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Frequency-dependence of large-signal properties in lead-free piezoceramics
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Institute of Materials Science, Technische Universitit Darmstadt, Petersenstr. 23, 64287 Darmstadt, Germany

(Received 15 December 2011; accepted 26 April 2012; published online 2 July 2012)

The dependence of large signal properties of (1—x)(0.81Bi;,Na;;,TiO5-0.19Bi;,,K,,TiO3)-
xBi(Zn;;Ti;2)O5 with x =0.02, 0.03, and 0.04 on the measurement frequency was investigated for
a wide range of frequencies from 0.1 Hz to 100 Hz. A significant frequency dispersion in the
characteristic parameters representatively maximum and coercive values was denoted. On
extension with the temperature dependent dielectric permittivity measurement, it was shown that
the observed frequency dependence is primarily correlated with the dynamics of field-induced
phase transition from a relaxor state to a long-range ferroelectric state. Increasing the substitutional
disorder introduced by Bi(Zn,,;Ti;;;)O3 addition was demonstrated to pronounce the frequency
dependence. It was proposed that the change be due to the increase in random fields and
consequent dominance of ergodicity, based on the frequency-dependent hysteresis measurements
at an elevated temperature above so-called induced-ferroelectric-to-relaxor transition temperature.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4730600]

. INTRODUCTION

Piezoelectric materials have a variety of applications
because of their ability in coupling electric fields and me-
chanical strain.'” Among these applications are ultrasound
generation,” energy harvesting,™” sensors,®” and actuators.>’
However, a drawback is the incorporation of lead in most
state-of-the-art materials such as (1—x)Pb(Mg;,3Nb;/3)O3—
xPbTiO; (PMN-PT), Pb(Zr,Ti;_,)O3 (PZT), or Pb;_,La,
(Zr,Ti; _,)O5 (PLZT), which creates an increasing conflict
with the attempt to minimize the amount of lead in consumer
products. Legislations like ROHS/WEEE (restriction of haz-
ardous substances/waste electrical and electronic equip-
ment'®'") that restrict the use of lead-containing materials
triggered research to find lead-free alternatives. Bismuth-
based ceramics such as Bij;,pNa;,TiO; (BNT) and Bi; 0K,
TiO; (BKT) denote promising starting points because of the
resemblance of the Bi*" ion with the Pb*" ion in terms of elec-
tronic configuration, i.e., a 6s> lone-pair configuration.'*'> As
BNT requires high switching fields and BKT is hard to fully
densify by conventional sintering techniques, solid solutions
of these materials were investigated.'®'” It was found that
compositions at the morphotropic phase boundary (MPB) of
(1—x)BNT-xBaTiO; ((1—x)BNT-xBT, with x=0.06 ~0.07)
and (1—x)BNT-xBKT (with x=0.16~0.2) offer enhanced
electrical properties.'2" In situ diffraction studies revealed
that the morphotropic BNT-BT and BNT-BKT undergo an irre-
versible phase transition at a certain electric field, where the ini-
tial pseudocubic symmetry is altered towards tetragonal or
tetragonal and thombohedral mixture.'>>'**

One focal point of international research efforts is a fur-
ther improvement of these materials. One way to achieve this
is compositional variation by chemical modifications. Zhang
et al®® showed that the introduction of (KqsNags)NbO;
(KNN) to 0.94BNT-0.06BT significantly alters the large and
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small signal properties. They reported that the addition of
KNN makes the material exhibit a notably large normalized
strain (S;ax/Emax, Where S, and E, ., denote the maximum
strain and electric field, respectively) with the small signal
piezoelectric coefficient decreasing rapidly, when E .«
exceeds 6 kV/mm. Follow-up studies revealed that the large
Simax/Emax happens when the remanent state is absent even af-
ter electrical poling,”* and the absence of the remanent state
is related to the high temperature polymorph.*® Jo et al.*® pro-
posed a reversible electric-field-induced phase transition
between a “non-polar” and ferroelectric phase as the underly-
ing mechanism.

