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Frequency and temperature dependence of actuating performance
of Biy;oNa,.TiO5-BaTiO; based relaxor/ferroelectric composites

Claudia Groh, Wook Jo, and Jiirgen Rodel

Institute of Materials Science, Technische Universitdt Darmstadt, Darmstadt 64287, Germany

(Received 2 February 2014; accepted 3 May 2014; published online 19 June 2014)

Recently, composites of relaxors (matrix) and either ferroelectric or nonergodic relaxor (seed) were
proposed as a solution to resolving one of the main drawbacks of incipient piezoceramics, namely the
requirement for high driving electric fields. In this study, we investigate the temperature and
frequency dependence of the actuating performance of Bi;,Na;,TiO3-BaTiOs-based composites.
Apart from the reduction of driving field, the composite architecture offers an extra degree of freedom
for tailoring the temperature stability for different operational conditions for actuators. High strain
values appear to be sensitive especially to driving frequency. This is originated by the time-dependent
process of the coalescence of polar nanoregions. In effect, proximity of driving field and poling field
leads to high strain sensitivity. Hence, the driving electric field needs to be adjusted in order to meet
the desired frequency specifications for given applications. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4876680]

. INTRODUCTION

In the last two decades, lead-free piezoceramics have
been studied in order to replace the market dominating lead
zirconate titanate (PZT) in response to environmental and
health concerns.! Recent review articles describe progresses
in developing lead-free piezoceramics.>® Although there is
currently no lead-free material capable of replacing PZT in its
versatility in applications, there are certain lead-free piezocer-
amics already in the market for specific applications.
Bi1/2N31/2Ti03—BaTi03—(Bi1/2N211/2)(M1’11/3Nb2/3)03 was, for
example, successfully implemented in ultrasonic cleaners
with a sufficient cleaning effect for commercial application.’
For high power applications, lead-free piezoceramics were
demonstrated to be superior to PZT.® In the field of actuator
applications, there are reports on multilayer actuators (MLAs)
composed of KgsNagsNbOs—based piezoceramics with Ni
electrodes™!? and incipient piezoceramics based on Bi;,Na;
TiO3;—BaTiO5 with Ag-Pd electrodes.!! For the commerciali-
zation of lead-free piezoceramics, the materials themselves
have to be intensively probed considering relevant application
parameters (temperature and frequency stability, aging, fa-
tigue, etc.), based on which the required properties for specific
application can be steadily improved and tailored.

In the field of incipient piezoceramics, recent progress
in tailoring properties has been made through 0-3 composite
approaches.'?™'* The high driving electric field, required for
activating large strain in incipient piezoceramics (matrix),
can be reduced by blending with a nonergodic or ferroelec-
tric phase (seed). It was further proposed that the effect is
closely related to polarization coupling among the constitu-
ent phases, which leads to an inhomogeneous local field dis-
tribution, i.e., an enhanced internal electric field in the
matrix as compared to that in the seed."*'*
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MLAs often face different ambient conditions in appli-
cation; for example, they are required for exhibiting good
temperature insensitivity. In conventional ferroelectrics like
PZT, the temperature stability is mainly limited by the Curie
point T, where the material transforms to a paraelectric
phase and is, therefore, not piezoelectrically active anymore.
This is similar in nonergodic relaxors, where the ferroelectric
long-range order vanishes above the ferroelectric-to-relaxor
transition temperature (TF_R).IS_17 In contrast, incipient pie-
zoceramics are already above their transition temperature,
resulting in strains which are only slightly decreasing with
increasing temperature.'” Similarly, an increasing tempera-
ture reduces the propensity for coalescing polar nanoregions
(PNRs) to form a ferroelectric order and therefore requires
enhanced electric fields. Therefore, the maximum achievable
strain at a constant maximum electric field will decrease
steadily with increasing temperature.

