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ABSTRACT: With increasing awareness of environmental protection,
the electrical performance and sintering process of lead-free
piezoelectric ceramics are continuously optimized to replace lead-
based materials. Exploring an appropriate doping strategy is believed
to achieve concurrent improvements in lead-free piezoelectric
ceramics. In this work, SiC was selected to optimize the phase
structure, defect configuration, and morphology of (BaggsCag;s)
(Zry4Tig )05 (BCTZ) lead-free piezoelectric ceramics. On the one hand,
SiC could promote the sintering process and grain growth due to its
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excellent thermal conductivity, resulting in the compactness and

outstanding insulation of the doped ceramics. On the other hand, the

—> Heat transmission path

incorporation of Si* in the B-site of the ABO; lattice not only deforms the crystal structure and enhances the lattice distortion but
also reduces the oxygen vacancy concentration and increases the charge carrier activation energy. As a result, excellent
comprehensive piezoelectric responses of piezoelectric coefficient (di3) = 638 pC/N, inverse piezoelectric coefficient
(d53*) = 1048 pm/V, planar electromechanical coupling coefficient (k,) = 58.21%, and Curie temperature (7,) of ~95 °C were achieved
with the optimized composition. Our work demonstrated that SiC-doped BCTZ-based ceramics are potential candidates for
replacing lead-based piezoceramics.

KEYWORDS: (BaggsCag 15)(Zrg1Tigo)O5 (BCTZ) piezoceramics; SiC doping; sintering temperature; crystal structure; excellent

piezoelectric properties

1 Introduction

Piezoelectric ceramics are functional materials that can achieve
mutual energy conversion between mechanical energy and
electrical energy. They have been widely fabricated into actuators,
transducers, and sensors and are used in aerospace, daily
production, information communication, etc. [1-4]. Over the past
few decades, lead-based piezoelectric ceramics have been
popularly applied because of their excellent piezoelectric
performance. However, lead is poisonous to the environment and
human health. To respond to the requirements of national
environmental protection, researchers have focused more
attention and development efforts on lead-free piezoelectric
ceramics in recent years [5,6]. Among these alternatives, BaTiO,
(BT)-based piezoelectric ceramics are among the most promising
candidates because they have emerged as promising candidates
because of their good dielectric properties and excellent solid
solubility compared with other perovskites [7,8]. In particular, a
Ba(Zr,,Tiy)Os—x(Bay;,Cay3)TiO; system with an excellent
piezoelectric coefficient (d;;) of 620 pC/N was explored by

Liu and Ren [9], which greatly accelerated the development and
application of BT-based ceramics. However, the ultrahigh
sintering temperature of > 1500 °C and relatively low
comprehensive piezoelectric performance compared with those of
commercial lead-based piezoelectric ceramics still hinder their
practical application.

One of the most common methods to improve the piezoelectric
response is to construct a morphotropic phase boundary (MPB) at
room temperature through appropriate doping strategies or the
incorporation of second-phase perovskites. For example,
Chen et al. [10] studied the multiphase region around room
temperature in a Li-doped (BaygsCay5)(Zry;Tige)O05 (BCTZ)
ceramic system and reported excellent piezoelectric properties of
ds3 = 493 pC/N and planar electromechanical coupling coefficient
(k, = 0.47). Unfortunately, the Curie temperature (T) decreases
from ~100 to 60 °C, which severely deteriorates the thermal
stability. ThesecondaryphaseSiTO,wasincorporatedinto(Ba,g;Cay ;5)
(TigoZrypsSng,)O5  ceramics  to  realize  rhombohedral-
orthorhombic-tetragonal multiphase coexistence and achieved
excellent d;; of 398 pC/N, accompanied by a rapid reduction in T,
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of ~60 °C [11]. The main reason is that the sufficient diffusion of
heterogeneous elements into the ABO; lattice flattens the Gibbs
free energy among these ferroelectric phases and thus leads to
flexible polarization switching [12].

