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ABSTRACT

In the present work, we study the effect of quenching and annealing on the ferroelectric and piezoelectric properties at room temperature
and elevated temperatures of a new ternary BiFeO;-PbTiO;-LigsBigsTiOs bulk piezo ceramic. While sacrificing part of the maximally

obtainable piezoelectric constant value, using an optimal heat treatment, a quasi-stable value for the piezoelectric constant of 65 pC/N was g
obtained irrespective of the annealing temperature. All experimental results point to the direction of unusual defect behavior in this novel Q
ternary system leading to a well-defined metastable state. The quenching and annealing process are completely reversible and can be used in g
combination with additional chemical modifications to tailor the properties of this new high-temperature piezoelectric ceramic to the x
intended use conditions. 3
i‘
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license §
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0164380
I. INTRODUCTION (PZT) and BaTiO;, in which strong attachment of DW is controlled
4-6 e
Electro-mechanical interactions between charged point defects by the accep tor—oxygen—v'aca.ncy defect cme lexes. = In addition to
. . . . the type of defects, the pinning of DW is highly dependent on the
and domain walls (DWs) play a key role in controlling the functional Rt 7 ; . .
. : . . spatial distribution of the defects.”” Lacking evidence at the atomic
properties of bulk and thin-film ferroelectrics. Since the discovery of . L o
- : . . level, macroscopic data on polarization switching in hard ferroelec-
the presence and role of conducting domain walls in thin films of . 9 h 10
. o o trics based on PZT" and BiFeO; = suggest that the degree of defect
bismuth ferrite, it has been suggested that local conductivity - : .
. i . . . ordering can be controlled by the cooling rate from the high temper-
increases with the presence of charged point defects.” Various types i I d th hi e f
f defects have been proposed to maximize the effect, includin ature annealing stage. It was proposed that quenching (ic, fast
o ) “I prop ) » Including cooling) the sample from a temperature above the Curie temperature
OXygen vacancies, bismuth vacancles, holes, and electrons', highlight- (1) maintains the high temperature disordered state of the defects,
ng the key role of defect chem.lstry and hence the mater}al prepara- while slow cooling promotes ordering of defects. This hypothesis is
tion processes FSUCh as anneallgg temperature and c.oohng rate, as  confirmed by a number of works on quenching of BiFeOs-based pie-
well as annealing atmosphere).” In previous studies on BiFeOs  ;oceramic,'"'* which show an increase in piezoelectric properties
(BFO) thermally treated in air, it was shown that, in this material,  and a decrease in the coercive field in bulk samples after quenching
the dominant defects at the domain walls are electron holes and from above the Curie temperature.
bismuth vacancies. A reasonable assumption is that accumulated Quenching in itself is a classic tool for constructing phase dia-
defects will lead to DW pinning effects affecting DW dynamics, such  grams,'” in addition to being widely used in heat treatment in the
as displacements over short distances under the action of an applied production of ferrous sheet metal and machined components and
electric field. It is possible that this mechanism will differ from that  is used to tailor the general and local hardness, respectively.*"
in prototype ferroelectrics, such as acceptor-doped hard Pb(Zr,Ti)O; For non-transforming metals and non-metallic ceramic and
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polymeric materials, quenching is mainly used to retain the high
temperature phase and to prevent undesirable phases from forming
during cooling. Quenching is not widely used as a treatment option
to control ferroelectric or piezoelectric properties of piezo ceramics,
where property optimization is done more commonly via chemical
modifications. The preference for chemical modification route is
primarily due to the problems related to thermally initiated stresses
leading to microcracks and failure of quenched ceramics.'™'”
Despite the obvious disadvantages, the quenching method, apart
from being cheap and versatile, could be a promising tool for tai-
loring electromechanical properties and phase transitions in
various ferroelectric and related materials. A recent work demon-
strated that quenching from high sintering temperatures is benefi-
cial in significantly increasing the thermal depolarization
temperature in Na, sBi s Ti0;."” In earlier studies on BFO ceram-
ics, the quenching method was used for two different reasons. The
first is to effectively avoid an unstable region in the phase diagram.
Quenching has been found to be a valuable technique to minimize
the formation of secondary phases rich in Bi and Fe, which are
commonly observed in BFO bulk ceramics synthesized via conven-
tional processing.'“"*" The second reason relates to the behavior of
charged point defects, in particular in relation to domain wall
pinning, in which quenching was used to tune the distribution of
defects.”’ The results showed the reason for the hardening behavior
of BFO, which made it possible to truly reveal the influence of
point defects on the switching properties of BFO and to provide
insight even on the atomistic details of domain walls.”” This hard-
ening or softening behavior is crucial to tailor the piezo ceramic to
the intended use. Hard piezoelectric materials can withstand high
electrical and mechanical stresses, and their properties remain
almost unchanged under these conditions. They are mainly used in
high-power acoustics. The advantages of hard piezo materials are
their moderate dielectric constant, large piezoelectric coupling
factor, high mechanical quality, and good stability under high
mechanical load and large working field strength. Soft piezoelectric
refers to a type of ferroelectric piezoelectric ceramic with high
mobility of the dipole and ferroelectric domains, which indicates
easy low field polarization and depolarization characteristics. Soft
piezo ceramics are generally used in piezoelectric actuators and
sensors due to their high sensitivity and easy processing. Ceramics
which can be processed into either hard or soft piezoceramics
depending on the processing are of particular interest.

