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BiFeO;-BaTiO; is a promising lead-free piezoelectric ceramic, exhibiting high Curie temperature and superior electrochemical
characteristics. In this work, (1 — x)BiFeO3;—xBaTiO3 (BF—xBT, x = 0.26, 0.28, 0.30, 0.32, 0.34, 0.36) ceramics were fabricated
using the conventional solid-state reaction method through precise composition control. Multiple characterization techniques,
including X-ray powder diffraction (XRD), scanning electron microscope (SEM), and electrical property testing systems, were
applied to systematically examine the crystallographic structure, microstructure, as well as the dielectric, ferroelectric and piezo-
electric properties of the BF—xBT ceramics. The XRD results confirm that all compositions exhibit a typical perovskite structure,
transitioning from a single rhombohedral phase to a rhombohedral-cubic phase mixture as the BT content increases. SEM shows
apparent core—shell microstructures in the ceramics. Notably, the results demonstrated that the BF-0.30BT ceramic exhibits the
maximum piezoelectric constant (d33) ~ 217 pC/N, while the BF-0.34BT ceramic displays the maximum converse piezoelectric
constant (d3;) ~ 323 pm/V, which highlights the suitability of BF-BT ceramics for high-performance piezoelectric applications.

Keywords: BiFeO3;-BaTiO3; morphotropic phase boundary; core—shell microstructure; piezoelectricity.

1. Introduction

Piezoelectric ceramics possessing high Curie temperatures
(T¢) and outstanding ferroelectric and piezoelectric properties
hold immense research significance to meet the growing
demand for novel piezoelectric ceramics.'™ Although lead-
based piezoelectric ceramics have been extensively employed
in commercial applications over an extended period, the in-
creasing number of environmentally conscious societies has
shed light on their detrimental impact on both human health
and the environment. Therefore, the prominence of lead-free
piezoelectric ceramics is escalating as a viable alternative.*™

BiFeO5; (BF) is a promising multiferroic material exhi-
biting a rhombohedral perovskite structure (ABOj3) crystals at
room temperature. The high 7¢ (830°C) and superior theo-
retical spontaneous polarization (P, = 90—100 C/cm?) make
BF highly interesting for various applications.””? However,

**Corresponding authors.

the high temperature synthesis process is usually accompa-
nied by the formation of impurity phases like Bi,Fe,O9 and
BiysFeOy, leading to heterogenous chemical compositions.
Moreover, the volatility of bismuth (Bi) and the unstable
valence of iron (Fe) contribute to low electrical resistance,
high leakage current, and unsaturated ferroelectric hysteresis
loops.”"! 114717 Therefore, synthesizing high-quality pure-
phase BF ceramics independently has been a crucial chal-
lenge. It has been found that incorporating different ABO;
parts into the BF matrix can effectively suppress the gener-
ation of heterogeneous phases and enhance electrical resis-
tivity.'®20 Inspired by the concept of morphotropic phase
boundary (MPB) in PZT-based ceramics, researchers have
explored ABOj; materials with distinct crystallographic pha-
ses as alternatives to BF for constructing the MPB
regions.”’ > Notably, the incorporation of BaTiO; (BT)
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Table 1. Summary of energy storage and piezoelectric properties of BF-based ceramics.

Composition Energy storage density (J/cm?) dsz or d3; Reference
0.5BF-0.4ST-0.1BMN-0.03Nb 8.2 30
0.57BF-0.33BT-0.10NN 8.12 31
0.43BF-0.45ST-0.12BT 73 32
0.94(0.60BF-0.40BT)-0.06NZN 5.6 33
0.60(0.67BF-0.33BT)-0.40CT 5.03 34
0.7(Bo 2550 15F)-0.3BT 45 35
0.63(0.87BF)-0.37BT-0.13BZNT 4.85 36
0.7(B.97No.03)[Fo.05(Lo.sNo.5)0.05]1-0.3BT 32 37
0.65BF-0.33BT-0.02BCZ 640 pm/V 38
BF-BT-BZN 180 pC/N/424 pm/V 39
BF-BT-BMN 148 pC/N/544 pm/V 40
BFS-BT-BZH 180 pC/N/433 pm/V 41
0.67BF-0.33BST 436 pC/N/550 pm/V 42
0.67BF-0.33BTN 400 pm/V 43
0.985(0.67BF-0.33BT)-0.015LN 440 pm/V 44
0.65BF-0.33BT-0.02KNT 433 pm/V 45
BF-BT-CH 95 pC/N/290 pm/V 46