Advanced sintering processes [13,14] and the addition of
sintering aids [12,15] are usually carried out to reduce the
sintering temperature of BT-based ceramics. The former would
generate a large manufacturing cost and is difficult to promote.
The sintering aids, such as LiF, CuO, and MnO,, can effectively
reduce the sintering temperature through the generated liquid
phase with a low melting point [16,17]. However, this usually
results in a severely degraded piezoelectric response because the
formed secondary liquid phase does not exhibit piezoelectricity.
For instance, adding CuO to BaygCay 5TiygZr);0; lead-free
piezoelectric ceramics reduces the sintering temperature from
1500 to 1400 °C but leads to a decrease in d;; from 360 to
225 pC/N [17].

Although doping is still a common and effective method for
optimizing performance and preparation technology, it is still
difficult to achieve excellent comprehensive piezoelectric
performance simultaneously with a low sintering temperature. In
this work, SiC was selected to optimize the BCTZ ceramics. On
the one hand, the doping of SiC could promote the sintering
process and compactness of ceramics because of its excellent
thermal conductivity. On the other hand, Si* entered the B-site of
the ABO; lattice, changing the crystal structure and causing lattice
distortion with increasing SiC content. As a result, the optimized
composition achieved the best piezoelectric performance of d;; =
638 pC/N and ds;* = 1048 pm/V when the SiC doping amount
was 0.1 mol%.

2 Experimental

(BaygsCag5)(Zry; Tipe)O3—xmol% SiC (BCTZ-xSiC for abbre-
viations; x = 0, 0.05, 0.1, 0.15, and 0.2) ceramics were synthesized
via the conventional solid-phase reaction method. Analytically
pure powders of BaCOs (> 99%), CaCO; (> 99%), TiO, (> 99%),
BaZrO; (> 99%), and SiC (> 99%) were purchased from Shanghai
Macklin Biochemical Co., Ltd,, China. After the alkali metal
carbonate was dried, the raw materials were weighed according to
the nominal stoichiometric composition and ball-milled with
ethanol for 12 h. The mixed chemicals were subsequently dried
and presintered in an alumina crucible at 1150 °C for 3 h and then
milled again for 12 h. After being dried and mixed with
polyethylene butyraldehyde (PVB; 5 wt% alcohol solution), the
powders were pressed into pellets with a diameter of 10 mm and a
thickness of 1 mm under a uniaxial pressure of 4 MPa. The green
ceramics were heated at 600 °C for 3 h to remove PVB and then
sintered at 1400-1460 °C for 2 h. The sintered sample was coated
with silver on both sides, fired at 600 °C for 10 min, and finally
poled under an electric field of 3 kV/mm for 30 min.

The crystal structure of the ceramics was determined via an X-
ray diffractometer (XRD; SmartLab, Rigaku, Japan) with a Cu Ka.
The microstructures of the samples were observed by a scanning
electron microscope (SEM; LEO-1530, OberkoChen, Germany).
Transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and selected area
electron diffraction (SAED) were carried out on an electron
microscope (2100Plus, JEOL, Japan) at 200 kV after the ceramics
were polished and then thinned via an ion thinning instrument
(Gatan691, Gatan, USA). Raman spectra in the range of 100-
1000 cm™ were collected via 632 nm radiation on a Raman
microscope spectrometer (LabRAM HR Evolution, Horiba,
France). Information on the oxygen vacancy and valence state of
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silicon was acquired via an X-ray photoelectron spectroscope
(XPS; ESCALab 250 Xi, Thermo Fisher Scientific, USA). The
density of the ceramics was measured via the Archimedes method
in distilled water. The quasistatic ds; of the poled ceramics was
measured with a quasistatic d;; meter (Z]-3A, Chinese Academy
of Sciences, China). The planar k,, permittivity (e,), and dielectric
loss (tand) at 1 kHz were determined via an impedance analyzer
(Agilent 4294 A, Agilent, USA). The dielectric performance was
tested with a precision LCR meter (E4990A, Keysight, USA) from
-50 to 200 °C. Polarization hysteresis (P-E) loops and
strain-electric (S-E) field curves at 1 Hz were measured via a
ferroelectric analyzer (aixACCT TF Analyzer 3000, Aachen,
Germany). The impedance and electrical modulus spectra over
frequencies from 20 Hz to 1 MHz under root mean square voltage
(Vime) of 100 mV AC signal were measured by an impedance
analyzer (Agilent 4294 A, Agilent, USA).

