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1 | INTRODUCTION

| Ruihong Liang'

| Zhiyong Zhou'

Abstract

Owing to industrial and technological developments, there has been an increas-
ing demand for piezoelectric ceramics that can function at temperatures of 500°C
or higher. Na sBi, 5TiyO;5 (NBT) with its high Curie temperature (T¢) of 650°C
is a typical bismuth layer—structured ferroelectric. However, its relatively low
piezoelectric coefficient (ds; ~ 16 pC/N) hinders its potential application at high
temperatures. In this study, compositions of Ca os(Nag sBig 5)9.95BisTizO;5 with
different additions of Cr,0; (CNBT-Crl00x) were designed based on previous
studies on Ca’*-doped NBT piezoceramics, and the effects of the addition on the
structural and electrical properties were investigated. The ds; value of CNBT-
Cr20 was as high as 29 pC/N, almost twice higher than that of pure NBT ceramics.
This increase was investigated in depth using X-ray diffraction refinement and
piezoelectric force microscopy in terms of intrinsic and extrinsic contributions.
The P values of CNBT and CNBT-Cr20 were almost equal. The density of the
domain walls of CNBT-Cr20 was significantly higher than that of CNBT, indi-
cating that the increase of d3; of CNBT-Cr20 is mainly due to the increase in the
extrinsic contribution. The CNBT-Cr20 ceramic exhibited excellent properties
with a high T 0of 655°C, a high d5; 0f 29 pC/N, and a resistivity high than 10° Q cm
at 500°C, demonstrating its potential for applications at high temperatures such
as 500°C.
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combustion engines, piezoelectric sensors are used to mea-
sure the temperature of the engine before ignition, when

Piezoelectric materials with electromechanical coupling
characteristics are essential smart materials for prepar-
ing various sensors, actuators, and transducers, which
are widely used in several fields, such as aerospace,
electronics, medical, biological, and energy.! Owing to
substantial industrial development, piezoelectric devices
are required to operate in a wide range of temperatures.
For instance, in the automotive electronics indus-
try, to improve the efficiency and reliability of internal

they are operating in an environment of high-temperature
thermal cycles (>500°C).> The Curie temperature (T()
and piezoelectric coefficient (ds3) of high-temperature
piezoelectric ceramics, which are key components of
high-temperature sensors, are the most critical evaluation
factors for their proper operation. T not only determines
the depolarization temperature and service temperature
of piezoelectric ceramics but also ensures that ceramics
are not susceptible to aging effects in a significantly lower

J Am Ceram Soc. 2023;106:2357-2365.

wileyonlinelibrary.com/journal/jace

© 2022 The American Ceramic Society. | 2357


https://orcid.org/0000-0001-5395-3831
https://orcid.org/0000-0002-0761-0915
https://orcid.org/0000-0002-1546-7741
mailto:zyzhou@mail.sic.ac.cn
https://wileyonlinelibrary.com/journal/jace
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjace.18919&domain=pdf&date_stamp=2022-12-14

= | Journal

ZHANG ET AL.

iAmerican Ceramic Society

35
Y this work - [10] 00
@ [11] O [12] g [13]
© (14 = [19] [16] hi k
30F| = [17] I [18] ¥ [19] *t Al
@ [20] © [21] « [22] a
D [23] & [24] ™ [25] =%
= W [26] © 271 © [28] |y
O 25F| @ 8l © [29] M [30] -
2 @ [31] ™ [32] A
] =] o] =]
s 20 « b %
&}
i |
15 ©
(. et (N C N I,
497 504 560 580 600 620 640 660 680 700
Tc (°C)
FIGURE 1 Summary of dy; and T of some

Na, 5Bi,; 5Ti,O;5-based modification works so far

temperature range. Perovskite-structured piezoelec-
tric ceramics, among which lead zirconate titanate
(Pb(Zr,Ti)Os3, PZT) is a representative example, are the
most successful commercially available piezoelectric
materials, the Tc < 400°C and service temperature
(<300°C) of which are relatively low; hence, they cannot
be used at higher temperatures. Presently, there is an
urgent need to investigate high-temperature piezoelec-
tric ceramics that can be applied in environments with
temperatures of 500°C or higher.