Hinterstein e al.”’ demonstrated for 0.92BNT-0.06BT-
0.02KNN that the previously proposed reversible phase tran-
sition involves a symmetry change, i.e., from a tetragonal
phase with an extremely small tetragonality of 1.0003 to a
rhombohedral phase with a noticeable distortion. This phase
transition was suggested as the cause for the peculiar large-
strain behavior. Later on, other authors have shown that a va-
riety of other dopants are also capable of introducing this
large-strain behavior such as Al, Hf, and Zr.?*7° Although
specifics like the magnitude of S,.x/Enmax are varying among
the multitude of compositions, the basic characteristics under
high fields are very similar. This can be rationalized as the
base-material BNT itself is a relaxor where chemical modifi-
cation with foreign elements would influence merely the
relaxor features with a different degree of random fields.”'

One aspect that has been overlooked is the frequency-
dependence of both strain and polarization hysteresis. This
is, however, a crucial aspect if final applications are consid-
ered. Characterization of hystereses in academic research is
often performed at around 1 Hz or below. In contrast, actua-
tors as utilized, for example, in piezoelectric fuel injectors
usually operate at frequencies of several tens or hundreds of
hertz.**7> This discrepancy in applied frequencies raises the
question whether the above mentioned lead-free large-strain
materials are subject to a significant frequency-dependence
and whether they are still able to deliver high strains even at

© 2012 American Institute of Physics
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elevated frequencies. More importantly, the physical reason
for the large strain behavior is not yet fully clarified. There-
fore, a compositional study of the frequency dependence in
P(E) and S(E) could deliver further insight into the underly-
ing mechanisms in this group of materials.

Other than in lead-free materials, there are some reports
on frequency-dependence of strain and polarization hystere-
sis for conventional piezoceramics. Chen and Viehland™®
reported on P(E) and S(E) loops as a function of frequency
for the soft ferroelectric 0.7PMN-0.3PT at different maxi-
mum fields. For field amplitudes below the coercive field
(E.), they found a strong relaxation in polarization with max-
imum polarization (P.,,,) and remanent polarization (P,)
increasing with decreasing frequencies. The field-induced
strain accordingly mirrored polarization behavior. Maximum
fields beyond the coercive field yielded ferroelectric hystere-
sis loops where P, and P, as well as S, and S, were
virtually frequency-independent. However, E. and the nega-
tive strain (S,e,) showed notable variance with both values,
increasing with increasing driving frequencies, which lead to
the random-field model.>” Gao et al.*® compared frequency-
dependent polarization loops of a soft and a hard PZT with
those of PZT-Pb(Sb, Mn)O; and also found relaxational
polarization behaviors in all three materials. On the other
hand, Zhang er al.*® reported the frequency-dependent
strains of a relaxor ferroelectric PLZT 9/65/35. They noted
a decreasing maximum strain with increasing frequency,
which was later confirmed by Shrout and Jang.*® There are
more reports on the frequency dependence of the polariza-
tion loop in classical lead-containing materials for both
bulk and thin film materials.*' ™ For lead-free piezoelec-
trics, however, no systematic investigation on the effect of
different driving frequencies is available in the literature
yet.

In this work, we present a study of frequency-dependent
high-field behavior of strain (S(E)) and polarization (P(E))
from 0.1 Hz to 100 Hz for lead-free 0.81BNT-0.19BKT, the
composition of which lies within the MPB region.*® We
introduced a mixed B-site occupancy of Zn*" and Ti*" by
incorporating BiZn,»Ti; ;03 (BZT). The BZT-content in the
given chemical formula, (1—x)(0.81BNT-0.19BKT)-xBZT,
was varied from x =0.02 to 0.04, because they all exhibit a
field-induced phase transition from a relaxor to a long-range-
ordered phase but the nature of phase transition changes
from an irreversible to a reversible one with increasing x. As
noted, this change is featured by the appearance of a large
strain with the remanent strain diminishing. We show that
the large-field properties are strongly dependent on the mea-
surement frequency and the dependence is more pronounced
with increasing x. The underlying mechanism for the fre-
quency dependence was further enlightened by the observa-
tions compared with the frequency-dependent P(E) and S(E)
of 0.98(0.81BNT-0.19BKT)-0.02BZT at 90 °C. It is impor-
tant to note that every single S(E) and P(E) measurement
was performed from the virgin state. Hence, more informa-
tion can be drawn from these measurements, as some impor-
tant features occur exclusively in the very first half-cycle.
The definition for the parameters used in the current manu-
script is illustrated in Fig. 1.
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FIG. 1. Schematic illustrating characteristic parameters derived from S(E)
and P(E) curves.

