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Abstract
This work explores the creep behavior of polycrystalline 0.91(Na1/2Bi1/2)TiO3

-0.06BaTiO3-0.03K0.5Na0.5NbO3 under constant electric fields. It reveals intriguing
time-dependent variations in both polarization and strain response, which can be attributed to a
transformation from the relaxor state to a long-range ferroelectric order. Meanwhile, bulk
volume resistivity values are obtained to eliminate the influence of leakage current on the
polarization assessment. The findings provide valuable insights into the creep behavior of
lead-free relaxor ferroelectrics, laying a solid foundation for enhancing the performance and
reliability of piezoactuators.

Keywords: lead-free piezoceramic, constant electric field loading, creep behavior

1. Introduction

Lead-based piezoelectrics are widely used for sensors and
actuators due to their intrinsic coupling between electro-
mechanical, electro-optical, and thermo-electrical properties
[1–3]. To date, solid solutions of lead zirconate titanate
(Pb(Zr,Ti)O3, PZT) remain dominant in the piezoelectric actu-
ator market. The refinement, processing, and use of lead
and lead oxide, however, raise numerous environmental and
health concerns [4]. For this reason, considerable research
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effort has been invested into developing new lead-free ceram-
ics over the past decades [5, 6]. Despite the promising
properties of emerging lead-free compositions, the trans-
ition from PZT to lead-free materials has been met with
hesitation in many industrial applications [7]. Actuators,
in particular, require piezoceramics with specific proper-
ties such as large electric-field induced strain, high blocking
force, and a high Curie temperature (TC), which are closely
related to the microstructure and composition [8]. The main
challenges in the adoption of lead-free piezoelectrics have
been discussed, including understanding fundamental mech-
anisms, achieving large temperature-stable piezoresponse, and
designing fabrication-friendly and customizable compositions
[9]. While several lead-free materials have shown excellent



electromechanical properties, surpassing those of lead-based
counterparts [10–13], the search for a complete replacement
for PZT in actuator applications remains an ongoing challenge
[14]. The (1-x-y)(Na1/2Bi1/2)TiO3-xBaTiO3-yK0.5Na0.5NbO3

(NBT-BT-KNN) solid solutions have garnered significant
interest for off-resonance actuator applications due to their
ability to exhibit giant electric-field-induced strains [15, 16].
This remarkable property arises from a reversible electric
field-induced transition between a non-polar state and a polar
state [17]. To achieve this behavior, the introduction of KNN
components was utilized to destabilize the long-range ferro-
electric order, effectively shifting the ferroelectric-to-relaxor
transition to lower temperatures, even close to or below room
temperature [18]. Various investigations have shown a similar
destabilization effect with other end members, such as SrTiO3

[19] and LiNbO3 [20]. At room temperature, the NBT-0.06BT-
0.03KNN composition exists as an ergodic relaxor in a non-
polar state, characterized by the absence of long-range ferro-
electric order, which is evident in high-resolution transmis-
sion electron microscopy studies showing a ‘grainy contrast’
[21–23]. However, the application of an external electric field
induces the development of domains, indicating the formation
of long-range ferroelectric order. Corresponding transition
from a pseudo-cubic phase to tetragonal, rhombohedral, or
mixed tetragonal/rhombohedral phase depending on the com-
position have been revealed by means of in situ high energy
synchrotron diffraction studies [24, 25]. In situ high-resolution
x-ray and neutron diffraction techniques [26], and high-energy
x-ray scattering experiments [27] were used to carry out
these phase transition studies. The electric field-induced trans-
formations in NBT based materials were reviewed by Viola
et al [28]. Piezoelectric ceramics find critical applications in
ultrahigh precision positioning, where maintaining positional
stability over prolonged periods is essential. Creep, character-
ized by a drift from the desired position during slow opera-
tions like scanning probe microscopy or atomic force micro-
scopy, poses a significant challenge in these applications. To
understand and mitigate creep effects, experiments examining
the time-dependent electromechanical behavior of piezoelec-
tric ceramics are necessary [29, 30]. While previous invest-
igations have focused on the macroscopic strain response
under varying electric field loading, the time-dependent elec-
tromechanical response under a constant electric field remains
largely unexplored, especially in the context of lead-free
ferroelectrics.