Bismuth layer-structured ferroelectrics (BLSFs) with
the general formula (Bi,0,)*"(A,_1B,05,43)*" are an
important category of lead-free ferroelectrics and piezo-
electric materials that have potential applications in high-
temperature sensors because of their high T and large
spontaneous polarization (P,).> Their structure is a sym-
biosis of (A,,_;B,,03,.+3)*~ units and (Bi,0,)** slabs along
the vertical direction. However, the P; of BLSFs is sig-
nificantly anisotropic and can only be oriented along the
a-axis, limiting the polarization flip of the defective dipoles
to the a-b plane, which naturally results in a low piezo-
electric coefficient. A high piezoelectric coefficient enables
the piezoelectric material to exhibit a large mechanical
response or large electrical response when an external elec-
tric field or force field is applied, which directly determines
the sensitivity of high-temperature sensors. Among all
the BLSFs used for high-temperature piezoelectric sensors
at 500°C, Na 5Bi4 5Ti4O;5 (NBT) has a relatively high ds;
(~16 pC/N) and a suitable T (~650°C). However, the d;
of NBT ceramics is not sufficiently high to use it as the key
component of piezoelectric sensors in most applications,
necessitating further improvement.

In perovskite materials such as PZT, amphoteric
dopants with both soft and hard characteristics, such
as MnO,, CeO,, and Cr,03;, yield satisfactory results
in improving their piezoelectric properties. It has been

demonstrated that 0.75BiFe03;-0.25BaTiO; modified
with Mn can achieve a ds; of 110 pC/N.> The addition of
0.3 wt% Cr,03 to a Pb(Zny/3Nb,/3)0.20(Zr0.50 Tio.50)0.8003
system resulted in a more stable tetragonal phase relative
to the rhombohedral phase, increasing the ds;; from
420 to 490 pC/N.° Yan et al. investigated the effect of
Cr,0; addition on the crystal structure and properties of
PbZr, Ti,(Mg;3Nb,/3)1-—,O3 and reported an increase in
ds; by 50 pC/N.” Notably, recent studies have reported that
Cr,0; has similarly improved the piezoelectric properties
of BLSF piezoelectric materials. For instance, among mod-
ifications with MnO,, CeO,, and Cr,03, that with Cr,0;
provided the best improvement in the ds;; and thermal
stability of SrBi,Ti,0;5.% In addition, Cr,05 addition had
positive effects on the piezoelectric properties of Wo+-
doped Bi,;Ti;0;, and CaBi,Nb,Og, with an increase in the
ds; values to 28” and 15 pC/N?, respectively. The addition
of moderate amounts of Cr,0; also effectively improved
the fracture strength of the BIT component due to the
induction of large grains or low fracture toughness. The
substitution of Ti** by Cr3* affects the tilt of the oxygen
octahedron and the electrical properties of the material by
creating oxygen vacancies in the oxygen octahedron.

In our previous study, we investigated the effect of
the Ca®* substitution of (NagsBiys)>* at site A on the
structure and electrical properties of NBT and observed
that the composition (NagsBigs)95Cag05BisTisO15
(CNBT) had superior piezoelectric properties.'
In this study, Cr,0; was added to obtain a
(Nag sBig.5)0.95Cag.05BisTigO15 + 0.2% Cr, 05 material, and
as expected, an excellent piezoelectric coefficient ds; of
29 pC/N and a high T of 655°C were achieved. This newly
designed NBT-based piezoceramic exhibits outstanding
performance compared to most NBT-modified materials
as shown in Figure 1.!973* The effect of Cr,0; addition on
the structure and dielectric, ferroelectric, and piezoelectric
properties of the CNBT ceramics was further explored.