Another important issue for actuator applications is
frequency stability. In many conventional piezoceramics,
higher frequencies result in increasing coercive fields.'® %2
Similarly, in lead free relaxor ferroelectrics, the poling
field—the field where the phase transformation takes
places—increases with increasing frequency.?>** Moreover,
the specific characteristics are reported to depend on the type
of relaxor and the applied maximum electric field. Dittmer
et al> studied the frequency dependence of large signal
properties of (1—X)(O.S1Bi1/2N211/2TiO3-0.19Bi1/2 Kl/zTiO:;)-
xBi(Zn,,Tiy5)O; (hereafter, referred to as BNT-0.19BKT-
xBZT) with x=0.02, 0.03, and 0.04. They found that the
frequency dependence of nonergodic relaxors is rather low,
when the applied maximum electric field was high enough to
convert the initial relaxor state fully to a ferroelectric one.
However, a pronounced frequency dependence was observed
at lower electric fields, where the transformation is incom-
plete. Similarly, a high frequency dependence was observed
for ergodic relaxors. It was proposed that the frequency de-
pendence originates from a relatively slow kinetics of

© 2014 AIP Publishing LLC
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field-induced phase transition from a relaxor to a ferroelec-
tric state.

In this paper, we reveal the effect of the composite design
on the temperature and frequency dependence of incipient
piezoceramics. To this end, unipolar as well as bipolar electric
field loading up to an industrially acceptable maximum field
of E.x =4kV/mm were applied to a composite comprised
of a 0.91Bi,,Na;,;Ti03-0.06BaTiO3-0.03K, sNay sNbO3 as a
matrix and 0.93Bi;;,;Na,;,;TiO3-0.07BaTiO5; as a seed as a
function of both temperature and frequency. It is shown that
the composite design reduces the electric driving field. In
addition, seed content serves as extra degree of freedom in tai-
loring the temperature stability to fit operational conditions.

Il. EXPERIMENTAL PROCEDURE

By means of the mixed oxide route, calcined powders
of the seed 0.93Bi;,Na;,TiO5-0.07BaTiO; and the matrix
0.91Bi 1/2Na1/2TiO3—O.O6BaTiO3—O.O3K0‘5Na0,5NbO3 were pre-
pared. The oxides or carbonates of the respective elements,
namely Bi,O5; (99.975% purity), BaCO3 (99.8% purity),
K,COs5 (99.0% purity), NaCOj3 (99.5% purity), TiO, (99.6%
purity), and Nb,O5 (99.9% purity) (all Alfa Aesar GmbH &
Co. KG, Karlsruhe, Germany) were mixed according to their
stoichiometric formula and ball-milled in ethanol for 24 h.
Calcination of the dried slurries was carried out in covered
alumina crucibles for 2h at 700°C, followed by 3h at
800 °C. The calcined seed powder was ball-milled for shorter
time (20 min) compared to the matrix powder (24 h) in order
to prevent the incorporated seed grains from being resolved
in the matrix. The resulting average particle size of the seed
powder (about 2 um) was determined to be larger than that
of the matrix powder (about 1 um), from a particle-size anal-
ysis (Analysette 22 compact, Fritsch, Idar-Oberstein,
Germany). To form composite samples, dried seed and ma-
trix powders were mixed in different vol. % ratios, namely
0:100, 10:90, 20:80, 30:70, 50:50, 100:0 and processed for
30 min on a rolling bench. Pellets with a diameter of 10 mm
were formed by uniaxial pressing and further compaction by
a cold isostatic press at 300 MPa. Sintering was carried out
at 1100 °C for 3h in covered alumina crucibles with a heat-
ing rate of 5 K/min. The pellets were covered with an atmos-
pheric powder of the respective compositions in order to
prevent the evaporation of volatile elements during sintering.
The pellets were ground down to approximately 650 um and
painted with silver paste (Gwent Group, Pontypool, United
Kingdom), which was burnt in at 450°C to form the
electrodes.

Microstructure and permittivity were characterized by
means of scanning electron microscopy,> transmission elec-
tron microscopy,'* and temperature-dependent dielectric per-
mittivity measurements. Despite the naturally expected
diffusion during processing, characteristics of both seed and
matrix are present in the composites.