3 Results and discussion

The grain sizes of the BCTZ-xSiC ceramics were investigated via
SEM, as shown in Figs. 1(a)-1(e). The corresponding grain size
distributions and sintering temperatures are presented in the
insets. The average grain size and relative density (measured via
the Archimedes method in distilled water) as a function of x are
shown in Fig. 1(f). The relative density of all the ceramic samples
was greater than 97%, which was responsible for their excellent
electrical properties. In addition, with an increasing doping
amount, the grain size first increased but then decreased, reaching
a maximum value of 12.57 ym at x = 0.1. Owing to the excellent
thermal conductivity of SiC (300-500 W/(m-K)) [18] compared
with BaTiO; (2-15 W/(m-K)) [19], SiC could reduce the sintering
temperature, promote grain growth, and improve the
compactness of the sample as a sintering aid. When the doping
amount increased to more than 0.1 mol%, some of the SiC
particles gathered at the grain boundaries, inhibiting grain growth
and reducing the grain size. The grain size had an important
influence on the piezoelectric properties. On the one hand, the
large grain size corresponded to the low content of non
ferroelectric grain boundaries, which was attributed to the
enhanced piezoelectric properties, considering that the grain
boundaries had no contribution to the piezoelectric properties
[20]. In addition, the SiC located at the grain boundaries could
improve the mechanical properties and thus enhance the electrical
properties [21]. On the other hand, with increasing grain size, the
ferroelectric domain size increases, which is beneficial for excellent
piezoelectric properties [22,23]. To confirm the composition
distribution of the ceramics, the local microstructure of the
ceramics and the corresponding detailed elemental distribution
images were obtained. As shown in Figs. 1(g) and 1(h) that Si was
evenly distributed in the BCTZ—-0.1SiC ceramic, which indicated
that Si entered the lattice of the ceramics. Moreover, Si was
enriched in the BCTZ-0.2SiC ceramic, indicating that a secondary
phase with a grain size of approximately 10 pm appeared and that
some Si did not enter the lattice in the BCTZ—0.2SiC ceramic, as
displayed in Figs. 1(i) and 1(j). The raw SiC particles had an
average grain size of 20-50 nm and good crystallinity, as shown
by the TEM and HRTEM images in Fig. SI in the Electronic
Supplementary Material (ESM). This demonstrated that the SiC
easily grew during the sintering process. Except for Si, the other
elements were evenly distributed without any enrichment,
indicating that the other elements were dissolved into the lattice,
as shown in Fig. S2 in the ESM.

Domain wall motion makes a significant extrinsic contribution
to piezoelectric properties. Therefore, TEM of the BCTZ-0.1SiC
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Fig.1 SEM images of (a) BCTZ-0SiC, (b) BCTZ-0.05SiC, (c) BCTZ-0.1SiC, (d) BCTZ-0.15SiC, and (e) BCTZ-0.2SiC samples. (f) Average grain size and relative
density of BCTZ-xSiC as a function of x. (g) SEM surface image and (h) Si elemental distribution map of BCTZ-0.1SiC sample. (i) SEM surface image and (j) Si

elemental distribution map of BCTZ-0.2SiC sample.