Quenching also has provided a new paradigm for improving
the piezoelectric properties of BFO-based systems. As an example,
the piezoelectric charge constant of BiFeO;-BaTiO;-based
(BFO-BT) ceramics is significantly enhanced by the quenching
process compared to the non-quenched state (commonly referred
to furnace cooling, slow cooling, as-sintered).'””* Therefore, a
quenching process is found to be one of the successful methods to
improve piezoelectricity in BFO-based systems, and this has led to
further research on the effect of quenching processes, such as
quenching temperature and cooling rate.

There is a wide variety of BFO-based systems, but it is well
known that systems which form a solid solution at or near the mor-
photropic phase boundary (MPB) region,”* generally have the best
properties including the highest piezoelectric constants. One such
system is the MPB composition in BiFeO;-PbTiO; which offers a
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high Curie temperature (T.=635°C), but which is hard to pole
without cracking due to the large spontaneous strain. Furthermore,
their p-type conductivity is too high for high temperature opera-
tion. On the other hand, other tetragonal end-members result in
the breakdown of long-range order, a reduction in Tg, and the
onset of relaxor behavior. As a general rule, increasing the number
of cations in a solid solution tends to further undermine polar
coherence and deepen the relaxor nature;”” however, incorporation
of PbTiO; in nano-polar systems tends to overcome the loss of
coherence and favors the formation of long-range polar order. This
can be clearly seen in the example of BiFeO;-PbTiO;-(Ky sBigs)
TiO; in which the largest weak-field dj; is located virtually
mid-way between the BiFeO;-PbTiO; MPB composition and the
pseudo-cubic region of BiFeOs—(K 5Big5) Ti03.”

In order to address the problem of the BiFeO;-PbTiO;
system’s high electrical conductivity and to prevent spontaneous
sample destruction during the phase transition as a result of the
substantial volume difference between the tetragonal and cubic
phases, a third component Liy sBigsTiO3, has been selected as the
ternary component. With this approach, we do not introduce new
elements at the B position, but only introduce aliovalent doping at
the A position of the perovskite structure, which must locally com-
pensate for electrical charges. Due to the large difference in the
ionic radii of bismuth (lead) ions and lithium ion, doping with
lithium-based titanate leads to reduced local stresses in the struc-
ture that will reduce the macroscopic stresses in the material in
general. Lithium’s ionic size and valence might make it particularly
effective in forming or stabilizing oxygen vacancies in the lattice
structure of the material. This should result in a more balanced and
stable lattice structure, which in turn could reduce internal stresses.
So, the introduction of lithium not only serves to reduce local
stresses through ionic size considerations but also adds a chemical

contribution that further stabilizes the lattice and thereby enhances ;

the overall piezo-electrical properties of the material.