Bipolar and unipolar polarization P(E) and strain S(E)
hysteresis measured up to a maximum electric field of
Eax =4kV/mm were obtained using a commercial setup
(aixACCT Systems GmbH, Aachen, Germany), which is
equipped with a laser interferometer. Three frequencies in
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the range of 500 mHz-50 Hz and six different temperatures
from 25-150 °C were utilized for detailed characterization.

lll. RESULTS AND DISCUSSION
A. Frequency dependence

Bipolar strain hysteresis S(E) for various composites
measured at 25 °C and frequencies of 500 mHz and 5 Hz are
presented in Fig. 1. The seed phase 0.93Bi;,Na;,,TiO5-
0.07BaTiO;, which is a nonergodic relaxor, exhibits
ferroelectric-like butterfly shaped loops, while the matrix
0.91Bi1/2Na1/2TiO3-0.06BaTiO3-O.O3K0_5NaO.5NbO3, which
belongs to the class of ergodic relaxors, is characterized by
sprout-shaped® loops. The bipolar S(E) loops of the compo-
sites change gradually from sprout shape to butterfly shape
with increasing seed content, consistent with earlier reports
on relaxor/ferroelectric composites.'>'* Concurrently, the
electric-field-induced phase transformation changes from re-
versible (ergodic relaxor) to irreversible (nonergodic relaxor)
with increasing seed phase. This is prominently featured by
an increase in the remanent strain (S,.,,), which arises from a
persisting ferroelectric-long-range order at zero electric field.

It is known from previous publications'>'# that in fer-
roelectric/relaxor composites, the poling field (E,), which
is mathematically defined as the inflection point in the poling
curve, is decreased with increasing seed content. This effect
is present in some of our composites; while in the other com-
posites, the poling fields lie (Fig. 1) above the maximum
electric field of E,,, =4 kV/mm. Nevertheless, this effect is
reflected in increasing slopes of the S(E) loops with increas-
ing seed content. Furthermore, the poling strain (S,;), which
represents the strain of a virgin sample at E .., is enhanced
with increasing seed content.

All the ceramics investigated in this manuscript—seed,
matrix, and composites—exhibit a noticeable frequency de-
pendence, which reflects the time sensitivity of the electric-
field-induced processes. Salient trends are a reduction of
poling strain and a rise in poling field, where the latter is
indicated by the decreasing slope of the loops presented in
Fig. 1. Furthermore, E,., the electric field of highest

10% seed 20% seed
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FIG. 1. Bipolar strain hysteresis for various composites, measured at fre-
quencies of 500 mHz and 5 Hz, respectively.
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negative strain, shifts to higher fields with increasing fre-
quency. The remanent strain, S, is rather invariant in the
observed frequency range.

Similar results have been documented in other relaxors,
such as lead-free BNT-0.19BKT-xBZT** and lead lantha-
num zirconate titanate (PLZT).?®?’ In relaxor ferroelectrics
in general, a lower poling strain is expected whenever the
electric field is ramped up more quickly,?’” since the PNRs
do have less time to coalesce and develop a ferroelectric
long range order.

The impact of this effect depends strongly on the ratio
between maximum and poling electric field. Similarly, in
relaxor ferroelectric lead magnesium niobate lead titanate
(PMN-PT), the level of the maximum electric field is
reported to play an important role in the frequency-
dependence of polarization and strain loops.?"*® Whenever
the electric-field level is well-above the poling field, most of
the PNRs can be transformed to ferroelectric long-range
order, independent of the driving frequency. In this manu-
script, this is the case for the seed phase, where the applied
Emax (=4kV/mm) is about twice as high as the E,y
(~2kV/mm). Thus, the strain achievable at the maximum
electric field is virtually frequency-independent. However,
at electric field levels close to the poling field, the strain
is highly sensitive to the frequency, which is consistent
with an earlier report on the nonergodic relaxor
BNT-0.19BKT-xBZT.*

For the matrix, the situation is opposite; here, the maxi-
mum field is well-below the poling field. As a consequence,
the shape of the strain hysteresis mimics that of an electro-
strictive material.*® Since the maximum field is below the
threshold field for inducing ferroelectric long-range order,
again there is only very little frequency dependence. Hence,
the two end-members represent the two extreme cases, which
are both rather frequency-independent: (a) mainly electro-
strictive behavior with no significant phase transformation
(matrix) and (b) nearly complete phase transformation
(seed). In contrast, composites suffer a much stronger effect
of frequency on the S(E)-loops, since here maximum electric
field and poling field are of similar magnitude. Thus, the
transition from relaxor to ferroelectric state is incomplete
and the achievable strain depends highly on measurement
frequency.