ceramic samples was carried out to characterize the domain
configuration, as shown in Fig. 2. Strip-layered and herringbone
domain clusters were observed in the samples, with average sizes
of approximately 80-300 nm, as shown in Figs. 2(a) and 2(b). The
refined domain configurations could facilitate the polarization
orientation under an external electric field and the orderly
arrangement of ferroelectric domains, thereby enhancing the
piezoelectric response of ceramics [24]. The stripe domains
correspond to the 90° ferroelectric domain wall, and the
polarizations in the adjacent domains are arranged at the
beginning and end of the domain wall. Both sides of the
herringbone pattern are formed by many parallel stripes at an
angle of nearly 90° [25]. The stripe and herringbone domains are
usually reported to be typical features of the domain configuration
for BaTiO; ceramics with tetragonal symmetry. These materials
are highly sensitive to the applied external electric field, which is
conducive to polarization switching and can significantly improve
the piezoelectric effect [26,27]. Furthermore, the interplanar
spacing of 0.28 nm in the HRTEM image corresponds to both the
(110) and (101) crystal planes of BCTZ (JCPDs No. 85-0368), as
displayed in Fig. 2(c). The corresponding SAED patterns in
Fig. 2(d) provided further confirmation of the high crystallinity.
The crystal structures of the BCTZ-xSiC ceramics were
investigated via XRD patterns, as shown in Fig. 3(a). A pure
perovskite structure without any impurities was observed,
indicating that the doped elements were completely immersed in
the BCTZ-0SiC ceramics. A small diffraction peak near 30°
indexed to SiO, (PDF#75-1381) was found for the BCTZ-0.2SiC
ceramic, as shown in Fig. 3(b), which indicated that SiC
transformed into SiO, during the high-temperature sintering

https://doi.org/10.26599/JAC.2025.9221054

process because of the instability of SiC in air. The incomplete
splitting of the (200) diffraction peaks proved that the BCTZ-xSiC
ceramic sample was located in the multiphase coexistence region
with rhombohedral (R), orthorhombic (O), and tetragonal (T)
phases [28,29]. The (002)/(200) XRD peaks at approximately
45°-45.5° are displayed in Fig. 3(c). The peak position shifted to a
higher angle with increasing SiC content, indicating that the ABO,
lattice shrank. Considering the radii of the Si* (0.42 A), zZr+
(0605 A), and Ti* (0.72 A) ions, it was suggested that Si ions
tended to enter the B-site in the ABO; lattice.

To further explore the influence of SiC on the crystal structure
of the BCTZ-xSiC ceramic samples, we performed Rietveld
refinement on the XRD patterns with the assistance of GSAS
software (version 2.0). Figure 3(d) shows the Rietveld refinement
XRD patterns of the BCTZ-0.1SiC ceramics with rhombohedral
(R3m) (PDF#85-0368), orthorhombic (Amm2) (PDF#81-2200),
and tetragonal (P4mm) (PDF#79-2265) crystal structures. The
other XRD refinement results are shown in Fig. S3 in the ESM.
The refinement parameters and lattice parameters of the
BCTZ-xSiC ceramics are summarized in Table S1 in the ESM.
The calculated lines fit very well with the experimental lines, and
all the refined fitting parameters—weighted profile residual (R,;)
and diffraction line profile residual (R,) values were less than 10%,
proving that the fitting results were reliable. All the ceramic
samples located at MPB were composed of rhombohedral,
orthorhombic, and tetragonal phases. In addition, the lattice
parameters generally decreased as the SiC content increased,
which indicated the incorporation of Si ions into the ABO; lattice.
The atomic coordinates of the BCTZ-xSiC ceramics, as
summarized in Table S2 in the ESM, also confirmed the entrance
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Fig.2 (a,b) Bright-field TEM images, (c) HRTEM image, and (d) SAED pattern of BCTZ~0.1SiC ceramic samples.
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Fig.3 (a) XRD patterns, (b) magnified diffraction peaks in 26 range of 28.3°-29.3°, and (c) magnified (002)/(200) diffraction peaks of BCTZ-xSiC samples. (d) XRD
Rietveld refinement results for x = 0.1 sample. () Phase fractions of BCTZ-xSiC ceramic samples. (f) ¢/a of BCTZ-xSiC ceramics as a function of x.