Il. MATERIALS AND METHODS
A. Sample preparation

The ceramic powders of the composition (1—x)
(0.81BNT-0.19BKT)-xBZT with x =0.02, 0.03, and 0.04 (in
the following, termed as 2BZT, 3BZT, and 4BZT, respec-
tively) were produced by the mixed oxide route from reagent
grade raw powders (all Alfa Aesar GmbH & Co. KG, Karls-
ruhe, Germany) Bi,O3; (99.975% purity), NaCO;5; (99.5%),
TiO; (99.9%), K,CO3 (99.0%), and ZnO, (99.99%). Details
of the powder processing are given elsewhere.*’ The samples
were shaped by uniaxial pressing using a pressing die of
10 mm in diameter with subsequent cold-isostatic pressing at
300 MPa. The pellets thus prepared were sintered for 3h at
1100°C in covered alumina crucibles. To minimize loss of
volatile elements, the samples were covered in atmospheric
powder of the respective composition. Sintered pellets were
ground and polished down to 0.8 mm in thickness and elec-
troded with a silver paste that was burnt in at 400 °C.

B. Electrical measurements

The polarization and strain measurements were con-
ducted in a modified Sawyer-Tower setup with a measure-
ment capacitance of 15 uF. Using an optical displacement
sensor (Philtec, Inc., Annapolis, MD, USA), the accessible
frequency range for S(E) was greatly increased in compari-
son to conventional linear variable differential transformer
(LVDT) sensors. Therefore, P(E) and S(E) loops could be
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recorded at 0.1 Hz, 1 Hz, 10Hz, and 100Hz, covering four
orders of magnitude. To obtain virgin curves, each sample
was wrapped in aluminum foil and annealed for 10 min at
400°C on a heating stage. To prevent thermal shock and
cracking, the samples were cooled down to about 100°C
before being removed from the heating stage. Temperatures
were double-checked with a thermocouple, and the piezoelec-
tric charge constant was checked with a Berlincourtmeter
(Sinoceramics Inc., Shanghai, China). To obtain P(E) and
S(E) loops at elevated temperatures, a temperature control
was integrated into an oil bath, consisting of a resistive heat-
ing element, a temperature-controller, and a thermocouple
immersed in the oil bath very close to the sample. Relative
dielectric permittivity and loss factor were measured in a
Nabertherm LE4/11/R6 box furnace (Nabertherm GmbH, Lil-
ienthal, Germany) with a custom-made sample holder and an
HP 4284 A impedance analyzer (Hewlett-Packard Co., Palo
Alto, CA, USA) at a heating rate of 2 K/min. Prior to this
measurement, the samples were poled in an oil bath at room
temperature for 10 min under an electric field of 6 kV/mm.

lll. RESULTS
A. Room temperature measurements

Figure 2 presents the large-signal polarization and strain
loops for the three compositions at 0.1 Hz, 1 Hz, 10 Hz, and
100 Hz. The general characteristic of P(E) and S(E) changes
significantly with increasing substitution of Zn>" for B-site.
Similar to morphotropic BNT-BKT or BNT-BT, 2BZT has a
high P,em of 0.27 C/m? and a high S, of 0.21%. Both values
diminish with further addition of Zn*", eventually giving rise
to the aforementioned large-strain behavior in 4BZT, which
features a large strain during unipolar loading. The composi-
tion 3BZT marks an intermediate state with decreased S, of
0.13% and P,,,, of 0.17 C/m>.