The main goal of this work was to study the effect of quench-
ing and annealing on the piezoelectric properties of the most
promising BFO ternary alloy of this latter type: 0.60BiFeO;-
0.25PbTi05-0.15Lij 5Biy sTiO;. The idea of rapid cooling is to
maintain the randomized defect structure at the high temperature
(above T,) and to prevent (or control) the defect ordering on domain
walls formed at temperatures below T.. This concept has used to study
hardening-softening transitions in PZT ceramics.” No detailed study
of this transition in BFO-based ternary ceramics has been reported in
the literature yet. The ability to reverse the quenching effect by a sub-
sequent heat treatment has not been published previously. It will be
shown to be an important aspect when studying the possibility of
using this ceramic at elevated temperatures. The study of various heat
treatments (such as quenching and annealing) for piezoelectric materi-
als can open up new possibilities to tune their final properties. Such
studies indirectly also deepen our understanding of the interaction of
point defects and domain walls in ferroelectric materials.

Il. EXPERIMENTAL PROCEDURE

BiFeO;-Bij 5Lip 5Ti03-PbTiO; (BFO-BLT-PT) samples were
prepared by a conventional solid-state reaction using analytical-
grade commercially supplied raw materials: Bi,Os, Fe,Os, TiO,,
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PbO, and Li,CO;. Dried powders were weighed and ground sepa-
rately before mixing. The Bij sLiy sTiO3 and PbTiOj; levels were fixed
at 0.15 and 0.25, respectively. Hence, the final composition can be
written as 0.60BiFeO;-0.25PbTi0O;-0.15Liy sBig s TiO3. Grinding and

mixing processes were performed in isopropanol

using

yttria-stabilized ZrO, balls. The particle size distributions of the
milled powder are in the range of 0.5-1um according to SEM
images. Mixed powders after drying were calcined at 800°C for 1h
using a heating rate of 600 °C/h. Then, the calcined powders were
reground, granulated by mixing with 2 wt. % QPAC 40 binder, and
uniaxially pressed into disks (13 mm in diameter and 1 mm in thick-
ness) under 200-250 MPa. The pellets were sintered at 1025 °C for
1h using a heating and cooling rate of 600 °C/h. The sintering proto-

col is shown in detail in Fig. S1 of the supplementary material.

Scanning electron microscope (SEM) images were taken using
a Jeol JSM-7500F field emission scanning electron microscope.
Prior to SEM measurements, a thin (15nm) layer of gold was
deposited on the sample. To determine the phase purity, x-ray dif-
fraction studies with Cu Ko radiation were done using a Bruker D8
Discover diffractometer. Scans were recorded at set temperatures:
RT, 200°-700 °C in steps of 25°C and again at RT after cooling
down by switching off the heating. The density was determined by

Archimedes’ method in an aqueous medium.

Polarization—electric field hysteresis loops were measured at
room temperature using a Radiant precision ferroelectric analyzer.
The electrical properties of samples were measured at room tempera-
ture using an Agilent 4263B LCR meter at 1 kHz and 1 V. For these
measurements, silver electrodes were applied on the ceramics by
firing silver paste at 150 °C. For the actual research, electrode coated
samples were thermally treated by gradual heating to a predetermined
temperature of 600-750 °C, temperature stabilizing for 30 min, and
then abrupt cooling in air or other media (silicone oil, ceramic plate,
liquid nitrogen) to vary the cooling rate. Cooling rate variations were
achieved in the range from 0.1 °C/s (furnace cooling) to 50-80 °C/s
(metal contact). The conditions of quenching of the samples are
shown in detail in Fig. S2 in the supplementary material. In this pub-
lication, the term “quenching temperature” refers to the temperature
from which the sample was rapidly cooled to room temperature.
Conversely, the “annealing temperature” refers to the temperature to
which the sample was slowly heated, left to anneal for a specific

period of time, and then gradually cooled down afterward.