of Si into the lattice. According to Fig. 3(e), with increasing SiC
doping amount, the proportion of the tetragonal phase first
increased but then decreased, and the maximum value was
obtained for the BCTZ-0.1SiC ceramics, for which the proportion
of the tetragonal phase reached 61%. The tetragonal phase had a
large c-axis, where the B-site ions underwent a large relative
displacement so that the tetragonal phase exhibited a strong
spontaneous polarization ability [8]. XRD analysis revealed that
the doping of SiC affected the crystal structure and then changed
the proportion of the phase structure due to the occupation of Si
ions in the ABO; lattice. The ratio of ¢ to the lattice constant (c/a)
of the tetragonal phase is summarized in Fig. 3(f) and Table S1 in
the ESM. c/a represents the displacement distance of B-site ions in
the ABO; perovskite lattice, which directly affects the piezoelectric
properties. c/a first increased and then decreased, and the
maximum value was obtained at x = 0.1, indicating that SiC can
not only increase the lattice distortion but also increase the
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displacement distance of B-site ions when x > 1, which is
conducive to achieving an excellent piezoelectric response.

To further elucidate the crystal structure of the BCTZ-xSiC
ceramics, six points were randomly selected from the Raman
images in Figs. 4(a)-4(d) of the ceramic sample and the Raman
spectra in the frequency range of 100-1000 cm™ were plotted, as
shown in Fig. 4(e). The seven vibration Raman bands v,—v,
represented A(TO,), A(TO,), B(TO + LO), E(TO + LO), E(TO) +
A(LO,)), A(TO,)/E(TO) , and A(LO)/E(LO) [30], respectively. The
wave bands at low frequencies are associated mainly with the
vibration of the A-site in perovskite ceramics, and those at high
frequencies are due to the vibration of the TiOg octahedron [31].
The main characteristics of the Raman spectra, such as vg and v,
were consistent with the tetragonal phase of BaTiO; [32].
v, generally exists in rhombohedral and tetragonal phases [33].
v; confirmed the coexistence of rhombohedral and tetragonal
phases [34]. The ceramic samples had a multiphase coexistence

J Adv Ceram 2025, 14(4): 9221054
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structure at room temperature. In addition, the Raman shift at
437 cm™ clearly displaced, indicating that there was stress in the
ceramic sample [35]. The main reason was that Si* ions with
smaller ion radii entered the crystal lattice, resulting in lattice
shrinkage and, thus stress in the ceramic. When the lattice strain
energy reached or exceeded the formation energy of the defect, the
pressure was released, accompanied by the generation of defects,
which was confirmed by the following impedance spectra.

Figure 5(a) shows the ¢ and tand values of the BCTZ-xSiC
ceramics as a function of temperature in the range from —50 to
200 °C measured at a fixed frequency of 1 kHz. The dependences
of ¢, and tand on temperature at different frequencies are shown
in Fig. $4 in the ESM. There were three dielectric constant
anomalies, which correspond to the rhombohedral-orthorhombic
phase transition, orthorhombic-tetragonal phase transition, and
Curie temperature over the measured temperature range. With
increasing SiC content, the phase transition temperature remained
almost unchanged, as shown in Fig. 5(b), indicating that doping
SiC had little influence on the crystal structure. All the samples
maintain high T. of ~95 °C. The broadened rhombohedral-
orthorhombic and orthorhombic—tetragonal phase transitions
near room temperature indicated that the systems located in the
rhombohedral-orthorhombic-tetragonal three-phase coexisted
with the XRD analysis. The construction of an MPB at room
temperature was beneficial for reducing the Landau-free energy
and the anisotropy among multiple phases [36], which was
conducive to domain switching. The coexistence of multiple
phases at room temperature was the fundamental reason for the

9221054-5

high piezoelectric properties in this work. In addition, the tand
values of all the ceramic samples are low. This meant that the
defect concentration of the ceramics was low, which improved the
piezoelectric properties.