A salient feature is the distinct frequency-dependence
that is found for all three compositions, albeit with signifi-
cantly different aspects. In all compositions, the relevant field
parameters, i.e., the coercive field (E.), the field defined by
the maximum slope in the S(E) curve (Eiygection), as well as
the field for maximum negative strain (E,,), increase with
increasing frequency as illustrated in Fig. 3. Moreover, S
and P, remain unchanged in all samples, but in 3BZT and

6 -4-20 2 4 6
E [kV/mm]

4BZT, the poling strain (S,,) is very sensitive to frequency
changes as depicted in Fig. 4. Consequently, the normalized
strain - Spax/Emax  drops notably when the frequency is
increased. In the case of 4BZT, S,,.x/Emax decreases from
580 pm/V for 0.1 Hz down to 340pm/V for 100 Hz, which
denotes a drop by as large as ~41%.

B. Measurements at elevated temperatures

Measurements of dielectric properties from room tem-
perature up to 400°C for frequencies from 1 kHz up to
1 MHz are presented in Fig. 5. All three compositions exhibit
very similar behavior in ¢&.33(T) and tand(T). The dielectric
permittivity features a broad maximum at around 300°C
with a low-temperature shoulder. The frequency dispersion
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FIG. 3. Characteristic fields determined from frequency dependent measure-
ments for 2BZT, 3BZT, and 4BZT: (a) field of maximum slope in S(E)
curve Ejpgeciions (b) coercive field Ee, and (c) field of negative strain E,c,.
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FIG. 4. Strain and polarization parameters derived from the frequency de-
pendent measurements for 2BZT, 3BZT, and 4BZT: (a) poling strain, Sy,
(b) remanent strain, S, and (c) maximum polarization, P,,c, remanent
polarization, Ppep,.

in the low-temperature region of & 33 is also reflected in
tand, which is an indication for relaxor behavior.?! The
nearly frequency-independent first peak in tand has been
taken in the literature to characterize the depolarization tem-
perature.18 Recent work contrasting temperature dependence
of dielectric permittivity, depolarization current, and piezo-
electric coefficient demonstrated that the temperature found
using tand is above the true depolarization temperature.*’
This was ascertained using further field dependence together
with temperature dependence of permittivity and depolariza-
tion current.*® Here, we are fundamentally interested in
ferroelectric—relaxor transitions and determine the peak in
tand in order to quantify the ferroelectric—relaxor transition
(Trr) 2" This temperature decreases with increasing
Zn*"-content from 55 °C in 2BZT to 45°C in 3BZT. Eventu-
ally, no transition is observed for 4BZT above 25°C. The
general trend suggests that the ferroelectric—relaxor transi-
tion lies below room temperature.

J. Appl. Phys. 112, 014101 (2012)

Figure 6 presents the field-induced strain and polariza-
tion of 2BZT at 90 °C. This temperature was chosen because
it lies well above Tg.g. It is obvious that the increase in tem-
perature has a dramatic effect on the strain response. First,
the remanent strain, S, drops from about 0.2% down
to about 0.1%. Moreover S, appears to vary with fre-
quency, whereas it is invariant at room temperature. The dif-
ference in S,., with frequency, however, is only pronounced
between 0.1 Hz and 1 Hz. The change in S,.,, above 1 Hz is
so small and non-systematic that it may be induced by tem-
perature fluctuation and consequent thermal drifting effects.
In contrast to S., and unlike the room-temperature behavior
of 2BZT, the maximum strain during poling (Sp.) strongly
depends on frequency: the sample delivers almost 0.2% less
strain at the frequency of 100 Hz in comparison to 100 mHz.
Nonetheless, the maximum strain at 90°C is significantly
larger than that at room temperature for all frequencies due
to the drop in the remanent strain. Consequently, S,.x/Emax
is increased from virtually frequency-independent 350 pm/V
at room temperature to 445 pm/V at 100 Hz and 606 pm/V at
100 mHz. Therefore, 2BZT provides a strain response at
90 °C that is to some extent comparable to the room-temper-
ature response of 4BZT, which was also shown to exhibit
frequency-dependent large-strain behavior. Compared to
room temperature, the P(E) loop at 90 °C is notably slimmer
and slightly pinched, which again resembles the composi-
tional evolution illustrated in Fig. 2. The remanent polariza-
tion decreased from about 0.27 C/m? down to 0.12 C/m? with
the maximum polarization virtually unchanged at about
0.42 C/m>. For the 1 Hz measurement, this corresponds to a
back-switching (Pax—Prem)/Pmax 0f 33% at room tempera-
ture and 73% at 90°C. That value is higher than the 57%
back-switching observed in 3BZT at 1 Hz and close to the
78% found for the same frequency in 4BZT. Despite the sim-
ilarities between 2BZT at 90 °C and 4BZT at room tempera-
ture, there are some noticeable differences. The maximum
polarization in 2BZT is frequency-independent whereas it
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varies in 4BZT, if only to a small extent. Moreover, a distin-
guishable field, Eg, can be determined in 2BZT where the
polarization saturates during the first half-cycle at room tem-
perature and 90 °C. At both temperatures, Eg,, is frequency-
dependent, shifting to higher electric fields with increasing
frequency. This saturation field in P(E) correlates with the
Einfiection 10 the S(E) curve, i.e., a sharp increase in strain is
observed just below E,. Figure 7 illustrates this correlation.
It is obvious that both E,; and E;,gcciion decrease for all fre-
quencies at the elevated temperature. For example, Eg, at
1 Hz is reduced from 4.6kV/mm at room temperature down
to 3.6kV/mm at 90 °C. In 4BZT, P(E) does not saturate and,
therefore, no Eg, can be defined.