Figure 2 depicts the unipolar strain hysteresis of the
composites at different frequencies. These loops are charac-
terized in terms of normalized strain d;3* (=S;ax/Emax) 1N
Fig. 3. The maximum strain achievable in the matrix can be
enhanced by inserting a certain amount of seed phase, which
demonstrates that the concept of relaxor/ferroelectric
composites'>™'* is successfully implemented in the currently
studied composites. The optimum ds3* shifts from 20% seed
phase at the frequency of 500 mHz to 30% seed phase at
50 Hz. This shift to higher seed contents can be rationalized
as follows: At higher frequencies, the poling field increases,
because the PNRs do have, compared to lower frequencies,
less time to grow and develop ferroelectric long-range order.
Hence, more seed phase is required for lowering the poling
field. Furthermore, the frequency dependence of ds3* is
more pronounced for the composites as compared to that of
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FIG. 2. Unipolar strain hysteresis for various composites, measured at fre-
quencies of 500 mHz, 5 Hz, and 50 Hz, respectively.

the end-members, which is also observed in bipolar S(E)
loops (see Fig. 1). As well, it is apparently related to the vi-
cinity of maximum and poling field in the composites, as
described above. The composite with 20% seed is most
frequency-sensitive (about a factor of two in d33*), as the
poling field is close to the maximum field.

B. Temperature dependence

Temperature-dependent S(E) and P(E) hysteresis of the
composites measured at the frequency of 500 mHz are pre-
sented in Figs. 4(a) and 4(b), respectively. Figures 5 and 6
summarize salient parameters derived from these loops. Both
increasing matrix content and increasing temperature result
in a constriction in P(E) loops and an evolution of S(E)
loops from butterfly to sprout shape. This is featured by a
decrease of remanent polarization, P, and coercive field,
E,, (Fig. 6), and a reduction of poling strain, S, remanent
strain, S., and negative strain, S, (Fig. 5). For nonergodic
relaxors, the establishment of permanent ferroelectric
long-range order is restrained above the ferroelectric to
relaxor transition temperature, Tg_g, resulting in the absence
of remanence and, therefore, sprout-shaped S(E) loops.***
With Trg of the seed at 113 °C,* S(E) loops at 100°C and
below feature a butterfly shape, while S(E) loops at 125°C

500+ -=- 500 mHz | -
-9- 5 Hz
— i I -4-50 Hz
2 400f [y > ]
S .\
= 1 ® 1
;8 300 ;é: }»\A\ 1
\x 4
200 1 N 1 N ! N 1 N 1
0 25 50 75 100
% seed

FIG. 3. Normalized strain d33* (Spax/Emax) @t Emax =4 kV/mm derived from
unipolar strain hysteresis displayed in Fig. 2.



234107-4 Groh, Jo, and Rodel
(a) 0% seed 10% seed 20% seed
I —25°C
—50°C
75°C |
——100 °C z,
125 °C
30% seed 50% seed 100% seed
0.3} 4+ L
8
T 02} R E s
©
& J
0.1t E|s L
0.0} 1t L

4 2 0 2
Electric field [kV/mm]

N

(b) [ 0% seed 1]l 10% seed 20% seed

[ / —100°c [

125°C. {b
—150°C

N\

A
A

04— T
0.3 30% seed

0.2t K‘ It
01f jis

0.0

-0.1F
-0.2¢ /
-0.3}+

-0.4

50% seed ][ 100% seed

J
\fﬁ

Polarization [C/m?]