The impedance spectra of all the compositions at 400 °C are
presented in Fig. 6(a), with test frequencies ranging from 20 Hz to
1 MHz. Figure S5 in the ESM shows the impedance spectra of the
BCTZ-xSiC ceramics measured from 400 to 475 °C. The samples
had two different typical semicircles, where the former at high
frequency was generated by the grain effect, and the latter at low
frequency represented the contributions of the grain boundaries.
Compared with the other samples, the BCTZ-0.1SiC sample had
a relatively large radius, indicating that it had the highest
resistivity. To obtain the detailed grain resistance (R,), grain
boundary resistance (Ry), grain capacitance (CPE,), and grain
boundary capacitance (CPEg), we used the equivalent fitting
circuit shown in the embedded diagram in Fig. 6(a) to accurately
distinguish the contributions of the grains and grain boundaries.
The fitted grain and grain boundary resistance values at different
temperatures are summarized in Table S3 in the ESM. The grain
resistance is generally greater than the grain boundary resistance,
implying that the migration of defect carriers within grains is
more difficult than that within grain boundaries. Both R, and Ry,
first increased and then decreased, reaching a maximum in the
BCTZ-0.1SiC ceramics, which demonstrated the lowest oxygen
vacancy concentration in the BCTZ-0.1SiC ceramics. To further
confirm the oxygen vacancy concentration in the BCZT-xSiC
ceramics, high-resolution O 1s XPS spectra were collected, as

(e)
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800 1000

Fig.4 (a) Raman microscopy surface image and (b) amplified image of BCTZ-0SiC. (c) Raman microscopy surface image and (d) amplified image of BCTZ-0.1SiC.
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shown in Fig. 6(c). Each O 1s spectrum was fitted with three peaks
representing lattice oxygen ions (O1), oxygen vacancies (O2), and
adsorbed oxygen (O3). The peak area ratios are given in Fig. 6(c).
The variation in the oxygen vacancy concentration was consistent
with the impedance spectra results, and the lowest defect
concentration was obtained when x = 0.1 [37,38].

After fitting, the conductivity of the sample conformed to the
Arrhenius behavior. The activation energy (E,) was calculated via
the Arrhenius formula (Eq. (1)):

_E,
0= erxp (m)

where 0 is the high-temperature limit of conductivity, ¢ is the
conductivity at the measured temperature, E, is the activation
energy, kg is the Boltzmann constant, and T is the Kelvin
temperature. The E, values calculated via the formula are
summarized in Fig. 6(b), where E, represents the grain activation
energy, and Ey, represents the grain boundary activation energy.
E, and Ey, first increased and then decreased with increasing x. In
the BCTZ-0.1SiC ceramics, the maximum values of the activation
energy were obtained, where the E, and E, values were 2.18 and
2.54 eV, respectively. The activation energy usually indicates the
minimum energy required for the transition of long-range carriers
from a metastable state to an excited state [39]. A higher activation
energy means more difficult migration for internal electrons and
oxygen vacancies in perovskite oxides [40,41], which significantly
improves the insulation performance. When x = 0.1, the
migration ability of the surface carriers was the lowest, and the
insulation performance was the highest.

(1)

The largest E, at x = 0.1 corresponded to the lowest oxygen
vacancy concentration. When the undoped BCTZ ceramics were
sintered at high temperature, the lattice oxygen (Og) escaped
during the sintering process because of the high sintering
temperature, accompanied by the generation of oxygen vacancies
(V5) and free electrons (e’). The equation is expressed as
Reaction (2):

5o 20: T 4VG +2¢ @

Therefore, the pure BCTZ ceramics presented a large E, value
and high oxygen vacancy concentration. After SiC was doped into
the BCTZ ceramics, some Si* ions entered the A-site to replace
Ba’* and Ca™ ions according to the XRD analysis. It formed an A-
site point defect (Siy ) and stable lattice oxygen, accompanied by
CO, production. The equation is as Reaction (3):

SiC + 20, +2V5 — Siy + CO; 1 42058 (3)

This process reduces the oxygen vacancy concentration and
increases E,. Nevertheless, the entrance of Si* ions in the A-site
deformed the crystal lattice due to the smaller ion radius
compared with those of the other A-site ions, resulting in internal
stress in the ceramic, as verified by the Raman spectra. When the
lattice strain energy reached or exceeded the formation energy of
the defect, the stress was released, accompanied by the generation
of defects. Therefore, the defect concentration increased, and E,
decreased when x> 0.1.