After dielectric measurements, the samples were polarized
under a DC electric field of 70kV/cm for 20 min in silicone oil at
room temperature. After aging for 24 at ambient laboratory condi-
tions, the piezoelectric constant ds;; was measured with a PM300
Berlincourt-type piezometer from Piezotest with a static force of 10 N
and a dynamic force of 0.25 N peak to peak with sinusoidal excitation
at 110 Hz. Samples were then annealed by placing them in a pre-
heated furnace at temperature of 150-600 °C for a period of 7 min up
to 2 weeks. After annealing and air cooling, the dielectric and piezo-

electric parameters at room temperature were measured again.

lll. RESULTS
A. Microstructure and crystal structure

Figure 1 shows the microstructure of a polished sample after
chemical etching. The grain size is approximately 2-3um.
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FIG. 1. SEM picture of a polished as-sintered sample after chemical etching.
The encircled regions show the domain structure.

Ferroelectric and ferroelastic domain walls are partially visible, but
the resolution is too small to properly show the domain size of

50-100 nm. The microstructure of the quenched and annealed samples
does not differ from that of the as-sintered sample and are shown in
the supplementary material Fig. S3 for the sake of completeness.

The XRD pattern is shown in Fig. 2 for three samples: (1)
as-sintered which was oven cooled (i.e., cooling rate 0.05 °C/s) from
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FIG. 2. X-ray diffraction patterns of the as-sintered, oil quenched from 700 °C
and 12 h, 450 °C annealed after oil quenching samples.
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700 °C, (2) oil quenched (i.e., cooling rate 60 °C/s) from 700 °C, and
(3) annealed for 12 h at 450 °C after oil quenching. The figure shows
that two phases, rhombohedral and tetragonal, are coexisting (some
non-overlapping peaks were marked on the figure). The diffraction
peak at 37° (marked with the blue circle) is an artefact and is associ-
ated with the aluminum sample holder material. No peaks belonging
to secondary phases were found indicating good solubility of all
components and the formation of a solid solution. Upon annealing
of the quenched sample, the peaks change in intensity, but no
change in the peak position (ie., the crystal structure) is observed.

B. Influence of temperature on the crystal structure

Figure 3 shows the evolution of the rhombohedral into the
cubic phase as evidenced by the (associated) (211)c peak for the

ARTICLE pubs.aip.org/aip/jap

same three sample conditions used in Fig. 2. This peak was chosen
for the following reasons: a relatively high intensity while being
located at a high angle, and no strong overlap with peaks of the
tetragonal phase. Both the curves of the peak position and the
average peak width indicate that the phase transition occurs over a
temperature range of 600-625 °C. The peak position curves for the
quenched and annealed samples show an unexpected plateau
between 500 and 575 °C but are otherwise linear. The peak position
curve of the as-sintered material only shows a linear temperature
dependence up to the transformation temperature. Figure 3(a) also
shows that the peak position changes markedly upon quenching,
but that annealing has no effect on the peak position. This is in
contrast with Fig. 3(b) which shows that the reduction of the peak
position due to quenching is partially reverted by the annealing
treatment. FWHM plotted after deconvolution of the recorded
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FIG. 3. (a) Peak position; (b) full with at half maximum of (211) cubic reflection; (c) and (b) unit cell parameter a and ¢ of R3¢ phase depending on the temperature for

samples as-sintered, oil quenched from 700 °C and annealed 12 h at 450 °C.
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peak. The unit cell parameter shown in Figs. 3(c) and 3(d) is
almost identical for all three samples and also show a phase transi-
tion in the temperature range of 600-625 °C. The interpretation of
the observed changes is discussed in Sec. I'V.