Creep behavior in ferroelectric ceramics has been extens-
ively investigated for lead-basedmaterials, such as PZT, where
gradual ferroelectric domain switching processes have been
associated with observed creep phenomena. Studies have been
conducted under bipolar quasi-static electric fields with vari-
ous hold times [31], as well as under unipolar constant electric
fields [32], providing valuable insights into creepmechanisms.
Similarly, for lead-free ferroelectric NBT-0.07BT, a cascade
effect during electrical loading was observed, leading to signi-
ficant creep behavior in both polarization and strain responses,
associated with the transition from a nonergodic relaxor
state (RE) to a state with long-range ferroelectric order [33].
Moreover, previous research on NBT-BT-KNN also revealed

time-dependent variations through piezoresponse force micro-
scopy, indicating a relaxation of electrically poled regions due
to the reversibility of the field-induced ferroelectric phase as
a function of KNN content [10]. However, there is a lack of
macroscopic measurements concerning the time-dependence
of strain and polarization for NBT-BT-KNN.

In this study, the macroscopic strain and polarization creep
behavior of lead-free NBT-6BT-3KNN specimens were sys-
tematically characterized under constant electric field loads.
The measurements revealed a continuous increase in polar-
ization over time, attributed to the finite electrical resistiv-
ity at room temperature. To ensure accurate measurements,
volume resistivity values were determined to eliminate the
influence of leakage current on the polarization measurement.
An Arrhenius-type exponential function was employed to fit
the observed creep behavior, providing insights into the under-
lying mechanisms. The experimental setup involved maintain-
ing a constant electric field for 900 s during both the increas-
ing and decreasing periods. Comparative analysis of the res-
ults elucidated the phenomena, which can be explained by the
gradual transition between the relaxor state (RE) and the ferro-
electric state (FE). This transition was found to be a reversible
process, occurring upon removal of the external electric field
conditions. Understanding the time-dependent creep behavior
of NBT-based lead-free ceramics is crucial for enhancing their
performance and reliability in various actuator applications,
particularly in ultrahigh precision positioning, where creep
effects can significantly impact operational stability over pro-
longed periods.

2. Material and methods

Polycrystalline NBT-6BT-3KNN samples were produced by
a solid oxide synthesis route; details of the production were
reported previously [10, 34]. The primary powder was pro-
duced using the following powders with >99% purity from
Alfa Aesar (Karlsruhe, Germany): Bi2O3, BaCO3, K2CO3,
Na2CO3, Nb2O5, and TiO2. The raw powders were stoi-
chiometrically weighed and ball milled for 24 h in ethanol
and then dried for 48 h in a drying oven at 100 ◦C. After dry-
ing, the resulting powder was calcined in a two-step calcin-
ation process in alumina crucibles. The calcination was per-
formed with a heating rate of 5 ◦C min−1, a holding time of
2 h at 700 ◦C, a further heating at 5 ◦C min−1 to 800 ◦C,
which was held for 3 h, followed by cooling at an uncon-
trolled rate to room temperature. After calcination, the cal-
cined powder was ball milled for 24 h to produce powder
with an average particle size of 1 µm. After drying for 48 h
in a drying oven at 100 ◦C, the powders were subsequently
pressed into green disks with a diameter of 10 mm under
70 MPa. Using a heating rate of 5 ◦C min−1, sintering was
carried out at 1100 ◦C for 3 h in covered alumina crucibles.
Following this, the samples were cut to rectangular blocks
of 4.25 mm × 4.25 mm × 2.7 mm with silver electrodes
painted onto the top and bottom 4.25 mm× 4.25 mm surfaces.
Figure 1(a) shows a sketch of the measurement setup, which
was developed for electromechanical characterization under