Figures 7(a)-7(c) present the P-E hysteresis loops and S-E
curves under a fixed electric field of 4 kV/mm and a fixed
frequency of 1 Hz. All the samples exhibited a saturated hysteresis
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Fig.7 (a) P-Eloops, (b) unipolar S-E curves, and (c) bipolar S-E loops measured at a frequency of 1 Hz and an applied electric field of 40 kV/mm. (d) ds3, d3;*, and P, as
a function of x, where error bars represent standard error of mean. (¢) Comparison of d;; and ds;* in this work with those of other reported BCTZ-based piezoelectric

ceramics. (f) k,, €, and tand of BCZT-xSiC ceramics as a function of x.

loop, indicating their good ferroelectric properties. As shown in
Fig. 7(d), the remnant polarization (P,) of the ceramic samples
first increased but then decreased, reaching a maximum of
10.96 uC/cm’ when x = 0.1. The increase in P, was due mainly to
the large grain size and improved compactness of the ceramics.
However, when SiC doping was excessive, the ferroelectric
properties deteriorated because the generated secondary phase
SiO, was non ferroelectric.

The converse piezoelectric coefficient (di;*), an important
parameter for evaluating piezoelectric properties, is the
deformation of piezoelectric ceramics under the action of an
external electric field and can be calculated via the formula
d33* = Smax/ Emax> Where S, represents the maximum strain, and
E, .o represents the maximum measured electric field. As shown in
Fig. 7(d), dys* of the ceramic sample first increased but then
decreased, reaching a maximum of 1048 pm/V in the
BCTZ-0.1SiC ceramics. ds5* is generally derived from intrinsic
contributions and extrinsic contributions [24]. The intrinsic
contribution was related mainly to lattice distortion. The
constructed MPB in the BCTZ-0.1SiC sample at room
temperature was beneficial for reducing the Landau-free energy
and the anisotropy among multiple phases, which was conducive
to domain switching. In addition, the incorporation of Si*" in the B-
site of the ABO; lattice deformed the crystal structure and
enhanced the lattice distortion, which improved the piezoelectric
response. The extrinsic contribution is related to domain
switching and domain wall motion under large external electric
fields. The refined domain configurations with an average size of
approximately 80 nm in Fig. 2(b) could facilitate the polarization
orientation under an external electric field and the orderly
arrangement of ferroelectric domains, thereby enhancing the
piezoelectric response of ceramics. The piezoelectric characteristics
of the BCTZ-xSiC ceramics measured at room temperature are
summarized in Figs. 7(e) and 7(f). With increasing SiC content,
ds3 reached a maximum of 638 pC/N for x = 0.1, accompanied by
the highest k, of 58.21%. Compared with the other reported BT-
based ceramics, as summarized in Fig. 7(e) [8,17,42-50], the
piezoelectric performance in this work was significantly improved.
However, when x > 0.1, the piezoelectric properties tended to
degrade. The ¢, tended to increase to the maximum value when x

https://doi.org/10.26599/JAC.2025.9221054

< 0.1 and then decreased consistently. The tand for all the
composites was relatively low, at < 0.02, demonstrating that the
ceramic samples had compact microstructures and excellent
insulation resistivity.

The enhancement in the piezoelectric and ferroelectric
properties of the x = 0.1 ceramics is multifaceted, as depicted in
Fig. 8. First, compared with BaTiO; (215 W/(m-K)), doped SiC
has an excellent thermal conductivity of 300-500 W/(m-K)
[18,19]. The heat was rapidly transferred to the BCTZ grains
through the SiC particles, which promoted mass transport and
grain growth and improved the compactness of the ceramic
samples. Large grains can significantly reduce the activation
energy of domain wall motion due to the external effects of grain
boundaries, contributing to a high piezoelectric response [51]. In
addition, according to the grain size effect model, a decrease in the
grain size led to an increase in the grain boundary ratio and a
corresponding  strong pinning effect [52,53]. Second, the
BCZT-xSiC ceramics are located in the MPB region and possess
abundant polarization directions since the R phase has eight
polarization directions, the O phase has six polarization directions,
and the T phase has six polarization directions, which is
conducive to domain switching and thus enhances the
piezoelectric response [54,55]. Compared with those of the other
counterparts, the c¢/a ratio and lattice distortion for the x = 0.1
ceramics were greater, which promoted the displacement of B-site
ions (c/a of the tetragonal phase) in response to the external field,
thus enhancing the piezoelectric and ferroelectric responses [54].
Third, the incorporation of Si* could reduce the oxygen vacancy