==

4 2 0 2 4
Electric field [kV/mm]

FIG. 4. Bipolar (a) strain and (b) polarization hysteresis of composites with
various seed/matrix ratios measured at the frequency of 500 mHz and a tem-
perature range of 25-150°C.

and above are characterized by a sprout shape. The matrix,
which belongs to the class of ergodic relaxors is at room
temperature already above its Tg.r and will, therefore, estab-
lish no significant permanent ferroelectric long-range order,
resulting in a sprout-shaped S(E) loop at 25°C. Upon
increasing temperature from room temperature up to 150 °C,
there is no change in the shape of the S(E) loop. This is typi-
cally seen for ergodic relaxors, % which feature their high-
est strains in the vicinity of Trg &3

For the composites, temperature-dependent remanent
strain merges at a single temperature, TgRr seeq (se€
Fig. 5(d)). This is consistent with the temperature-dependent

(c) @ go3
0.2 % seed:;
\ =
“20 0.02
= - 30 = A
Roqle. Lk [E . \:\
. ¥

-\.\ \

Srem
2
i‘/‘r
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<

\
ﬁ =E=0 0.0 s —tg] 0.00} ™ "~a=8d—q!
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T[°C] T[°C] TI°C] T[°C]

FIG. 5. (a) Spol, (b) Speg, and () Syery as function of temperature as derived
from the bipolar strain hysteresis shown in Fig. 4(a). A magnified view of
Srem is displayed in Fig 5(d).
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FIG. 6. (a) Prer, and (b) E. derived from the bipolar polarization hysteresis
provided in Fig. 4(b).

dielectric permittivity measurement from our previous
report, where no archetypical Tg.g was observed for the com-
posites; although the difference between poled and unpoled
dielectric permittivity converged at TF_Riseed.zs The success-
ful formation of composite with two distinct phases is there-
fore reflected in both, large signal and small signal
measurements.

Figure 7 presents a contour plot of the normalized strain
ds3* of composites as a function of temperature and seed con-
tent, based on measurement data of composites with 0, 10, 20,
30, 50, and 100% seed content at temperatures of 25, 50, 75,
100, 125, and 150°C. As expected from bipolar S(E) loops,
the pure matrix material offers a stable strain in the investi-
gated temperature range; however, the strain is rather low in
comparison to the composites. The seed phase exhibits little
strain at room temperature, which enhances drastically with
increasing temperature and reaches its maximum in the vicin-
ity of Tgr (113°C). This represents the temperature where
the transformation from a nonergodic relaxor to an ergodic
relaxor takes place. This implies that the phase transformation
shifts from irreversible to reversible, respectively; and there-
fore, no remanence is present anymore. For the composites
there is no archetypical Tggr, however, the remanence
decreases with increasing temperature and increasing matrix
content as seen in Figs. 5(c)-6(a). This is in good accordance

d,,* [pm/V]

100
555
80 520
485
60 450
415
40 380
345
20 310
275

25 50 75 100 125 150
Temperature [°C]

% seed

o

FIG. 7. Normalized strain d33* (=Sax/Emax) for composites with different
seed contents and temperatures measured at a frequency of 500 mHz. At
40% seed content, the best temperature stability paired with high strain is
expected (white shaded area in the plot). Furthermore, the solid grey line
represents a guide for the eye of maximum strain in temperature and compo-
sition space.
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with the solid grey line in Fig. 7, which provides a guide for
the eye for the optimum d33* in a space spanned by tempera-
ture and seed content. In the investigated temperature range of
25-150°C, the best temperature stability combined with high
strain is expected at about 40% seed content in the compo-
sites, as highlighted by a white shaded box in Fig. 7.

In the same temperature range, conventional PZT, which
is widely used in actuator applications, exhibits a smaller
temperature sensitivity of ds3*.% In detail, the evolution of
normalized strain with temperature depends on the position
of the material with respect to the morphotropic phase
boundary.

For the composites, it is noted that a small amount of
strain at room temperature has to be sacrificed in order to
improve temperature stability over the entire investigated
temperature range. The composite providing the highest
strain at room temperature (20% seed content) displays, in
comparison to the composites with best temperature-stability
(40% seed content), a higher temperature sensitivity, espe-
cially at temperatures above 100 °C. Consequently, it is im-
portant to define the conditions the actuator has to face
during operation in order to tailor the properties of the com-
posites according to the specific needs.