component yields pronounced effects.>* The BF-BT solid
solutions can be formed with delicate chemical composition
control. Specifically, as increase the BT content, a phase
transition occurs from a ferroelectric (rhombohedral) phase to
a paraelectric (cubic) phase across the MPB region, where the
dielectric, piezoelectric, and ferroelectric properties can be
highly improved.''8222>=27 However, the research on the
MPB composition of BF-BT system is not sufficient. Take
the BF—0.30BT composition for instance, numerous reports
claimed the best piezoelectric property were varied, namely
134, 225, and 191 pC/N.>*?82% Apart from the piezoelectric
property, the energy storage properties of BF-based ceramics
have also been extensively studied, and recently reported BF-
based ceramics with good energy storage and piezoelectric
properties are summarized in Table 1.

Based on the aforementioned studies, it is noteworthy that
there is a lack of comprehensive and systematic studies
reporting the microstructure and properties of BF—xBT
ceramics near the MPB region. Therefore, this study aims to
address this research gap by preparing BF—xBT ceramics and
comparing their properties. In particular, we concentrated on
comprehending the impact of BT content on the crystallog-
raphy, microstructure, dielectric, ferroelectric, piezoelectric
and impedance properties of the BF—xBT ceramics.

2. Experimental

BF-xBT (x = 0.26, 0.28, 0.30, 0.32, 0.34, 0.36) lead-free
ceramics were synthesized using a solid-state reaction meth-
od. The chemicals of Bi,O3 (99%, Sinopharm, China), BaCOj;
(99%, Sinopharm, China), TiO, (98%, Sinopharm, China)
and Fe,03 (99.9%, Aladdin, China) were used as the raw
materials. An excess of 1 mol.% Bi,O; was added to com-
pensate for its volatilization during the sintering process. All

chemicals were weighed according to the stoichiometric ratio
and wet mixed through a milling process using zirconia balls
in ethanol for 24 h. After drying at 80° C, the mixed slurry was
calcined at 750°C for 2h in a sealed alumina crucible, fol-
lowed by a secondary ball-milling process for 12 h. Then, the
calcined powders were mixed with 10 wt.% polyvinyl alcohol
(PVA) binder and pressed into 10 mm diameter green pellets
under a pressure of 127 MPa for 20 s. The green pellets were
stacked on a zirconate plate, covered with alumina crucibles
and exposed to a temperature of 600°C for 2 h to remove the
PVA, followed by sintering at 1010-1040°C for 3 h. Silver
paste was printed on both ceramic surfaces and fired at 850°C
for 30 min to form electrodes.

The crystal structure was probed by using the X-ray
powder diffraction (XRD, D8 Advance X, Bruker, Germany)
with the Cu-K, radiation. The ceramic surface morphology
and element distributions were determined via scanning
electron microscope (SEM, Apreo 2, Thermo Scientific,
United States) equipped with an energy-dispersive spectros-
copy (EDS) detector. The dielectric property and impedance
spectroscopy were measured through a precision LCR meter
(E4980A, Agilent Technologies, United States) combined
with a temperature control system (DMS-1000, Partulab,
China). The ferroelectric hysteresis (P—E) loops and field-
induced strains (S—FE) curves were explored by employing a
ferroelectric test system (PK-10E, PolyK Technologies,
United States). The piezoelectric constants (d;;) were mea-
sured by a quasi-static dz3 meter (SA1303A, PolyK Tech-
nologies, United States).