Figure 1. (a) Experimental setup for the electric field-induced creep measurement and (b) the two loading histories applied to the specimens.

high-voltage conditions. Duringmeasurement, the sample was
immersed in a silicone oil bath (AB118663, abcr GmbH,
Karlsruhe, Germany) to prevent arcing. A Sawyer–Tower cir-
cuit with a high input-resistance electrometer (6514, Keithley
Instruments, Cleveland, OH) was used to measure polariza-
tion. The sample displacement was measured by means of a
linear variable displacement transducer (Type W1T3, HBM,
Darmstadt, Germany), which was used to determine the lon-
gitudinal strain. The electric field was applied by a high
voltage power supply (HCB 15–30 000, F. u. G., Rosenheim,
Germany). The setup is a part of our previous system used
for monitoring the deformation of PZT specimens. The repro-
ducibility and accuracy of this setup under high voltage test
conditions have been previously validated [35].

The electromechanical behavior of the specimens was
investigated under unipolar bias electric field loading with two
distinct load histories. The experimental setup involved sub-
jecting specimens to an electric field with loading and unload-
ing rates of 0.16 kV mm−1 s−1. Two distinct loading scen-
arios were explored, as depicted schematically in figure 1(b).
In the first scenario, the sample was initially loaded to differ-
ent electric field levels (E1 = 1, 2, 3, or 4 kV mm−1) and held
constant for 1200 s (line AB in figure 1(b)). Subsequently, the
sample was electrically unloaded back to 0 kV mm−1. In the
second scenario, the sample was initially loaded to a specific
electric field level (E2) at either 1, 2, or 3 kV mm−1 and held
for 900 s (line DE). Following the hold time of 900 s, the
sample was further loaded to 4 kV mm−1, and immediately
unloaded back to the original bias electric field, where it was
held for another 900 s (line GH). Finally, after the second hold
period, the sample was unloaded to 0 kV mm−1. Throughout
both loading scenarios, the longitudinal strain and polar-
ization of the specimens were characterized to understand
the time-dependent behavior during the complete loading
process.

3. Results and discussion

In figure 2, the time-dependent behavior of both longitudinal
strain and polarization is presented for the first loading scen-
ario. The longitudinal strain (figure 2(a)) displays two dis-
tinct regimes: an immediate strain response upon initial elec-
trical loading, followed by a gradual increase in strain with
eventual saturation during the holding time. The strain exper-
iences rapid growth during the initial loading period and sub-
sequently exhibits a creep behavior under the constant elec-
tric field during the prolonged hold time. As the hold time
progresses, the creep diminishes, and the strain eventually
reaches a final saturation value. However, the polarization
curves (figure 2(b)) do not exhibit saturation during the 1200 s
hold time. This discrepancy is attributed to leakage current-
induced charges accumulating in the reference capacitor of the
Sawyer–Tower circuit, leading to a polarization drift measured
by the electrometer. Importantly, such a drift is not observed
in the strain response, reinforcing the belief that the time-
dependent changes in polarization are predominantly influ-
enced by leakage current. The Sawyer–Tower circuit assumes
that the piezoelectric material behaves as an ideal capacitor
with insulating properties, ensuring that the measured charge
reflects polarization only and remains unaffected by charges
caused by leakage. However, under high voltages during long
hold times, the contribution of leakage current to measured
charges becomes significant. To distinguish the polarization
charge response from the influence of leakage current, a lin-
ear fitting operation was conducted on the linearly increas-
ing sections of the measured charge per surface area toward
the end of the linear part. In figure 2(b), the areas marked
on each curve represent the sections where linear fitting was
performed for the measured charge per specimen surface area
under static loads. Specifically, the data obtained in the last
300 s were selected for the fitting, as the corresponding strain



Figure 2. Longitudinal strain and polarization as a function of time:
(a) measured strains; (b) measured charge per specimen surface area
including charges from leakage; (c) polarization as a function of
static electric fields.

in figure 2(a) indicates saturation in this regime, suggesting
that the creep processes have concluded. Hence, the linear
increase in the charge measurement during this period can be
attributed solely to leakage currents and used to determine the
polarization charge response.