C. Temperature and frequency-dependence

A comparison of frequency dependence of bipolar S(E)
loops at 25 and 100 °C, respectively, is provided in Fig. 8.
As mentioned above, the shapes of the loops develop from
butterfly loops at room temperature to sprout-shaped loops at
higher temperatures (see also Fig. 4(a)). Figure 8 reveals that
the loops at 100 °C, which mimic the ones of electrostrictive
materials, are rather frequency-independent, which is in
good agreement with the frequency-insensitive electrostric-
tive-like loops of the pure matrix at 25 °C. In contrast, bipo-
lar S(E) loops of composites at 25 °C present a considerable
influence of measurement frequencies, since the maximum
electric field is in the vicinity of E,y, where the
time-dependent phase transformation takes place. Thus, an
increase in frequency, and therefore a reduction of the

20% seed

0% seed 10% seed

e= 500 mHz, 25°C

= 5 Hz, 25°C

= 500 mHz, 100°C
5 Hz, 100°C

\V/4

50% seed

30% seed 100% seed

0.3f

WLY/A0

4 2 0 2 4
Electric field [kV/mm]

Strain [%]

FIG. 8. Bipolar S(E) of composites with varying seed contents measured at
frequencies of 500 mHz and 5 Hz and temperatures of 25 and 100 °C.
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FIG. 9. Normalized strain d;3* (=Spax/Emax) of composites with varying
seed content measured at frequencies of 500 mHz and 5 Hz and temperatures
of 25 and 100°C.

allotted time for the phase transformation from relaxor to fer-
roelectric phase, results in a pronounced decrease of strain
response (cf. Sec. I). At high temperatures, one of the salient
trends at room temperature, the reduction of poling strain
with increasing frequency, diminishes. Also, the increase in
poling field is less pronounced. This mitigated frequency de-
pendence at higher temperatures may be due to enhanced
kinetics, which eases the phase transformation from relaxor
to ferroelectric phase and vice versa.

Furthermore, the frequency dependence of the pure seed
at 100 °C seems to be slightly reduced. This might be due to
a reduction of poling field, Ep,, at higher temperatures
which eases the coalescence of PNRs at low electric fields
and therefore enforces the complete transformation to ferro-
electric long range order at the maximum electric field, E .,
which provides enhanced frequency insensitivity.

Figure 9 displays the frequency dependence of normal-
ized strain d33* measured at 25°C and 100 °C, respectively.
As described in Sec. II, the maximum of d33* shifts to higher
seed contents with increasing temperature. At room tempera-
ture, the maximum in d;;* is obtained at 20% seed phase;
while at 100°C, the maximum is at 50% seed phase. The
pronounced frequency dependence of d;;* at room tempera-
ture, which is related to the slow kinetics of the electric-fiel-
d-induced phase transformation (cf. Sec. I), is strongly
diminished at 100 °C. This is in good agreement with the
mitigated frequency dependence of corresponding bipolar
S(E) loops at high temperatures (Fig. 8).

IV. CONCLUSIONS

The actuating performance of Bi;,Na;,TiO5-BaTiOs-
based composites was tailored by adapting the seed content in
order to meet the needs for specific applications. We demon-
strated that the currently adopted composite approach is bene-
ficial not only in tailoring strain properties but also in tuning
the temperature stability of strains. In the current investiga-
tion, the highest strain at room temperature is offered by a
composite containing 20% seed phase, while the best temper-
ature stability in the investigated range of 25-150°C is
expected for a composite comprised of 40% seed phase.

A pronounced frequency dependence of the composites,
compared to the constituent phases, is found which can be
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rationalized by the vicinity of maximum electric field E,,.x
to the poling field E,;. Since the process of coalescing PNRs
is highly time-dependent, the poling field and therefore also
the amount of giant strain generated depend on the driving
frequency. Therefore, (a) the achievable strain is strongly
frequency-dependent and (b) this frequency dependence is
reduced at higher temperatures due to enhanced phase trans-
formation kinetics. For a specific application, it is important
to adjust the maximum electric field according to the specific
frequency range.
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