency-dependent dispersion in the dielectric permittivity

and the appearance of a giant strain with a constriction in P(E).

Small signal d33(E) and e33(E) data confirmed that the

observed giant strain originates from incipient piezoelectricity.

Temperature dependence of the observed giant strain suggests

that the slope of P(E) at the poling field may play a critical role

on temperature dependence of the giant strain. With a high Sn

doping level of 8 mol. %, BNKT was demonstrated as a prom-

ising electrostrictive actuator application with a salient electro-

strictive coefficient (Q11) of 0.023 m4 C�2.
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