Table 1. Volume resistivity under various static electric fields.

Electric field (kV mm−1) Resistivity ρ (Ω m)

1 (3.6 ± 1.4) × 1011

2 (1.3 ± 0.2) × 1011

3 (9.9 ± 1.0) × 1010

4 (6.7 ± 2.6) × 1010

After performing this operation on all the four curves in
figure 2(b), the values of slope in the fitted areas can be
obtained. Then, the volume resistivity ρ was calculated by the
following equation:

ρ=
E
m

(1)

where E represents the static electric field applied and m is
the slope of the linear fit. The experiments were repeated on
three samples, each subjected to a single loading cycle, and the
average results were recorded in table 1. To ensure accuracy,
each resistivity value was obtained by averaging three sets of
measured data from the three samples. Neglecting the leakage
at the electrometer was justified due to a large input resistance
(1 TΩ) of the Keithley 6514 used here. The volume resistiv-
ity is commonly regarded as approximately constant within a
certain range of electric field or electric potential. The values
of resistivity of PZT materials were reported as ∼1010 Ω m
for PZT-4, and∼1011 Ωm for PZT-5 H [36]. These values are
given at room temperature and the variation of them depend on
various factors, such as the composition as well as dopant type,
concentrations in the material and defects too. For the speci-
mens with the same composition used in our measurements,
the observed volume resistivity values were found to exhibit a
nonlinear dependence on the applied constant electric field. As
shown in figure 3, the volume resistivity displayed an appar-
ent decrease with increasing constant electric field. However,
it is worth noting that the relatively large error in the resistivity
measured at 1 kV mm−1 was attributed to the resolution of the
experimental setup. At this relatively low electric field load-
ing, the voltage signal measured by the Sawyer–Tower circuit
was low, leading to a higher error in the three measured data
points at 1 kV mm−1.

Using the volume resistivity determined with equation (1),
it is possible to correct the charge per specimen surface area for
leakage, which allows us to obtain the time-dependent changes
in polarization during the application of a bias electric field
(figure 2(c)). The polarization can be calculated using the fol-
lowing equations:

P= Pm −Pl (2)

Pl = mt. (3)

The polarization without the influence of leakage current
(P), as shown in figure 2(c), can be calculated using the meas-
ured charge per specimen surface area (Pm) and the charge



Figure 3. Resistivity values obtained from 4 static electric field
loads.

per specimen surface area caused by leakage current (Pl),
which can be obtained using equation (3) as the slope of
the linear fit multiplied by time (t). Figure 2(c) illustrates
the time-dependent behavior of polarization under four static
electric fields, showing a similar trend to the strain curves,
i.e. rapid growth initially, followed by saturation after a cer-
tain holding time. It is important to note that a constant
leakage current for one test over the entire time is being
assumed. As mentioned previously, the obtained results con-
sist of two parts: (i) values measured under varying electric
field load, and (ii) a creep response under static electric field
load. Figure 4(a) provides an example of these two regimes
in the measured strain. During the initial few seconds, both
the strain and polarization increase owing to an electric field-
induced transformation from a RE to a long-range ferroelec-
tric order [10], a similar relaxor-to-ferroelectric phase trans-
ition induced by an external electric field has been reported
in other NBT based solid solutions [37]. Beside the creep
behavior attributed the phase transition, some studies argue
that the O-vacancies and their related defects would induce
dipoles which can align with the bias and heat combination
loads [38]. It is believed that defect dipoles, i.e. the asso-
ciation of acceptor centers and oxygen vacancies, create an
internal bias inside a domain and thus restrict the domain-
wall motion. Ordered defect dipoles, alternatively the internal
bias field, forming after poling could provide a strong restor-
ing force for reversible domain-wall motion inside ferroelec-
trics, leading to a huge electric filed induced strain response
[39]. However, more studies are needed to understand whether
this O-vacancies motion or alignment of defect dipoles could
contribute a creep response under a constant bias in NBT-BT-
KNN ceramics.