C. The effect of the pre-quenching temperature on the
ferroelectric properties

To study the minimal annealing temperature required to
mobilize the defects, the P-E hysteresis loops were obtained for the
as-sintered condition and for oil-quenched (silicon oil at room
temperature) samples quenched from different temperatures. These
P-E hysteresis loops are shown in Fig. 4. The well-saturated loops
for samples quenched from temperatures from 650 to 750 °C dem-
onstrate remnant polarization in the range of 20-25uC/cm?, but
there is no visible trend in the change of the maximum and
remnant polarization values depending on quenching temperature
for this temperature range. But there is a clear trend in the reduc-
tion of the coercive field from 42 to 40 kV/cm with an increase in
the quenching temperature from 650 to 750 °C. At quenching tem-
peratures below 650 °C, we no longer observe saturated ferroelectric
hysteresis loops. The transition temperature of around 625-650 °C
is a bit higher than the transition temperature, 600-625 °C obtained
from high temperature XRD data [Fig. 3]. The data indicate that
during the phase transformation from a rhombohedral to cubic
structure, the piezoelectric domains disappear, and that the reform-
ing domain walls remained unpinned provided the cooling rate is
high enough.

The P-E hysteresis loop obtained for the sample oil quenched
from 700 °C and poled at 70 kV/cm for 20 min at room tempera-
ture is shown in Fig. 5, which exhibits a bias field (piezoelectric
charge constant after poling reached 95 pC/N). This clearly indi-
cates the presence of a sufficient number of defects that participate
in polarization.”” This result may indicate a hardening-softening
transition similar to acceptor doped PZT."

304
20 4
5
s " 36 36 40 4244
2 P
g — _.7
Q 04 B
'ﬁ -“l——600 °C
£ ——625°C
n_c_) -10 —— 650 °C
—— 700 °C
204 —— 725 °C
—— 750 °C
_30 T T T

-80 60 40 —2IO 0 20 40 60 80
Field (kV/cm)

FIG. 4. Ferroelectric hysteresis of samples quenched from different tempera-
tures in silicone oil.
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FIG. 5. Typical ferroelectric hysteresis loop after poling at 70 kV/cm for an oil
quenched sample quenched from 700 °C.

For indirect determination of the transition temperature to the
paraelectric state, the thermal depolarization of ds;; was measured,
and the results are shown in Fig. 6. It can be seen that both for the
as-poled and for the annealed samples, a rapid depolarization

occurs at a temperature above 600 °C and an approximate transi-
tion lies in the region of 625-650 °C. It can also be seen that for
the as-poled sample, a smooth decrease in the piezoelectric cons-
tant ds3 occurs at temperatures above 125-150 °C.
T T T T T T T
100 —
u [ ]
[}
80 4 —
" om
= A A A A A 2
Z 60 .
O
e A
Q40 - g
©
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a after polling and 12 h annealing at 450 °C
0- &,
LR B BN EELENL L RN A L B
0 100 200 300 400 500 600 700
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FIG. 6. Effect of thermal depolarization on ds3 values of poled samples after
poling and after annealing at 450 °C measured ex situ (at room temperature
after heating up fill target temperature for 15 min).

S0:6%:1 L €20 4290100 60

J. Appl. Phys. 134, 114104 (2023); doi: 10.1063/5.0164380
© Author(s) 2023

134, 114104-5


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

D. Effect of cooling rate during quenching from 700 °C
on ferroelectric properties

In Fig. 7(a), the P-E loops up to 80kV/cm are shown for
various cooling rates from a fixed annealing temperature of 700 °C.
The figure shows that for cooling rates higher than 10 °C/s, the P-E
loops open up at a coercive field of about 50kV/cm. At lower
cooling rates, the P-E loops do not open up properly. As shown in
Fig. 7(b), the remnant field strength shows an increase with
increasing the cooling rate and the polarization for a cooling rate
slower than 0.2 °C/s the ferroelectric loop will not differ from that
for the as-sintered sample. Data do not allow draw conclusion on
the dependence of remnant polarization on cooling rate. All mea-
surements shown in Fig. 7 were successively performed on a single
sample with the return of its original properties (as-sintered) upon
annealing at 450 °C for 12 h.
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FIG. 7. (a) Ferroelectric hysteresis loops of a single sample quenched from
700 °C at different cooling rates, (b) remnant polarization as a function of the
cooling rate.
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E. Effect of post-quenching annealing on piezoelectric
and electric properties

