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Abstract

The irreversible motion of non-180° ferroelectric domain walls is a predominant cause for the increased hysteretic loss in
piezoelectric ceramics at elevated temperatures. In this study we designed piezoelectric ceramics modified with accep-
tor ions localized near grain boundaries for the purpose of suppressing the irreversible domain wall motion at elevated
temperatures without diminishing the contribution from the reversible domain wall motion. Particles of undoped BaTiO;
(BT) were coated with Mn-doped BT by a coprecipitation method and then sintered to form a Mn-modified BT ceramic.
Structural and dielectric characterizations indicated that the Mn ions in the resulting ceramic were localized near grain
boundaries. The measurement of the unipolar electric-field-induced strain was conducted for the Mn-modified and
unmodified (pure) BT ceramics at temperatures up to 120 °C (just below the Currie temperature) to discuss the hysteretic
behavior in their piezoelectric response. The results showed that the effective piezoelectric coefficient ds; of the Mn-
modified BT ceramic was comparable to the unmodified BT ceramic. The hysteresis of the Mn-modified BT ceramic was
retained below 40% in the whole temperature range whereas that of the unmodified BT ceramic increased significantly
at elevated temperatures over 100 °C. The results in this study demonstrate that the localized Mn ions effectively pin
the domain walls to suppress their irreversible motion at elevated temperatures, while the reversible motion inside the
grains remains possible.
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1 Introduction

Motion of non-180° ferroelectric domain walls under an
externally applied electric or stress field is an important
factor affecting the dielectric, mechanical, and electro-
mechanical properties of piezoelectric ceramics [1-4].
Domain walls move across a potential energy landscape
randomly disturbed by point defects and/or defect dipoles
[3, 51. Such a domain wall motion is usually categorized
into reversible and irreversible motions: a domain wall
moves reversibly in a potential well under a small field,
whereas it overcomes potential barriers to move irrevers-
ibly when a sufficiently large field is applied. The latter
irreversible motion drastically enhances the magnitude of

piezoelectric response, but simultaneously it causes hys-
teretic behavior to the external fields, leading to increased
energy loss during operation [6, 7]. The increased hyster-
etic loss due to the irreversible domain wall motion can
lead to unstable operation and heating of piezoelectric
devices [8, 9]. The contribution of the irreversible domain
wall motion is known to become more obvious at elevated
temperatures because thermal energy makes the potential
wells less efficient for pinning the wall [3].

Recently, development of piezoelectric materials appli-
cable to high-temperature operation has been required in
many application areas such as actuators for a fuel injector
in automobiles [10]. Piezoelectric ceramics for the high-
temperature actuator applications are usually evaluated
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by their longitudinal piezoelectric coefficient (d;;) and
their Curie temperature (T¢) or depolarization temperature.
Based on this perspective, for example, BiScO;-PbTiO;
(BS-PT) solid solution is regarded as a promising material
for this application due to its high d;5 (460 pC/N) and high
Tc (450 °C) [11]. The applicability of piezoelectric ceramics
to the high-temperature actuators, however, also depends
on their hysteretic behaviors at elevated temperatures.
Actually, the literature has shown that the strain (S)—elec-
tric field (E) curve of a BS—-PT ceramic becomes significantly
hysteretic at a high temperature over 300 °C although this
temperature is well below its T [12]. The usage of BS-PT
for the actuator application is thus limited within relatively
narrow temperature range despite its high Tc. This exam-
ple shows that the control of the irreversible domain wall
motion at elevated temperatures is essentially important
for the development of piezoelectric ceramics for high-
temperature actuator applications.

The contribution of the domain wall motions in piezo-
electric ceramics is usually controlled via doping of accep-
tor or donor ions [13]. When acceptor ions [e.g., Fe3* in
PbZr,_,Ti,O; (PZT)] are doped, oxygen vacancies are
formed to maintain the net charge neutrality. That defect
dipoles (or defect complexes) formed by the oxygen
vacancy and the acceptor ion are aligned along the polar-
ization direction of the unit cell to stabilize the domain
walls [14]. As a result, the acceptor doping strongly pins
the domain walls, making the ceramics “hard.” The result-
ant hard piezoelectric ceramics with homogeneously
dispersed acceptors show a linear S—E curve with a small
hysteresis due to the decreased mobility of domain walls.
However, the magnitude of piezoelectric strain (i.e., ds;)
in such hard ceramics must be small because domain
walls are pinned everywhere in individual grains, and the
contribution from the reversible domain motion is also
decreased. The conventional hard piezoelectric ceramics
thus are not suitable for the actuator applications. In an
opposite way, donor-doped soft piezoelectric ceramics
(e.g., Nb>*-doped PZT) show a lager piezoelectric response
since domain walls in them are easy to move, but the
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hysteretic loss in them tends to increase significantly at
elevated temperatures.