Upon reaching the static state, creep strain (Sc) and creep
polarization (Pc) were recorded at four constant electric fields,
as shown in figures 4(b) and (c), respectively. The zero point
on these graphs corresponds to the beginning of the hold time.
Notably, the creep behavior is observed to be dependent on
the magnitude of the applied static electric field. Surprisingly,

Figure 4. The creep behavior as a function of time: (a) two regimes
of the obtained strains from 0 to 3 kV mm−1; (b) measured creep
strains along with the corresponded fitting curves; (c) measured
creep polarization with the corresponded fitting curves.

Sc and Pc reach maximum values under the constant elec-
tric field of 3 kV mm−1, rather than under the electric
field of 4 kV mm−1. The theory of exhaustion of switch-
able domains in PZT materials offers a potential explanation
for this observation [40]. Higher applied electric field facil-
itate easier ferroelectric domain switching, thus influencing
the observed creep. However, the total number of available
domains for switching is limited. When the external constant
electric field exceeds the coercive field, the creep of strain and



polarization decreases as a significant portion of switchable
domains has been exhausted around the coercive field [31]. In
this context, the creep behavior observed in our study can ana-
logously be attributed to the ‘exhaustion of phase transition’.
At 1 kV mm−1, a much lower Sc and Pc are obtained due to
the low electric field’s limited capacity to induce a substantial
phase transition from the RE to the FE. As the static electric
fields increase to the higher levels, both Sc and Pc show an
upward trend, as the higher electric field leads to further induc-
tion of the RE-FE transition. However, once the electric field
reaches 4 kV mm−1, a significant amount of the available RE
phase has already undergone transformation, which explains
why Sc and Pc do not peak at this electric field magnitude.

To describe the creep behavior, exponential functions of
Arrhenius type were used to fit the measured creep curves,
expressed as equations (4) and (5):

Sc (t) = A1e
−B1/t (4)

Pc (t) = A2e
−B2/t (5)

where t is time, A1 and A2 are the magnitudes of creep
response, and B1 and B2 are fitting coefficients representing
the degree of difficulty in reaching saturation. The fitted curves
are represented by dashed lines in figures 4(b) and (c), and the
corresponding values of the four fitting parameters (A1, A2, B1

and B2) are listed in table 2. The values of A1 and A2 align
with the ‘exhaustion of phase transition’ hypothesis discussed
earlier. Moreover, B1 and B2 both reach their maximum values
under the maximum applied electric field. Despite the poten-
tial errors in the measurement and fitting processes, the val-
ues of B1 can still be categorized into two groups. The values
of B1 under constant electric fields of 1, 2, and 3 kV mm−1

belong to one group, where the electric fields are insufficient
to fully transform the RE into FE. Therefore, the values of B1

under these three electric fields exhibit a close resemblance.
On the other hand, the second group includes only the value
of B1 under the applied field of 4 kV mm−1, as it significantly
surpasses the values observed under electric fields of 1, 2, and
3 kV mm−1. It is noted that for NBT-BT-KNN materials, the
minimum electric field required to achieve the saturation state
is referred to as the poling field (Epol) [41], which is typically
exceeds 4 kV mm−1. This is the reason why the maximum
of electric fields in the reported work on NBT-BT-KNN were
loaded to 6 kV mm−1 or even higher to reach a desired strain
response [10, 34, 42]. It should be mentioned here, the Epol of
NBT-6BT-3KNN has been reported to be in the range of 4.5
and 5.5 kV mm−1 in previous studies. However, the specific
value of Epol can vary depending on various factors, includ-
ing the processing conditions, composition of thematerial, and
testing parameters such as temperature and electric field load-
ing rate. Epol of the ceramic in this study with the same com-
position as the reported ones is around 4.6 kV mm−1 (loading
rate 10 mHz). Importantly, the lower frequency (10 mHz) used
during the initial period of electric field increasing induced
larger strain in NBT-6BT-3KNN, as demonstrated by Groh
et al [43]. These findings collectively indicate that a state of