2 | MATERIALS AND METHODS

Ceramics with compositions of Cag5(Nag 5Bigs)g95Bis
Ti 05 + x Wt% Cr,05 (x = 0, 0.1, 0.2, and 0.3, abbreviated
as CNBT-Cr100x: CNBT, CNBT-Cr10, CNBT-Cr20, and
CNBT-Cr30, respectively) were prepared using a conven-
tional solid-state reaction. According to the composition
design, the raw materials and their purities were Bi,O3
(99.9%), Na,CO;3 (99.8%), TiO, (99.62%), CaCO;z (99%),
and Cr,05 (99%). The raw materials were ball-milled with
alcohol and agate balls for 4 h according to the stoichio-
metric compositions for thorough mixing. Thereafter,
the mixture was dried at 80°C for approximately 3 h. It
was subsequently calcined at 850°C for 2 h to allow it to
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FIGURE 2 (A)X-ray diffraction (XRD) patterns of CNBT-Cr100x ceramics; Rietveld refinement for (B) CNBT and (C) CNBT-Cr20
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FIGURE 3 (A) Unit cell morphology and atomic positions of CNBT-Cr100x; degree of tilt (B) and rotation (C) of pseudo-perovskite of
CNBT-Cr20
TABLE 1 Tilt and rotation of TiOg of CNBT was measured through X-ray diffraction (XRD, Rigaku
Z1 22 23 RAX-10, Tokyo, Japan, 1 = 1.54056 A) with Cu K, radi-
CNBT 5.0 4° 12.9° ation. Refined initial XRD data were obtained using the

sufficiently react to form new species. The new substance
and Cr,0; were ground with alcohol for 6 h to reduce the
particle size while mixing Cr,05 uniformly with NBT. The
powder with small particles was combined with 6% PVA
as a binder to form larger particles, which were pressed
into disks with a diameter of 13 mm. The green bodies
were sintered at 1150°C for 2 h and thereafter processed
into ceramic sheets of a uniform thickness of 0.5 mm.

To study the internal structure of the ceramics more
carefully, one of the sides of the ceramic pieces was
polished, and the crystal structure of the ceramic blocks

ceramic powder. The sizing and scanning times for the
two steps were 0.02° for 8 min and 0.003° for 2 h, respec-
tively. The microstructures of the ceramic pieces were
examined using a benchtop scanning electron microscope
(Hitachi, Tokyo, Japan). A piezoelectric reaction force
microscope (MFP-3D, Asylum Research, USA) was used
to characterize the structural domains. The force constant
of the piezoelectric force microscopy (PFM) conductive
cantilever beam was 2.8 N/m, and the resonance fre-
quency was 75 Hz. To test the electrical properties of the
CNBT-Crl100x ceramics, they were covered with Pt elec-
trodes and sintered at 850°C for half an hour. Subsequently,
the dielectric constant and loss versus temperature were
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measured using an impedance material analyzer (Model
DMS-1000, Partulab, China) and an instrument (Model
E4990A; Keysight, USA). The magnitudes of the remanent
polarization and the coercive field were obtained using an
electrical analyzer (TF Analyzer 2000, aixACCT, Aachen,
Germany) at 1 Hz and 180°C. The piezoelectric coefficient
was measured at room temperature using a quasi-static ZJ-
3AM d;; meter (Institute of Acoustics, Chinese Academy of
Sciences, China). The variation of DC resistivity with tem-
perature was measured using an HRMS-900 conductivity
measurement device (Partulab, Wuhan, China).

3 | RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of the polished piezo-
ceramics of the CNBT-Crl00x compositions, reflecting
their crystal structures. The positions of all the major
peaks are observed to be in good agreement with the PDF
card (#52-1640), indicating that the crystal phase is not
affected by the addition of Cr,0s5. The strongest peak of the
CNBT-Cr100x ceramics is for the (119) reflection, which
is consistent with the fact that the main peak of the BLSFs
ceramics is at (112m + 1).%° Rietveld refinement analysis
was performed for the CNBT and CNBT-Cr20 powders
using the A2lam space group, and the calculated results
agreed well with the experimental data (GOF, Rp, and wRp
were less than 5).

As shown in Figure 3, the effect of Cr,0O5 addition on
the crystal structure of CNBT-Crl00x was explored in
depth using Vesta. In BLSFs, the degree of distortion of
the pseudo-perovskite layer is commonly used to indicate
the lattice distortion of the ceramics.'®*” One unit cell of
the CNBT-Crl00x ceramic contains eight types of oxy-
gen atoms and two types of pseudo-perovskite. Here, the
degree of tilt is expressed by angle 1 (£1) between the ver-
tex oxygen atoms O2 and 06 of the two [TiO4] octahedra
and the c-axis. The degree of rotation of the octahedron
is indicated by angle 2 (£2) between O3, 08, and the b
axis and angle 3 («£3) between 05, O7, and the b axis. A
comparison of #1, 2, and «3 of CNBT and CNBT-Cr20
indicates that the addition Cr,0; has little effect, as illus-
trated in Figure 3B,C and Table 1, mainly because of the
small amount of Cr,05 entering the lattice and the similar
radii of Cr3* (0.615 A) and Ti** (0.605 A).