For the reasons stated above, it is required to develop a
method to suppress the irreversible domain wall motion
at elevated temperatures without inhibiting the revers-
ible one. In order to achieve this, in this study we propose
core-shell structured piezoelectric ceramics composed of
grains with an undoped (soft) core and an acceptor-doped
(hard) shell. In such ceramics, irreversible domain-wall
motion is expected to be suppressed by defects localized
near grain boundaries, while the walls are allowed to move
reversibly by “bowing [15] " in the core. Barium titanate
BaTiO; (BT) is chosen as a model piezoelectric material in
this study, although its low T (~ 130 °C) is not suitable for
high-temperature applications, because defect chemistry
and domain wall structure in it have been well understood
by previous studies. The Mn-doped BT shell supported on
undoped BT particles were synthesized via a coprecipita-
tion process and then sintered to form the core-shell BT
ceramics composed of undoped core and Mn-doped shell
(Fig. 1). Investigation of microstructure, crystal structure
and electrical properties showed that Mn ions were suc-
cessfully doped only near grain boundaries. Finally, we
demonstrated that the increase in the hysteresis loss under
unipolar driving ceramics in the core—shell BT was effec-
tively suppressed at elevated temperatures compared to
the unmodified (pure) BT ceramics.

2 Experimental procedure
2.1 Preparation of core-shell particles

A powder of undoped BT (BT-05, Sakai Chemicals Co.,
Ltd.; average particle size 0.5 um) was used as the core
particles. A shell of 2 mol% Mn-doped BT was formed on
the core particles via a coprecipitation method by the fol-
lowing procedure. 0.480 mmol (117.3 mq) of BaCl,-2H,0
(99.0%, Wako Chemicals Co., Ltd.), 0.392 mmol (0.0430 mL)
of TiCl, (99.0%, Wako Chemicals Co., Ltd.), and 0.008 mmol
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Fig. 1 A scheme for fabricating Mn-modified BT ceramics via a coprecipitation process

SN Applied Sciences

A SPRINGER NATURE journal



SN Applied Sciences (2019) 1:286 | https://doi.org/10.1007/542452-019-0304-z

Research Article

(1.6 mg) of MnCl,:nH,0 (99.0%, Wako Chemicals Co., Ltd.;
n=0.871) were added to 8 mL ion-exchange water to
form a precursor solution. Separately, 27.4 mol (1.096 g) of
NaOH was dissolved in 17 mL ion-exchange water, then 1 g
BT-05 was added and stirred for 10 min under ultrasonica-
tion. The precursor solution was added drop wise to the
BT-dispersing NaOH solution, then stirred for 30 min under
ultrasonication. The resulting slurry was then kept at 90 °C
under stirring for 4 h in an oil bath. Finally, the powder was
collected by filtration and washed with NH; aqueous solu-
tion (pH 12) in order to prevent Ba-ion leaching [16], and
vacuum-dried over 1 h and subsequently dried at 60 °C.
The resulting powder with a Mn-doped BT shell is referred
as P-BT/Mn.

2.2 Fabrication of sintered samples

To fabricate bulk ceramic samples, P-BT/Mn was mixed
with 2 wt% of poly(vinyl acetate) and uniaxially pressed
into pellets at 150 MPa for 1 min. The green pellets were
heated to 700 °C and held for 2 h to remove the binder
and then sintered in air at 1300 °C held for 30 min with a
heating rate of 5 °C min~". The sintered sample prepared
from P-BT/Mn is hereafter named as C-BT/Mn.