3. Results and Discussion

The XRD patterns of BF—xBT ceramics are shown in
Fig. 1(a), revealing the typical perovskite structure for all
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Fig. 1. (a) XRD patterns of BF—=xBT ceramics, (b) phase fraction as a function of x.

ceramics. The phase structure of all compositions can be
characterized as a pseudo-cubic phase. In the composition of
x = 0.26, peak splits were observed in (110) and (111), in-
dicating that the ceramic possesses a rhombohedral phase
with the space group R3c. With increasing the BT content, the
peak splits gradually merge into a single peak at (110) and
(111), which suggests a rhombohedral-cubic phases mixture,
thereby indicating phase transitions occur. Furthermore, all
diffraction peaks are shifted toward lower 26 angles as the BT

content increases which evidences an expansion of lattice
parameters. The radii of Bi**, Fe3*, Ba** and Ti** ions are
1.03, 0.64, 1.34 and 0.605 A, respectively.47 The difference
between Fe3™ and Ti*t ionic radii are relatively small,
whereas Ba?* has a radius ~ 30% larger than that of Bi3™,
leading to the expansion of the volume and cell parameters of
the pseudo-cubic unit. The calculated fractions are plotted in
Fig. 1(b), illustrating a gradual decrease in the thombohedral
phase fraction and an increase in the cubic phase while
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Fig. 2. Rietveld refinement results for BF—xBT ceramics of (a) x = 0.26, (b) x = 0.28, (¢c) x = 0.30, (d) x = 0.32, (e) x = 0.34 and (f)

x = 0.36.
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Table 2. The Rietveld refinement results for BF—xBT ceramics.

J. Adv. Dielect. 13, 2350018 (2023)

Phase fraction (%) Rhombohedral Cubic

x Rhombohedral (R3¢)  Cubic (Pm3m) a(A) b (A) c A VA a@d) bA @A VA
0.26 100 0 5.6276  5.6276  13.8902  380.965 — — — —

0.28 934 6.6 5.6328 56328 13.8797 381378 4.0108 4.0108 4.0108  64.521
0.30 66.1 33.9 5.6393 5.6393 13.8590 381.689 4.0045 4.0045 4.0045 64.218
0.32 30.8 69.2 5.6435 56435 13.8532  382.105 4.0037 4.0037 4.0037  64.177
0.34 16.1 83.9 56517 56517 13.8433 382932 4.0010 4.0010 4.0010 64.047
0.36 11.8 88.2 5.6509 56509 13.8421 382798  3.9990 3.9990 3.9990  63.952

enriching BT content. Rietveld refinement was performed for
all compositions, as shown in Fig. 2 and Table 2.

Figure 3 displays the SEM images of the surface mor-
phology of BF—xBT ceramics. All samples exhibit clear grain
boundaries that are relatively homogeneous, nearly free of
pores and relatively dense. The relative density of a specific
composition was calculated based on the theoretical density
obtained from the XRD refinement and the actual bulk den-
sity measured via the Archimedes method. All ceramics
present a relative density larger than 95% that is supported by
the SEM results. Statistical analysis reveals that the average
grain size is composition-dependent, which tends to increase

and then decrease with the increase of x content. Specifically,
the maximum grain size of ~ 9.82um is achieved at
x=0.34.

Figures 4(a)-4(f) provide the backscattered electron
(BSE) images of the fine-polished BF—xBT ceramic surfaces,
revealing the presence of core—shell microstructures for all
compositions. A distinct contrast between light and dark
regions can be observed, with the core appearing brighter due
to the enrichment of Bi and Fe elements, while the shell
appears relatively darker because of the abundance of Ba and
Ti elements. Figures 4(g)—4(1) present the heterogeneous el-
ement distributions surrounding a core—shell microstructure
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Fig. 3. The surface morphology and grain size distribution of the BF—xBT ceramics with (a) x = 0.26, (b) x = 0.28, (c) x = 0.30, (d)

x=0.32, (e) x = 0.34 and (f) x = 0.36.
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Fig. 4. BSE images of polished surfaces of BF—xBT ceramics with (a) x = 0.26, (b) x = 0.28, (c) x = 0.30, (d) x = 0.32, (e) x = 0.34 and
(f) x = 0.36; EDS elemental mapping results of the representative BF-0.28BT with (g) Bi, (h) Fe, (i) Ba, (j) Ti, (k) O, (1) EDS point data of

BF-0.28BT.

for a representative composition, x = 0.28. The core—shell
microstructure is believed to be arisen the microscopic seg-
regation of elements during the slow cooling process of
sintering, -40-45-50