If the sample is quenched from 700°C at a rate of around
50 °C/s and subsequently poled at a field of 70 kV/cm, the material
is piezoelectrically activated and values of d;3 of 95 pC/N (at room
temperature) are achieved. Figure 8 shows the dynamics of changes
in the (room temperature) piezoelectric and dielectric properties of
optimally quenched samples upon subsequent isothermal annealing
in air at different temperatures [(a) 150 °C, (b) 300 °C, (c) 450 °C,
and (d) 600 °C]. We observe that a noticeable decrease in the piezo-
electric property values occurs upon annealing at 300 °C or higher
temperatures. Interestingly, the actual temperature does not affect
the final value of the piezoelectric constant, which reaches a value
of 63 pC/N, but only affects the kinetics of the change. All high
temperature annealed samples eventually reach the same piezoelec-
tric property value, which we consider to be the thermodynamically
metastable state (intermedium) for our material.

Finally, we performed a number of successive annealing treat-
ments at different temperatures to get a better insight into the appar-
ent intermedium state leading to a ds; of 63 pC/N. To this aim, a
sample was first annealed at 150 °C for times up to 20.160 min (i.e.,
2 weeks), subsequently at 300 °C again for times up to 20 160 min
(i.e., 2 weeks), and finally 2 weeks at 450 °C; and the piezo and
dielectric properties were measured intermittently. The results are
shown in Figs. 9(a)-9(c) for dss, the dielectric constant and tan §,
respectively. The figure clearly shows that in the case of successive
annealing the final values for ds; and the dielectric constant finally
obtained, 63 pC/N and 225, respectively, are the same as those for
the samples directly annealed at 450 °C, but that the total annealing
time required was considerably longer. It should be especially noted
that no matter what the temperature history of the sample, if the
depolarization temperatures are not reached, the piezoelectric prop-
erties of the material will be in the region of 63 pC/N.

F. Repeatability of the quenching-annealing cycle

Figure 10 shows the results of measurements of ferroelectric
hysteresis loops after multiple quenching cycles from 700 °C in oil
and subsequent 12h annealing at 450 °C at which conditions the
piezoelectric properties should reach a plateau. It can be seen that
the remnant polarization of the material decreases with each subse-
quent quenching cycle. The behavior is similar to that encountered
in the fatigue phenomenon for piezoelectric materials (i.e., a repeated
application of electric fields to the device leading to a lowering of the
piezoelectric coefficients over time),”* but in contrast to it, the origi-
nal polarization value is not restored when the sample is re-annealed
at a temperature above the Curie temperature.”

However, as can been seen from Fig. 11, the piezoelectric
properties, unlike the remnant polarization, of the material practi-
cally do not change after multiple annealing and quenching cycles.

IV. DISCUSSION

A. Comparison of realized properties with those of
other BFO systems

Recently, BFO-PT-based ternary solid solutions, such as
BFO-PT-BT, BFO-PT-BZ, and BFO-PT-BZT, other than the
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current ternary system investigated here, have attracted much
attention. The published studies showed high piezoelectric proper-
ties up to 300-400 pC/N (at room temperature).”’" However,
these piezoceramics generally have a high coercive field up to
60-100 kV/cm, which creates difficulties in fully activating the pie-
zoelectric properties upon poling. But, they certainly outperform
the studied in this work system with a coefficient of 65 pC/N in
terms of raw piezoelectric performance.