For comparison, a ceramic sample of unmodified BT was
also fabricated. To reveal the effect of the Mn-doped shell
layer on the domain wall mobility in C-BT/Mn ceramics, it
is necessary to fabricate an unmodified BT ceramic with
a similar grain size because grain size has a great impact
on the domain wall contribution to the electrical proper-
ties of BT ceramics [17]. We found, however, that it was
difficult to obtain well-densified unmodified BT ceramics
with a similar grain size with C-BT/Mn (~ 0.5 um) by sin-
tering of the BT-05 powder. For this reason, we fabricated
an unmodified BT ceramic by the following conventional
solid-state reaction and the two-step sintering method
[18] to achieve the small grain size around 0.5 pm. Stoi-
chiometric amounts of BaCO; (99.9%, Kanto Chemical Co.,
Ltd.) and TiO, (99.9%, Kojundo Chemical Laboratory Co.,
Ltd) were ball milled for 24 h using ethanol and yttria-sta-
bilized zirconia balls and then dried. The mixed raw pow-
der was calcined at 1000 °C for 2 h, followed by ball milling
for 24 h. The calcined powder was granulated and pressed
in a similar way with P-BT/Mn. The green pellets were sin-
tered by the two-step sintering method. In the two-step
sintering process, the pellets were heated at 15 °C min™"
to a temperature of 1200 °C, then immediately cooled to
a temperature of 1120 °C and held for 20 h. The obtained
undoped BT ceramic is referred as C-BT. As a reference
material to compare T and the room-temperature piezo-
electric response, a ceramic of 0.5 mol% Mn-doped BT was
also fabricated via the same conventional solid-state route.

2.3 Characterizations

The particle/grain size and morphology of the powder
and ceramic samples were observed using a field-emis-
sion scanning electron microscope (FE-SEM; JSM-7600F,
JEOL) in the secondary-electron mode. Prior to the FE-SEM
observation of the ceramic samples, the surface of them
was polished and thermally etched by a heat treatment
at a temperature 50 °C lower than the sintering tempera-
ture for 10 min. Particles of P-BT/Mn were also observed
by a field-emission scanning electron microscope (FE-TEM;
TECNAI F20, Philips). For the observation of the domain
structure of C-BT/Mn, the polished and thermally etched
sample was chemically etched in HCl:HF:H,0=1:1:100
solution for 10 s. The etched surfaces were observed using
another FE-SEM (Inspect F50, FEI). The phase and lattice
parameters of the ceramic samples were determined by
X-ray diffraction (XRD; D8-02 diffractometer, Bruker AXS)
with Cu Ka radiation. For electrical characterizations, the
sintered pellets were ground and electroded with Pt-con-
ductive paste, and fired at 900 °C for 10 min in air. Tem-
perature dependence of dielectric permittivity (¢,) for the
samples was measured from room temperature to 200 °C
by applying a small AC voltage of 0.5V,,_, at 1 kHz using
an LCR meter (ZM2371, NF Corp.) in combination with
a tube furnace. The ceramic samples with Pt electrodes
were poled by applying a DC electric field in silicone oil
at 100 °C for 30 min. The poling field was 2.0 kV mm™" for
C-BT and 4.0 kV mm™"' for C-BT/Mn. A higher poling electric
field was needed for C-BT/Mn to align defect dipoles in
the sample, whereas the field of 4.0 kV mm~! was too high
for C-BT because of its poorer electrical insulation prop-
erty. Nevertheless, the poling field of 2.0 kV mm™" is much
higher than the coercive field (E,) of undoped BT ceram-
ics (E.<0.5 kv:\mm™" at room temperature) and thereby
was enough to achieve full poling of C-BT. After the poling
treatment, the samples are aged for 24 h at room tem-
perature. The unipolar S—E curve of the poled samples
was measured using a contact-type displacement sensor
(Millimar C1216, Mahr) under applying a triangle wave of
0.1 Hz at varying temperatures between room tempera-
ture and 120 °C.

3 Results and discussion

Figure 2 shows FE-SEM images of particles in BT-05 (core)
and P-BT/Mn. BT-05 has rounded particles with a smooth
surface. After the coating of Mn-doped BT, the surface
of the particles is observed to become rough while the
overall morphology and size are not changed. The FE-
TEM image of a particle of P-BT/Mn, shown as the inset of
Fig. 2b, clearly shows that the most part of the surface of
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Fig.2 FE-SEM images of a BT-05 and b P-BT/Mn. The inset image in
(b) shows a result of an FE-TEM observation of a particle of P-BT/Mn

the core (black region) is covered with precipitates (dark
gray region). The XRD measurement was unavailable to
identify this shell region as the crystalline phase of Mn-
doped BT due to the small fraction of the shell region in
the sample and also due to overlapping of the peaks from
the shell and core regions. However, we confirmed that
a powder precipitated from the same precursor solution
without the cores showed diffraction peaks assigned to
the single-phase perovskite at slightly lower angles com-
pared to the pure BT. This indicates that the precipitate
from the solution is the crystalline phase of Mn-doped
BT in which the larger Mn?* ions (ionic radius r=83 pm)
substitute for the Ti*" ions (r=61 pm). Because the exist-
ence of the cores should not prevent the precipitation of
Mn-doped BT from the solution, one can reasonably infer
that the observed shell region in P-BT/Mn is the crystalline
Mn-doped BT phase.