IV. DISCUSSION

We have found significant influences of measurement
frequency on large-signal behaviors, ranging from 0% to
41% in S;,.x/Emax depending on extension of ferroelectric
order. In contrast, lead-containing materials often show no
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FIG. 7. Correlation of E, determined from P(E) and E;,geciion determined
from S(E) for 2BZT at room-temperature and 90 °C.
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such pronounced frequency dependence of strain as demon-
strated for soft PZT or 70-PMN-30PT.**~® On the other
hand, the relaxor material PLZT 9/65/35 features a strain
response that is likewise dependent on frequency where S,,.x
decreases by about 20% when the driving frequency is
increased from 1 Hz to 100 Hz.*®

To explain the evolution of S(E) and P(E) illustrated in
Fig. 2, we therefore suggest that BNT-BKT-BZT is a relaxor
ferroelectric that undergoes a field-induced transition from a
relaxor to a state with a ferroelectric long-range order.*® This
transition is highly dependent on the applied field, but also
on composition, frequency, and temperature. We assume that
below a field limit, polar nanoregions (PNRs) exist, but fer-
roelectric macrodomains do not. Upon passing a critical
field, a transition with the development of ferroelectric long-
range order occurs. With a little mixed B-site occupation, as
in 2BZT, the field required to induce the phase transition is
comparably low. Therefore, 2BZT can be poled at moderate
electric fields; hence, appears ferroelectric under high fields
and possesses a sizable small signal ds3 of 139 pC/N. In an
earlier report, we found via high-energy in situ XRD under
electric field that Eg, is correlated with the critical field,
where a long-range order is established and non-cubic distor-
tion is detected.*® For 2BZT, this means that the transition
takes place in the range of Eg, around 4 kV/mm at 100 mHz.
The P(E) loop of 2BZT shows practically no constriction,
which implies that the induced ferroelectric order is compa-
rably stable on the removal of electric field. This observation
suggests that the transition is from a non-ergodic relaxor
state to a ferroelectric.

Increasing the dopant content progressively impedes the
creation of ferroelectric long-range order as indicated by Eg,,
which increased from 4kV/mm in 2BZT to 4.6kV/mm in
3BZT at 100 mHz. This result can be rationalized by the
higher fraction of Zn>" ions that occupy the B-site of perov-
skite lattice in 3BZT and cause a higher degree of disorder.
This increased substitutional charge disorder implicates an
augmentation of random fields. Consequently, the establish-
ment of a long-range order is restrained. In 4BZT, no satura-
tion polarization is reached with fields up to 6kV/mm, i.e.,
the transition is even more impeded by the increased Zn*"
content. During the reduction of electric field, the induced
long-range order collapses and consequently P, and S,
are diminished, meaning that the relaxational behavior is due
to a series of transitions from an ergodic relaxor to an
induced ferroelectric and back to the ergodic relaxor. How-
ever, the non-zero remanence suggests that the long-range
order still persists in some volume fraction of the samples.
This can also be grasped by the pinched polarization loop in
3BZT and 4BZT, which indicates that at least a part of the
induced long-range order is not stable in the absence of
external field.