Table 2. The parameters obtained from the fitted creep curves.

Electric field
(kV mm−1)

A1 B1 A2 B2

1 0.5 × 10−2 6.5 1.1 × 10−2 8.6
2 2.6 × 10−2 4.9 1.6 × 10−2 8.0
3 6.6 × 10−2 5.3 3.9 × 10−2 6.0
4 6.0 × 10−2 9.3 2.7 × 10−2 10.8

complete polarization was achieved at 4 kV mm−1 during the
prolonged hold time in our test, signifying that the RE was
exhausted and fully transformed into the FE.

In consequence, the creep behavior at the high electric field
differs from that at lower electric fields. The values of B2

exhibit a similar tendency as B1, indicating that both strain and
polarization arise from the same creep mechanism. Before the
exhaustion of the RE phase, the creep saturation is relatively
easier to achieve. Once the RE to FE phase transition is com-
plete or near completion, the creep mechanism is no longer
solely dominated by this phase transition. Instead, it is influ-
enced by a combined effect of FE domain creep due to switch-
ing and the aforementioned phase transition. Previous in situ
high-energy x-ray synchrotron studies have demonstrated that
during electrical loading, ferroelectric domains form perpen-
dicular to the applied electric field direction [27]. Over a suf-
ficiently long hold time, these domains may become mobile
and contribute to the observed creep behavior. However, future
research efforts are needed to provide a comprehensive explan-
ation of these mechanisms and to improve the understanding
of the time-dependent behavior including detailed modeling
and additional experiments.

In the second loading scenario, each sample was subjec-
ted to a stepwise electric field loading process. Firstly, the
sample was loaded to 1, 2, or 3 kV mm−1 and kept constant
for 900 s during the electric field increasing period. After the
900 s hold time, the sample’s electric field was increased to
4 kV mm−1, followed by an immediate unload back to the
original bias electric field, where it was held for another 900 s
during the decreasing period. Finally, after the second hold
time, the sample was unloaded to 0 kV mm−1. The obtained
polarizations and strains for this loading scenario are presented
in figure 5. As discussed earlier, the leakage-induced charge
has been subtracted from the data measured during holding,
providing accurate polarizationmeasurements.When the elec-
tric field load reaches a specific value (1, 2, 3, or 4 kV mm−1),
the polarization responses under dynamic load and static load
exhibit evident differences. For instance, when the electric
field reaches 3 kV mm−1 (figure 5(a)) and is held at that level,
the measured polarization increases to 0.225 C m−2, which is
equivalent to the polarization at 3.5 kV mm−1 under mono-
tonic electric field loading conditions. The strain responses
show a similar trend in this experiment. In the following, we
will show that the observation in this experiment is consistent
with the previous discussion.