The temperature-dependent relative permittivity (¢,) and
dielectric loss (tan ) at a frequency of 10 kHz are depicted in
Fig. 5(a). The figure reveals that the dielectric peak gradually
broadens, indicating a diffusive phase transition and a gradual
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Fig. 5. (a) Temperature-dependent ¢, and tan d measured at 10kHz, (b) the T,, at

1 MHz.

shift toward relaxor ferroelectrics. In addition, the tanod
exhibits a rapid increase around the 7,,, which is mainly due
to the sharp increase of conductivity at high temperature. The
plots show asymmetric shapes in the dielectric peaks, which
is related to the presence of core—shell structures within the
ceramics (Fig. 4). Figure 5(b) shows the 7,, corresponding to
different BT contents. It illustrates that T,, decreases from
567°C at x = 0.26 to 389°C at x = 0.36, which is due to the
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lower Tc = (120°C) in the pure BT.** The relaxor ferro-
electric behavior of BF—xBT ceramics could be characterized
by the relaxation coefficient (y) and the T,, difference (AT,,)
at various frequencies, as plotted in Figs. 5(c) and 5(d). It can
be observed that the values of both y and AT,, increase with
increasing the BT content, indicating a gradual relaxation of
the BF—xBT ceramics, corresponding to the observations in
Fig. 5(a). The plots of temperature-dependent of €, and tan é
of each composition at different frequencies are shown in
Fig. 6.

The impedance complex plane (Z*) plots of BF—xBT
ceramics at 400°C are shown in Fig. 7(a), where Z' and Z"

represent the real and the imaginary parts of Z*, respectively.
At the temperature of 400°C, the semicircle progressively
enlarges as the BT content increases, indicating an en-
hancement in the total resistivity. The shape of the semicircle
deviates from the regular shape, indicating that there are at
least two electroactive components at high temperature.*”
The Z” and M" /¢, plots of x = 0.34 are depicted in Fig. 7(b),
spotlighting the electrical heterogeneity is related to various
electroactive components. Three peaks are found in the plots
corresponding to the three electroactive components. At the
lower frequency area, the peaks at Z” and M" /&, correspond
to the grain boundary response (component 1) and shell
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Fig. 6. Temperature-dependent ¢, and tan 6 measured at different frequencies of 1, 10, 100kHz and 1 MHz for the BF—xBT ceramics with
(a) x = 0.26, (b) x = 0.28, (c) x = 0.30, (d) x = 0.32, () x = 0.34 and (f) x = 0.36.
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x = 0.34, (c) Arrhenius plots, and (d) the calculated activation energies for the BF—xBT ceramics.

response (component 2), respectively, whereas the peaks in
the higher frequency region of the M" /¢, are considered as
the core response (component 3), which is mainly attributed
to the electrical heterogeneity characterized by the core—shell
structure, a phenomenon that is observed in all components.
The data can be analyzed using an equivalent circuit model of
three parallel resistor—capacitor elements connected in series,

and the resistance (R) and capacitance (C) of these compo-
nents were calculated based on the peaks of Z” and M" /¢
shown in Table 3. The R values of components 1 and 2 in-
crease with increasing the BT content, while component 3
barely changes as the BT content. Figure 7(c) shows the
Arrhenius plots of the grain shell, core and boundary, and the
activation energy calculated by fitting is shown in Fig. 7(d).

Table 3. The values of R and C for each conductive component at 325°C derived from the Z” and M” /e, peak values for BE—xBT ceramics.

Component 1 (Grain boundary)

Component 2 (Shell)

Component 3 (Core)

R=127" C=1/(4nfz") R =M"/(gynf) C=¢y/(2M") R =M"/(gynf) C=¢y/(2M")
Composition (kQ-cm) (Fem™1) (kQ-cm) (Fem™1h) (kQ-cm) (Fem™1)
0.26 (325°C) 78 4.81 x 10710 30 2.51 x 10710 0.96 3.48 x 10710
0.28 (325°C) 146 4.28 x 10710 91 2.84 x 10710 0.28 1.18 x 107°
0.30 (325°C) 474 3.48 x 10710 378 2.88 x 10710 0.95 1.06 x 1079
0.32 (325°C) 509 1.30 x 102 378 1.00 x 1072 0.58 1.93 x 1079
0.34 (325°C) 572 2.11 x 107° 479 1.74 x 107° 0.58 2.55 % 107
0.36 (325°C) 627 221 x 107° 559 1.97 x 1079 0.44 3.50 x 10~