However, the Curie temperature of these reported BFO-based
systems is between 200 and 300 °C, indicating a notable limitation
in terms of thermal stability in comparison to our system which
can be made stable up to 600 °C. Thus, while offering stronger pie-
zoelectric responses at room temperature, the operational window
in terms of temperature of published ternary BFO systems is signif-
icantly lower than that of the system presented here.

To put the performance of the current material in an even
wider perspective, traditional PZT (lead zirconate titanate) exhibits
piezoelectric coefficients typically ranging between 200 and
400 pC/N and demonstrates stability up to its Curie temperature,
around 100-250 °C.** Quartz, another well-known material, has a
coefficient of about 2.3 pC/N and can maintain its properties up to

approximately 573 °C.”> LiNbO; (lithium niobate) can achieve coef-
ficients between 60 and 130 pC/N and has a general stability
nearing 1250 °C, though its piezoelectric properties might degrade
before this point.”® Lastly, ZnO (zinc oxide) presents a coefficient
of approximately 12 pC/N and can withstand temperatures up to
1975 °C, even though its piezoelectric properties may degrade prior
to reaching this temperature.”® So, our proposed system offers a
good balance of piezoelectric properties and high temperature
stability, even if other systems may perform better in only one of
these aspects.

B. “Quenching” effect mechanism

The primary explanation of quenching may be the transfor-
mation of ferroelectric domains during cooling into a certain quasi-
stable state, not associated with surrounding defects.” Based on the
fact that the cooling rate should exceed a certain value (higher than
10 °C/s) to open ferroelectric loops as shown in Fig. 7(b), it can be
assumed that defects that are free at high temperatures, have a
limited lifetime before they take a more thermodynamically stable
position near the domain walls. The transition from a closed
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Fig. 4S).

ferroelectric hysteresis loop to an open loop occurs only upon
quenching from a temperature of 650 °C and higher, so it can be
assumed that the phase transition from the ferroelectric state to the
para-electric state plays an important role in the formation of this
effect.’’”” Tt is shown indirectly by the thermal depolarization
curve of ds; that all the piezoelectric properties of the material dis-
appear when heated above 650 °C as a result of the phase transition
in materials [Fig. 6]. It should be remembered that the actual in
situ high temperature XRD data show that the phase transition
does occur at a slightly lower temperature (600-625 °C). We have
no real physical explanation for the observed temperature differ-
ence and blame it on instrumental issues. But it is also worth

noting that there is no noticeable change in the crystallographic
structure of the samples directly after quenching from 700 °C and
after subsequent annealing at 450 °C while the difference in piezo-
electric behavior is extreme. Only for the sintered sample a slight
phase shift of the (211) peak is observed at room temperature. As
shown in Fig. 3(b), all samples achieve a similar full width at half
maximum at high temperature, which indicates a diffusive phase
transition at temperatures above 600 °C, which correlates well with
the presence of a minimally required quenching temperature, while
the width depends on the temperature history of the sample. The
synthesized sample has the largest peak width at room temperature,
and the quenched sample has the smallest. While the width of the
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peak may be responsible for the internal stresses accumulated in
the ceramig, it is not typical to have a lower stress in the quenched
samples.”®

C. Annealing after quenching

During subsequent annealing, two potentially competing pro-
cesses may occur. One of which is the reorientation of unstable
domains, and the second is the diffusion of defects to the domain
walls, which, as a result, bind them. This may explain the decrease
in the piezoelectric response upon subsequent annealing to a
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certain stable value. But it cannot explain the fact that the piezo-
electric constant value at the intermediate state does not depend on
the annealing temperature. Another assumption is that the change
in the piezoelectric properties may be caused by a change in the
dielectric constant of the material during annealing due to the
binding of mobile charges. Since the piezoelectric constant is
directly proportional not only to the polarizability but also to the
dielectric constant, then, at a constant polarizability and with a
decrease in the permeability, the piezoelectric constant of the mate-

rial can be reduced.”” Contrary to this expected correlation, it was :
noticed [Fig. 8(a)] that a decrease in dielectric losses occurs also ¢

upon low-temperature annealing while the piezoelectric constant
remains more or less constant. High dielectric losses after quench-
ing are presumably associated with the generation of free charge
carriers, which, upon subsequent annealing, form dipole complexes
or recombine.'” Therefore, it can be assumed that annealing
mainly affects free charge carriers and not bound dipoles.