The microscopic morphology of the ceramic grains of
CNBT-Cr100x is shown in Figure 4. The CNBT-Cr100x
series of ceramics has a unique morphology of irregular
platelet-like grains similar to other BLSFs, which leads to
the generation of partial pores.”> The relative denseness
of the ceramics can be observed from the cross-sectional
images illustrated in Figure 4(a2)-(d2). The grain sizes
of CNBT-Cr20 and CNBT-Cr30 are larger than those of

34 SE4 5 e Ol

i o o
FIGURE 4 SEM images of natural surfaces of (A) CNBT, (B)
CNBT-Cr10, (C) CNBT-Cr20, and (D) CNBT-Cr30 ceramics; SEM
images of cross sections of (a2) CNBT, (b2) CNBT-Cr10, (c2)
CNBT-Cr20, and (d2) CNBT-Cr30 ceramics

CNBT. According to the sintering theory, the grain surface
and grain boundary energies are the main driving forces for
sintering and grain growth, which are closely related to the
migration of ions. Therefore, the addition of Cr,03 affects
the activation energy of ion migration in CNBT-Cr100x,
resulting in grain growth.

The dielectric constant and loss versus temperature
curves of the unpoled CNBT-Cr100x are shown in Figure 5.
When Ca®* replaces (NajsBiys)*" at site A, the T of
CNBT-Cr100x ceramics is slightly higher than that of NBT
(approximately 650°C). The modification of Cr,0; has
no significant effect on the T of CNBT-Cr100x ceramics,
which remains at approximately 655°C, indicating that it is
directly related to the insignificant lattice distortion illus-
trated in Figure 3. The dielectric peaks of CNBT-Cr100x
are sharp and the dielectric constant varies smoothly with
temperature, demonstrating the stability of the dielectric
properties. Furthermore, influenced by the positive effect
of Ca?*, the dielectric loss of CNBT-Cr100x is less than
that of NBT.'? As the concentration of Cr,0; increases, the
dielectric loss of CNBT-Cr100x gradually increases, which
is related to the increase in the concentration of defects.

The ferroelectric properties of the CNBT-Cr100x ceram-
ics are illustrated in Figure 6, which were all measured
at 1 Hz and 180°C. The remanent polarization (P,) of the
CNBT-Crl00x ceramics increases significantly with the
addition of Cr,05. However, with the addition of Cr,03,
the hysteresis loop gradually becomes unsaturated, and
the saturation hysteresis loop of CNBT-Cr30 cannot be
measured even if the temperature or frequency is changed.
The relatively small P, is caused by the pinning of the
domain walls (DWs).*> The charge defects (mainly oxygen
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FIGURE 5 Dielectric properties of CNBT-Cr100x: dielectric constant (A) and dielectric loss (B) versus temperature at 1 MHz
gradually approaches that of the high-temperature region.
20 g:gl-cn 0 E, can be determined using the Arrhenius formula, and
15— CNBT-Cr20 A the specific values are shown in Figure 7B. The fluctuations
10 in the E, values at different temperature intervals illustrate
< 5l the different conduction mechanisms of CNBT-Cr100x in
g the high- and low-temperature regions. The conduction
o 0 mechanism of pure NBT ceramics is a mixture of p-type
E:.‘/ SF and ion-type conductions, where the concentration of car-
10 | riers is related to the concentration of V. .?” To balance the
A5k 2 @ 180°C carrier charges, the bismuth vacancies in the BLSFs caused
5.5 kV by Bi volatilization generate several oxygen vacancies. The
-20 | . .
. ) . . holes generated by the oxygen vacancies trapping oxygen
15 10 -5 0 5 10 15 are involved in conduction as carriers, as expressed in the
E (kV/mm) following equations:
FIGURE 6 Ferroelectric properties of CNBT-Crl100x ceramics 2Bi§i + 306 N ZVI’S’{ + 3VE). + Bi,O; )
at 180°C: P-E loops of CNBT, CNBT-Cr10, and CNBT-Cr20 !
vacancies) are absorbed by the DWs, which are pinned V§ +0.50, = 2h + OS 2)