2350018-7



H. Qin et al.

40
&
£ 20
=
@]
=
= 0
=
= :
N ;
£-20 =
= :
= ;
-40
-60 40 -20 0 20 40 60
Electric field (kV/cm)
(@)
0.2t
Foaf
= i
g E
00t
0.1 F
-60 -40 -20 0 20 40 60
Electric field (kV/em)
(©

P, (nC/em?)

dy; (pC/N)

J. Adv. Dielect. 13, 2350018 (2023)

-@-P, -@-E 133
27} °\ g
\ {30
9 =
1l o / @ 427 E
ox—9 z
424 =
21} &
» — 121
18} / ——
o @ 118
026 028 030 032 034 036
X content
(b)
240 O p(‘jf\'\ dy= 32/,} pm/V  f359
— P
200+ i S {3
" ) "] .
/ 2
- 1250 3
160 - s
{200+&
9 | =
120 / ool 150
-Q@-d,,
o i @ 100
80 b
026 028 030 032 034 036
x fraction
(d)
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a function of x for the BF—xBT ceramics.

The activation energy of the cores (0.69-1.40 eV) fluctuates a
lot, while that of the grain boundaries (1.06—1.16eV) are all
slightly higher than those of the shells (0.94-1.14¢eV).
However, it is noteworthy that the resistivity of shell and
grain boundary exceeds that of the core for 2-3 orders of
magnitude.

Figure 8(a) presents the P—E loops of the BF—xBT cera-
mics under an electric field of 60 kV/cm and a frequency of
1Hz at room temperature. All compositions exhibit a satu-
rated P-E loop which is a indicative behavior of typical
ferroelectric behavior. The corresponding remanent polari-
zation (P,) and coercive field (E-) of the P-E loops are
summarized in Fig. 8(b). With increasing the BT content, the
E¢ changes from 31.5kV/cm at x = 0.26 to 17.9kV/cm at
x = 0.36. The P, initially increases from 16.9 uC/cm? at x =
0.26 to 27.3 uC/em® at x =0.34 and then decreases to
24.2 /LC/sz at x = 0.36. Figure 8(c) shows the S—F curves
for ceramics measured at 60 kV/cm, and all curves exhibit a
typical butterfly shape. The strain value is found to increase
as the x increases from 0.26 to 0.34, reaching a maximum
value of 0.194% at x = 0.34, which is attributed to the

multiple local symmetries proposed by Wang et al. and Lu
et al.”>*" Both the ds3 and d’; values exhibit an initial in-
crease followed by a decrease, as plotted in Fig. 8(d). The
measured di; values reach a maximum of 217 pC/N at x =
0.30 with increasing BT content. Beyond that point, they
decrease as BT content increases. This behavior is attributed
to the phase structure at x = 0.30 being located at the MPB
with 66% of the rhombohedral phase and the absence of any
impurity phases, resulting in readily domain switching and
polarization rotation with applied electric fields.

4. Conclusions

This study employed precise composition control to investi-
gate the evolution of structure, morphology, and electrical
properties in BF—xBT lead-free ceramics near the MPB re-
gion. The examination encompassed the phase structure,
microstructure, impedance, dielectric, ferroelectric, and pie-
zoelectric properties. XRD analysis reveals a transition from
a single rhombohedral phase to the coexistence of cubic
phases with increasing the BT content. SEM images indicate

2350018-8
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an initial increase and subsequent decrease in grain size as the
BT content increases, reaching a peak at x = 0.34. The
presence of microscopic core—shell structures has been ob-
served in all compositions. As the BT content increases, the
ceramics gradually show stronger behaviors of relaxor fer-
roelectrics, with an overall increase in electrical resistivity.
The E tends to decrease, while the P, initially increases and
then decreases, reaching a maximum value of 27.3 C/cm? at
x = 0.34. The highest d3; ~ 217 pC/N and d3; ~ 323 pm/V
are achieved at x = 0.30 and x = 0.34, respectively. To
summarize, this study provides valuable insights on the
composition-dependent changes in structure and properties in
the BF—xBT ceramics near the MPB, which serves as a
foundation for further research and exploration of the lead-
free piezoelectric materials.
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