A similar behavior has been ascertained in field-
dependent transmission electron microscopy on the ergodic
relaxor 0.91BNT-0.06BT-0.03KNN, where ferroelectric
domains appeared and disappeared with increasing and
decreasing electric field, respectively.* Similarly, the reversi-
ble phase transition has been demonstrated both with synchro-
tron as well as with neutron diffraction on 0.92BNT-0.06BT-
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0.02KNN.?’ In the case of 0.92BNT-0.06BT-0.02KNN and
0.91BNT-0.06BT-0.03KNN, ferroelectric domains appear
with crystallographic symmetry changing, which could be
interrogated with diffraction techniques applied.

The same argument applies to the high-temperature
measurement presented in Fig. 6, where it is not the substitu-
tional charge disorder but the thermal excitation that causes
the instability of the ferroelectric long-range order. Ulti-
mately, the large signal behavior of 2BZT at 90 °C mimics
that of 4BZT at room temperature, i.e., a transition takes
place from ergodic relaxor to a ferroelectric. Upon removal
of the electric field, the majority of the long-range order col-
lapses, and the ergodic relaxor state is recovered with only a
minute remanence. The frequency dependence of strain and
polarization in 2BZT underpins the assumption of a transi-
tion from non-ergodic to a long-range ferroelectric state.
Since Eg, depends on frequency, it is concluded that the
field-induced phase transition is also frequency-dependent in
a sense that the transition is triggered at lower fields for
lower frequencies. The observed time dependence suggests
that the mechanism of the transition be associated with coa-
lescence of PNRs. Under the electric field, the PNRs start
to grow in size until they eventually overcome the existing
random field to form ferroelectric domains. In the case
of 2BZT, the maximum field of 6kV/mm is sufficient for
the material to be fully converted into the ferroelectric
state. Therefore, S,.x and P,.. are virtually frequency-
independent. This is, however, not true at lower fields as
evidenced by a significant frequency dispersion of S(E),
e.g., at 4kV/mm, where strain during the first half-cycle is
0.3% at 100 mHz and only 0.07% at 100 Hz. The physical
reason is the incomplete transition into a long-range-ordered
state.

Other than in 2BZT, the frequency dispersion persists
in 3BZT and 4BZT up to the maximum field of 6 kV/mm.
As presented in Fig. 4, the frequency dispersion increases
with increasing Zn®"-content. This observation is in agree-
ment with the assumption of a material that exhibits ergo-
dicity to some extent. Because of the weakly correlated
PNRs, there is a distribution of relaxation times. Conse-
quently, the properties under field are highly frequency-
dependent. The same frequency dependence is introduced in
2BZT when the sample is heated beyond Tgg, which is
associated with a transition from the nonergodic to the er-
godic relaxor state.

V. SUMMARY AND CONCLUSION

We presented a compositional study of frequency-
dependent field-induced strain and polarization in lead-free
morphotropic BNT-BKT doped with Zn®" on the B-site of
the perovskite lattice. It was found that the field-induced
phase transition does not only depend on field and composi-
tion but also frequency and temperature. It was shown that
the higher the frequencies are, the higher the field for the
phase transition to take place, which is a clear evidence that
the transition is time-dependent. For a low content of B-site
dopants (as in 2BZT), the coercive field in the P(E) loop
demonstrates very little frequency-dependence, which is in
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contrast to lead-containing soft ferroelectrics. At room tem-
perature, both maximum strain and polarization are likewise
frequency-independent within the considered frequency
range from 100 mHz to 100 Hz. For temperatures beyond Tk,
however, it was shown that frequency dispersion emerges,
most likely due to the appearance of ergodicity.

For a higher degree of mixed B-site occupation, the
maximum strain is strongly frequency-dependent even at
room temperature, where the formation of ferroelectric long-
range order is suggested being impeded by the increased
Zn*" content. The normalized strain Smax/Emax Was shown to
decrease by about 40% when the frequency is increased
from 100 mHz to 100 Hz. These high frequencies, however,
are often required for actuator applications. Consequently, a
clear understanding of the described frequency dependence
is crucial for the potential utilization of lead-free materials.
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