when the concentration of defects in their vicinity reaches
a critical value. Therefore, a high DW density or a small
number of defects may enhance the polarization prop-
erties of the ceramics. It has been proven that the slope
of the right-hand side of the P-E curve with respect to
the coercive field (E,) is related to the mobility of the
ferroelectric domains.>® The slope of the curve between
points A and B in Figure 5 increases significantly with
the addition of Cr,03, indicating that the mobility of
the ferroelectric domains of CNBT-Crl00x becomes
easier with respect to that of pure CNBT. However, the
leakage currents of CNBT-Cr20 and CNBT-Cr30 increase
significantly owing to the carrier concentration.

To further analyze the variation in the concentration
of oxygen vacancies and the electrical properties of the
materials, the variations in the DC resistivity (o) and acti-
vation energy (E,) of the CNBT-Crl00x ceramics with
temperature were investigated, and the results are shown
in Figure 7. With the addition of Cr,0;, the resistivity
decreases significantly in the low-temperature region and

At lower temperatures, E, is almost equal to the value
of the secondary ionization of oxygen vacancies, indicat-
ing that the conduction mechanism is dominated by hole
conduction related to oxygen vacancies.?’ At higher tem-
peratures, E, is almost equal to half the Eg of BLSFs,
proving that ionic conduction dominates the conduction
mechanism in this temperature range. The change in the
conduction mechanism is consistent with the change in
resistivity. At lower temperature, more oxygen vacancies
are generated owing to the substitution of Ti** at the B site
by Cr3*, which reduces the resistivity of CNBT-Cr100x, as
expressed in the following equation:

.
Cr,05 = 3V +2Cry; + 4e 3)

As the temperature increases, the contribution of
intrinsic carriers to the conductivity increases, causing
the conductivities of CNBT-Crl00x to become very
close to each other when it equals or even exceeds the
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FIGURE 8 Variation of d;; of CNBT-100x with polarization voltage from 6 to 15 kV/mm. (A) Variation of d33 of CNBT-Cr100x with

polarization voltage from 6 kV/mm to 15 kV/mm; (B) The thermal stability of d33 of CNBT-Cr100x from 25°C to 660°C

effect of addition. The p-T curve gradually converges in
the high-temperature region. At 500°C, the resistivity of
CNBT-Crl00x is greater than 10° Q cm. The lower conduc-
tivity at high temperatures can reduce the charge drift and
ensure the practical application of piezoelectric ceramics at
high temperatures. In addition, it can be seen from Figure 7
that the transition temperature from hole conduction to
ion conduction gradually shifts to the high-temperature
region as the concentration of Cr,0; increases.

The piezoelectric coefficient of the CNBT-Crl00x
ceramics versus the applied voltage during polarization
is shown in Figure 8. The samples were polarized under
electric fields of 6, 8, 10, 12, and 14 kV/mm for 10 min.
CNBT-Cr20 and CNBT-Cr30 exhibited a high piezo-
electric coefficient (approximately 29 pC/N), significantly
higher than the ds; of 22 pC/N for CNBT and close to twice
that of NBT ceramics (16 pC/N). In addition, the domains
of CNBT-Cr20 and CNBT-Cr30 essentially switch at an
electric field of 8 kV/mm, with little change in d3; when
the electric field is increased further. In comparison with
the pure CNBT ceramics, CNBT-Cr20 and CNBT-Cr30

complete domain switching at a high electric field of
14 kV/mm, indicating that their domain switching is much
easier. The good thermal stabilities of d3; of CNBT-Cr100x
are obtained from Figure 8B, with a variation of less than
10% from room temperature to 500°C.