Under a constant electric field of 4 kV mm−1, the polariz-
ation could reach or even surpass the polarization measured at
Epol, indicating completion of the electric field-induced phase



Figure 5. Polarization and strain responses as a function of applied electric fields: (a) polarization responses as a function of static and
dynamic electric field loads; (b) electric field and time dependent polarization responses; (c) static and dynamic electric field and time
dependent strain responses; (d) strain responses under constant electric fields loading plotted as a function of time.

transition during static loading at 4 kVmm−1. The creep beha-
vior under constant electric fields during the loading period, as
depicted in figures 5(a) and (b), aligns well with the results in
figure 2(c). During the initial hold time of 900 s, both polariz-
ation and strain exhibit apparent saturation behavior for each
applied bias electric field level, as demonstrated in figures 5(b)
and (d). In figure 5(a), while continuing the electrical loading
from the previous bias field to 4 kV mm−1, the polarization
gradually increases to nearly the same value (0.25 C m−2) for
all three loading conditions. A similar trend is observed for
strain values in figure 5(c). Upon unloading from 4 kV mm−1

to the respective bias electric field, a subsequent relaxation
occurs, leading to time-dependent decreases in strain and
polarization. Notably, 1 kV mm−1 shows the largest elec-
tromechanical relaxation during electrical field decreases to
1 kV mm−1 and holds there, whereas the measured relaxa-
tional strain and polarization at 2 and 3 kV mm−1 are much
smaller. This distinction is attributed to the proximity to the
critical reverse transformation field, where the long-range fer-
roelectric order to an ergodic RE. The critical electric field is

defined as the inflection point in the unloading curve of the
polarization-electric field response [41]. Consequently, as long
as the unloading electric field remains higher than this critical
electric field, the ferroelectric phase is retained Conversely,
when the electric field decreases near or below the transition
field, a reverse FE-RE transformation can occur. Similar to the
largest creep obtained around the coercive field of PZT, this
behavior can be attributed to the significant domain switching
induced in that region [31, 32].

Compared with the NBT-BT-KNN discussed in this work,
NBT-BT solid solutions without KNN exhibited the relaxor-
to-ferroelectric transition induced by both electric field and
mechanical stress [44]. This transition is not reversible unless
a suitable temperature is reached (TFE-RE). However, time
dependence of the transition, especially loading rates depend-
ence, were reported to strongly influence the poling field, coer-
cive field, and remanent polarization, which is used to under-
stand the dynamics of this transition [42, 45]. A gradual pro-
cess with a cascade behavior can be observed when a constant
electric field loading was applied on NBT-BT [33]. However,



this phenomenon was not found in this work even a similar 
experimental method was used and the origins of this differ-
ence remain controversial. The addition of KNN to NBT-BT 
reduces the long-range order of the material. And the cas-
cade behavior in NBT-BT arises from the long-range order 
that facilitates its polarization, which is not present in BNT-
BT-KNN.

4. Conclusion

This study focused on characterizing the creep behavior of 
polarization and strain in lead-free NBT-6BT-3KNN piezo-
ceramics under constant electric fields. The measurement of 
polarization was carefully corrected to account for charge 
leakage-induced errors, allowing for the determination of 
approximate volume resistivity. Interestingly, the volume res-
istivity exhibited non-linear behavior under high electric field 
loading. Both polarization and strain responses showed sig-
nificant t ime-dependence when subjected to a  constant elec-
tric field. The primary mechanism behind the creep behavior 
of polarization and strain was attributed to the gradual phase 
transition between the RE and ferroelectric FE phases, which 
was found to be a reversible process. As a result, the electric 
field-induced creep behavior observed during constant electric 
field could be explained by the exhaustion of this phase trans-
formation. Notably, large creep was observed only before the 
RE phase transformation reached saturation during the hold 
time. Once the RE phase transformation was nearly complete, 
higher electric fields did not induce larger creep nor drive the 
creep to reach saturation easily. This phenomenon was effect-
ively described using an Arrhenius-type exponential function. 
Nevertheless, further investigation is needed to fully under-
stand this behavior. For the electric decreasing process, prom-
inent creep was observed near the critical field, where the elec-
tric field could no longer prevent the FE phase from transform-
ing back to the RE phase.
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Rödel J and Damjanovic D 2009 Adv. Mater. 21 4716–20
[16] Zhang S T, Kounga A B, Aulbach E, Ehrenberg H and Rödel J
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