The ceramic sample fabricated from P-BT/Mn (i.e., C-BT/
Mn) showed a brown color, which is attributed to opti-
cal absorption due to the d-d transition in the Mn ions,
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Fig.3 FE-SEM images of the polished and etched surface of a C-BT
and b C-BT/Mn

whereas the unmodified BT ceramic (C-BT) was white.
Figure 3 shows FE-SEM images of the thermally etched
surface of C-BT and C-BT/Mn. Both samples show a well-
densified microstructure composed of fine grains around
0.5 um. Relative density was as high as 95% for both sam-
ples. It is important to note that the grain size in C-BT/
Mn is almost unchanged from P-BT/Mn, indicating that
the grain growth, which is a result of matter transport
across the grain boundary, does not occur during the sin-
tering process. The suppressed grain growth in C-BT/Mn
may relate to the doped Mn ions concentrated near grain
boundary [19]. The densification without grain growth is
critically important for retaining the Mn ions around the
grain boundary.

The resulting fine grain size is also important for achiev-
ing the desired domain structure. It is known that the 90°
domain structure in BT ceramics changes from the simple
lamellar type to the so-called banded type with increasing
grain size [20]. Within a grain having the banded struc-
ture, thin plates with lamellar domains are stacked each
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other across 180° domain boundaries so as to cancel out
the net polarization. Thus 90° domain walls in the banded
structure does not extend directly from one side to the
other of a grain. Such a domain structure does not serve
the purpose of controlling the domain wall mobility using
defects concentrated near the grain boundary. According
to Arlt’s estimation, the critical grain size separating the
two types of domain structures is 4.7 um for BT ceram-
ics [20]. As observed by FE-SEM, C-BT and C-BT/Mn have

Fig.4 An FE-SEM image of the surface of the chemically etched
surface of C-BT/Mn. The yellow lines in the figure show the approxi-
mate width of a single domain (~80 nm)

Fig. 5 a XRD patterns of C-BT
and C-BT/Mn, and b magni-
fied images of these profiles
around the (002) and (200)
diffraction peaks

Intensity (arb. unit)

size (~0.5 um) [2

sufficiently smaller grains compared to this critical grain
size. In fact, the FE-SEM observation of chemically etched
surface (Fig. 4) shows that C-BT/Mn has the simple lamel-
lar type domain structure. The observed width of a single
domain in C-BT/Mn is approximately 80 nm, which is con-
sistent with that in a pure BT ceramic with a similar grain
1], indicating that the coating of BT par-
ticles with Mn-doped BT has no influence on the domain
structure of the final sintered ceramic.

Figure 5 compares XRD patterns of C-BT and C-BT/Mn.
All diffraction peaks from both samples can be indexed

to the tetragonal perovskite structure of BT, showing that
there are no secondary phase in these samples. It is also
observed that the coating with Mn-doped BT causes no
change in the lattice parameters, and as a result, both
samples show the same tetragonality c/a of 1.008. This
c/a value is well consistent with the reported value for a
pure BT ceramic with a grain size of 0.5 um [22]. It has been
reported that doping of Mn into BT at a concentration less
than 1 mol % results in a slight decrease in c¢/a [23]. The
observed unchanged c/a thus suggests that most part of
C-BT/Mn is the pure BT phase.

It is also observed from the 002 and 200 diffraction
peaks of the samples that there is a “bridge” between
these peaks, which can be attributed to overlapping of
the reflections from crystal lattices with smaller tetragonal
distortions (i.e., c/a < 1.008). Here we compare the bridge
height of C-BT and C-BT/Mn using the ratio of the intensi-
ties at the 200 peak (/5y,) and at the center of the bridge
(Ip)- The 54/, ratio is calculated to be 0.214 for C-BT,
whereas C-BT/Mn show a higher /,,,/l,, ratio of 0.225. One