Figure 6 shows the thermal depolarization curves obtained in
our work. The main difference between results obtained in our
work and the usual published depolarization curves for piezoelec-
tric ceramics™ is that after annealing above a certain temperature
(100-150°C), the samples transform into an intermediate state,
which is characterized by a lower yet significant value for the piezo-
electric constant [Fig. 12]. This is different from depolarization
curves for conventional piezo ceramics, for which the value
decreases to zero during long enough annealing.

So during annealing, the quenched state of the more mobile
domain walls and point defects is destroyed, and the material pass
into an intermediate state, in which the coercive field is much
larger. Therefore, poling of the samples is possible only in the
quenched state, because in annealed states, the material’s character-
istics will prevent successful polarization without compromising
the mechanical integrity of the sample (leading to dielectric break-
down and sample disintegration). The value of the piezoelectric
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charge constant of samples in the intermediate state does not
depend on the annealing temperature as shown in Fig. 7. An
increase of the annealing temperature, as long as the depolarization
temperature is not exceeded, only accelerates the process to reach
this state.

D. Reversibility of the quenching-annealing

As shown in Sec. IIIF, the effect of quenching and annealing
can be reversed. Re-quenching of re-annealed samples fully restores
the quenched state, while subsequent annealing brings the sample
to an intermediate state again. These cyclic changes in both electri-
cal and piezoelectric parameters indirectly indicate a change in the
mobility of domain walls and point defects. The absence of a
change in the piezoelectric parameters in cycles shows the complete
reversibility of this transition. Based on the reversibility of the
quenching, we can assume that it is associated with defects and a
similar hardening mechanism as that which occurs in acceptor-
doped PZT," is involved. The mechanism of precipitation harden-
ing'' as a result of the formation of secondary phases can be con-
sidered as being unlikely due to the fact that no secondary phases
after quenching could be detected in XRD. The effect of fatigue of
ceramics during repeated reproduction of the effect cannot be
directly explained by defects and phase transition and can be
caused by microcracks arising from aggressive impact on ceramics.

V. CONCLUSIONS

Piezoelectric properties of BiFeO;-Big 5Lip5TiO3-PbTiO3
ceramic can be changed by thermal processing. Good properties at
room temperature can be obtained by sufficiently fast cooling from
temperature above phase transition temperature (T > 650 °C). The
cooling rate is essential in this process and must be above a certain
threshold (in our study, above 10 °C/s).

The non-equilibrium state can be mediated by proper anneal-
ing, shifting material to an unusual but clearly identifiable interme-
diate state. The transition to intermediate state occurs
spontaneously at annealing temperatures above 150 °C. An increase
in annealing temperature leads to an acceleration of this transition
but not to a change in final properties. For this ternary system, it is
possible to distinguish three states obtained for this material:
quenched (full polarization), intermediate, and depoled, while for
common piezoceramics, there is only a poled and depoled state.
Thermal depolarization takes place when annealing at T > 650 °C

Although the nature of this effect is not fully understood, all
observed changes can be attributed to defect reorganization. The
nature of the defects has not been investigated here. Our assump-
tion is that this effect is related to the uniform distribution of point
defects over the sample during quenching and the subsequent
movement of these defects to domain walls that connect them
during tempering. This is supported by the fact that this effect is
completely reversible, if we properly reheat and adequately quench
the ceramic again, we will release the domains and we can bind
them again when annealed. For further research, it would be useful
to find another mechanism for controlling the distribution of
defects and study the processes on the domain walls in situ.
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See the supplementary material for the temperature profile of
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