The spontaneous polarization values of the CNBT and
CNBT-Cr20 ceramics were determined to identify the rea-
sons for the increased piezoelectric coefficient, and the
results are shown in Figure 9. The piezoelectric response of
ferroelectric materials includes internal and external con-
tributions, where the internal response is the contribution
of atomic displacements at the unit cell level. In BLSFs, the
spontaneous polarization (Pg) originates from the displace-
ment of atoms along the a-axis during the ferroelectric
phase transition. Larger lattice distortions help increase
the spontaneous polarization and improve the piezoelec-
tric properties of ceramics.?’ P can be calculated using the
Shimakawa model as follows*®:

Py = Z(miXAxiXQie)/V’
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FIGURE 9 Contribution of each atom to spontaneous polarization for (A) CNBT and (B) CNBT-Cr20

FIGURE 10 Piezoresponse force
microscopy (PFM) in 3 um X 3 um: out-of-plane
PFM phase of (A) CNBT and (C) CNBT-Cr20;
images of (B) CNBT and (D) CNBT-Cr20
ceramics; phase hysteresis loops of (E) CNBT and
(F) CNBT-Cr20

140° (B)
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where m; denotes the lattice multiplicity, Ax; is the dis-
placement of each atom along the a-axis, Q;e is the charge
of the ith component ion, and V is the unit cell volume. It
can be seen from Figure 9A,B that even if all of the 0.2 wt%
Cr,0; enters the lattice of CNBT-Cr100x, the P, values of
CNBT and CNBT-Cr20 do not change significantly, indi-
cating that the increase in the ds; of CNBT-Cr20 has no
effect on the intrinsic contribution. The total Py is mainly
contributed by the displacement of the A-site ions and ions
in the TiOg octahedron.

-10 [ 10
Voltage(V)

20 30 -30 -20 -10 L] 10 20 30
Voltage(V)

PFM is a powerful technique for studying ferroelectric
phenomena, such as ferroelectric domain inversion,
fatigue and storage mechanisms, and phase transitions
of ferroelectric materials.***! The external contribution
to the piezoelectric response of ferroelectric materials is
related to domains and DWs. The d;; value of ferroelectric
ceramics is determined by the macroscopic polarization
arrangement induced by the external electric field, which
results from the alignment of the dipole along the direction
of the applied electric field. The spontaneous polarization
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of most BLSFs is along the a-axis; therefore, 90° and
180° ferroelectric DWs are more likely to be present in
the CNBT-Cr100x ceramics.*” The phase hysteresis loops
illustrated in Figure 10E,F indicate that, there are 180°
DWs in CNBT-Cr100x. As shown in Figure 10A,C, the
phases of the CNBT and CNBT-Cr20 ceramics have a
stripe-like morphology similar to the domains of other
BLSFs.** The DWs density of the CNBT-Cr20 ceram-
ics is significantly higher than that of CNBT, which
is favorable for improving ds;. The magnitude of the
piezoelectric response is reflected in the images illustrated
in Figure 10B,D, where that for CNBT-Cr20 is greater
than that for CNBT, corresponding to the actual relative
magnitude of the piezoelectric coefficient.

4 | CONCLUSIONS

In this study, a series of CNBT-Crl00x ceramics with
the crystal structures and microscopic morphologies
consistent with classical morphologies of BLSFs were
through conventional solid-state synthesis. Cr,03 entered
the lattice of the B site and replaced Ti*t, thus increasing
the electrical conductivity at low temperatures. At high
temperatures, the conduction mechanism changed from
electron to ion conduction. The resistivity of CNBT-
Cr100x gradually converged at high temperatures and was
higher than 10° Q cm at 500°C, confirming the suitability
of the ceramic for application at high temperatures.
CNBT-Cr100x ceramics have a high T around 655°C and
low dielectric loss. The CNBT-Cr20 ceramics exhibited a
higher piezoelectric coefficient of 29 pC/N and were more
easily fully polarized at low electric fields. The reasons for
the increase in ds;3 in CNBT-Cr20 were explored in terms
of the intrinsic and extrinsic contributions. The P values
of CNBT (31.85 uC/cm?) and CNBT-Cr20 (31.76 uC/cm?)
were almost equal. The density of the DWs of CNBT-Cr20
was higher than that of CNBT, which made the domain
switching of CNBT-Cr20 easier. The high T (655°C), high
d; (29 pC/N), and high resistivity (>10° Q cm, @500°C)
of the CNBT-Cr20 piezoelectric ceramics indicate their
potential stability and suitability for application at
500°C.
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