possible reason for the formation of such a bridge is the
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90° domain walls: the crystal lattices near the 90° domain
wall are strained to have a smaller ¢/a, and hence a sam-
ple with a higher domain wall density (number of domain
walls per unit volume) show a higher bridge [17]. With
regard to C-BT and C-BT/Mn, however, the difference in
the bridge height between them should not be attributed
to the difference in the domain wall density in these sam-
ples because they have a similar grain size, hence, a simi-
lar domain wall density. Thus we consider that the higher
bridge in C-BT/Mn is caused by the doped Mn ions: the
Mn ions in a C-BT/Mn grain are concentrated near grain
boundaries, hence the c/a is unchanged inside the grain
but decreased in the Mn-doped region, resulting in the
observed unchanged overall c/a and the higher bridge.
Temperature dependence of g, was measured for C-BT
and C-BT/Mn to check their T (Fig. 6). For comparison,
the data for a BT ceramic homogeneously doped with
0.5 mol% Mn through the conventional solid-state route
(hereafter referred to as “conventional hard BT") is also
shown. All samples show a sharp peak attributed to tetrag-
onal ferroelectric—cubic paraelectric phase transition. T
determined by the dielectric peakis 123.9 °Cand 122.2 °C
for C-BT and C-BT/Mn, respectively. It is known that T of
Mn-doped BT monotonically decreases with increasing the
Mn content [24]. The conventional hard BT actually shows
Tcat 117.0 °C, which is 6.9 °C lower than C-BT. With regard
to C-BT/Mn, the overall Mn content in the sample is esti-
mated to be 0.17 mol% from the amounts of raw materi-
als used for the co-precipitation process. The observed T
shiftin C-BT/Mn is found small even considering the small
Mn concentration in the sample. In this study we could
not directly observe the spatial distribution of the Mn ions
in C-BT/Mn by an elemental analysis because of the low

8000 —————— 1
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Fig. 6 Temperature dependence of dielectric permittivity of C-BT
and C-BT/Mn. Data for the conventional hard BT (0.5 mol% Mn-
doped) ceramic is also shown for comparison
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concentration of the Mn ions. Nevertheless, the results of
the structural and dielectric measurements shown above
strongly suggest that Mn ions in C-BT/Mn are retained
around grain boundary even after the sintering process
to form a core-shell structure composed of the core of
almost pure BT and the shell of Mn-doped BT.

Figure 7 shows room-temperature S—E curves of C-BT
and C-BT/Mn. The data for the conventional hard BT is
also shown again for comparison. The S—E curve of C-BT
at room temperature shows a large hysteresis, indicating
the significant contribution from the irreversible domain
wall motion to the piezoelectric strain in this sample. The
effective piezoelectric coefficient d;, which is defined
by d33=Smax/Emax USiNg the maximum strain S, ,, at the
maximum electric field £, is calculated as 230 pm-V~" for
C-BT, which is comparable to the reported d;; value of a
BT ceramic with a similar grain size (~ 0.5 pm) to C-BT [22].
The conventional hard BT shows an S—E curve smaller hys-
teresis compared to C-BT. However, d3; of this material is
also decreased to 198 pm-V~". This is because in this mate-
rial both reversible and irreversible domain wall motions
are limited by the Mn ions uniformly dispersed in each
grain. In contrast with the conventional hard BT, C-BT/Mn
shows an almost same d;; with C-BT, while its hysteresis is
effectively decreased to a similar level to the Mn-doped BT.
These results clearly indicate that in C-BT/Mn the irrevers-
ible motion is effectively suppressed, while the reversible
motion inside the grains remains possible.

Figure 8 shows S—E curves of C-BT and C-BT/Mn meas-
ured at temperatures between room temperature and T.
The hysteretic behavior of S—E curve for both samples is
observed to change in a complex manner as tempera-
ture increases to approach Tc. To discuss the temperature

50T
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Electric field, E/KV-mm™1
Fig.7 Room-temperature S—E curves of C-BT and C-BT/Mn. Data

for the conventional hard BT (0.5 mol% Mn-doped) ceramic is also
shown for comparison
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Fig.8 S—E curves of a C-BT
and b C-BT/Mn measured

(a) C-BT

between room temperature
and a temperature just below
Tc

o =N W N

o =N W N
T

Strain, S/10™

o =N W s
T

o =N W N
T

T
0.0 0.5

variation of hysteretic behavior of the ceramics quantita-
tively, we define the degree of hysteresis H as:

H = AS/Smax X 100 (%), (1)
where AS is the difference between the strainsat E=E_.. /2

max’

measured upon increasing and decreasing the field. Tem-
perature dependences of d3; and H for C-BT and C-BT/Mn
are shown in Fig. 9. Note that most measurements were
performed at E,,,, = 2.0 kV-mm™', but for C-BT, the data
above 100 °C was measured at £, ,,= 1.0 kV-mm™" because
dielectric breakdown occurred under the higher electric
field. The plots measured at £,,,,,= 1.0 kV-mm™"' are shown
using blue triangles. A similar temperature dependence of
d3; is found for both samples: dz; first decreases with tem-
perature and then slightly increases at temperatures near
Tc. This behavior can be explained from the temperature
dependences of g, and polarization. Piezoelectric d; coef-
ficient is thermodynamically related to ¢, and remanent
polarization (P,) as:

ds3 = 2€0¢,QP,, (2)
where g, is permittivity of vacuum, Q is electrostrictive
coefficient. Because Q is almost constant against tem-
perature variation [25], the temperature dependence of
ds5 is determined by those of g, and P,. Polarization of BT
monotonically decreases as temperature approaches T.
Thus d5; of the samples decreases with increasing tem-
perature in the range between room temperature and
100 °C, where ¢, is almost constant or decreases (see Fig. 6).

1.0
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At temperatures just near but lower than T, ¢, drastically
increases due to the phase transition to surpass the influ-
ence of the P, decrease, resulting in a slight increase of d55.

In contrast to d3;, H shows different temperature
dependencies for C-BT and C-Bt/Mn. H of C-BT is almost
constant (~23%) at temperatures below 80 °C and then
drastically increases at higher temperatures. It should be
noted again that the data above 100 °C for this sample was
measured under a smaller £, of 1.0 kV-mm™". In general
the hysteresis behavior of unipolar S—E curve has a com-
plex dependence on E,,,; H of some materials decreases
with E,,. while that of other materials increases. Such
a behavior is related to the shape of the S—E curve. It is
reported that H of 0.84Pb(Hf, ,Ti; c)O5-0.16Pb(Yb, sNbj 5)
O, piezoelectric ceramics, which show a normal S-shaped
strain curve similar to C-BT, is less dependent on £, ., [26].
Both samples studied here show S-shaped or linear S—E
curves at all measuring temperatures, hence little £,
dependence of H is expected. To check the E,,,, depend-
ence of H for C-BT, we performed the S—E measurement at
room temperature (17 °C) at both £, of 1.0 kvV-mm~" and
2.0 kv:\mm™". As a result, we confirmed that H was almost
constant at this E,,, range as shown in Fig. 9b. This shows
that the comparison among data plots measured under
different E,,, is reasonable. It is observed that C-BT/Mn
does not show the sudden increase in H at temperatures
near T. As a result, C-BT/Mn shows much smaller H values
compared to C-BT at elevated temperatures. This behavior
can be attributed to the Mn ions doped near the grain
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Fig. 9 Temperature dependence of a effective piezoelectric coeffi-
cient d3; and b hysteresis H for C-BT and C-BT/Mn. The data plots
measured at 1.0 kV-mm™" for C-BT were shown using filled trian-
gles. The lines are shown as a guide to the eye

boundary. The Mn ions and oxygen vacancies effectively
pin domain walls to suppress the irreversible domain wall
motion at elevated temperatures, while they allow the
reversible motion inside the grains, leading to the high
ds; and suppressed H. We believe that such a control of
the domain wall motion using localized acceptor ions is an
effective way to develop piezoelectric ceramics suitable for
the high-temperature actuator applications.

4 Conclusion

In this study, a Mn-modified BT ceramic was prepared by
sintering of BT particles coated with Mn-doped BT. The
XRD patterns and temperature dependence of dielectric
permittivity indicated that the resulting BT ceramic have
a core-shell structure composed of the undoped core and

SN Applied Sciences
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the Mn-doped shell. The measurement of unipolar piezo-
electric strain curves showed that the increase in the hys-
teresis at temperatures near T was suppressed in the Mn-
modified ceramic in comparison with the unmodified BT
ceramic, whereas the effective piezoelectric coefficient d3;
was comparable for both samples. The results indicate that
the irreversible domain wall motion was effectively sup-
pressed by the Mn ions localized near grain boundaries,
while the reversible is not affected. The proposed method
for controlling the domain wall mobility using inhomo-
geneously doped acceptors can lead to the development
of novel high-temperature piezoelectric ceramics with a
wider operation temperature range.
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