@ BCTZ @ SiC ——> Heat transmission path W SiO, si*

Fig.8 Schematic diagram showing electrical characteristics: morphology of
sample (a) before and (b) after sintering process.
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concentration and charge carrier activation energy, which
softened the piezoelectric properties and increased the ferroelectric
activity [56]. The significant decline in both the piezoelectric and
dielectric properties when x surpassed 0.1 was associated with
intense internal stresses from small grains and a pronounced
pinning effect due to defect dipoles. The deterioration of
piezoelectric properties when x > 0.1 was also related to the
reduced grain size because of the increased proportion of
nonferroelectric grain boundaries and clamping effects of the
domain walls.

The temperature stability is a key parameter for evaluating the
application of piezoelectric ceramics. The temperature-dependent
P-E loops and unipolar S-E curves of the x = 0 and 0.1 samples
are depicted in Figs. 9(a) and 9(b) and Figs. 9(c) and 9(d),
respectively. The normalized P, and the normalized unipolar
strain (S,,,;) are represented as P,py/Pygr) and Syny/Sunirr) (T'is the
measurement temperature, and RT is the room temperature),

respectively, as summarized in Figs. 9(e) and 9(f). On the one
hand, the hysteresis loops tended to shrink with increasing
temperature; that is, P, and S,; decreased, which was because the
thermal fluctuations at high temperatures destroyed the long-
range order. On the other hand, P, and strain of the BCTZ-0.1SiC
ceramics were greater than those of the BCTZ-0SiC ceramics. For
the BCTZ-0.1SiC ceramic samples, when the temperature
increased from 30 to 80 °C, P, decreased from 10.96 to
5.34 puC/cn’, with a retention rate of 48.7%. The strain decreased
from 0.193% to 0.135%, with a retention rate of 70%. When the
test temperature reached 85 °C, the electrical performance
decreased significantly. Compared with that of the BCTZ-0SiC
ceramic samples, the performance of the BCTZ-0.1SiC ceramics
was greater at the same temperature. Obviously, BCTZ-0.1SiC
showed a small variation in S,; over a wide temperature range
from room temperature to 80 °C, providing a guarantee for the
application of ceramics at high temperatures.
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Fig.9 (a,b) P-Eloops and (¢, d) unipolar S—E curves of BCTZ—-0SiC and BCTZ~-0.1SiC ceramics measured from room temperature to 85 °C at a fixed external electric
field of 4 kV/mm. Comparison between (e) normalized P, and (f) normalized unipolar strain (S, Jof BCTZ-0SiC and BCTZ-0.1SiC ceramics.

4 Conclusions

In this work, SiC was selected to optimize the phase structure,
defect configuration, morphology, and sintering process of BCZT
lead-free piezoelectric ceramics. On the one hand, SiC can
promote the sintering process and grain growth due to its
excellent thermal conductivity, resulting in the compactness of
ceramics. On the other hand, the incorporation of Si* in the B-site
of the ABO; lattice not only deforms the crystal structure and
enhances the lattice distortion but also reduces the oxygen
vacancy concentration and increases the charge carrier activation
energy. As a result, excellent piezoelectric responses of ds; = 638
pC/N, dy;* = 1048 pm/V, k, = 58.21%, and T, of ~95 °C were
achieved at the optimized composition. These experimental results
demonstrate that the SiC dopant can effectively adjust the
sintering process and optimize the comprehensive electrical
performance of BCTZ-based ceramics.
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