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Abstract

The Ca,_, (LiCe5Y5),Bi,Nb,Oy (CBNLCY-100x, x=0-0.07) high-temperature ceramics were prepared by the conven-
tional solid state reaction. The LiCeY substitution at A-site led an improvement of octahedral tilt angle in the a—c plane of
CBNLCY-100x ceramics, which resulted in an enhanced piezoelectric constant. CBNLCY-6 ceramic with high Curie tem-
perature (T-=940 °C) had a high piezoelectric coefficient (d53) of 16.3 pC/N, even after annealing at 800 °C for 2 h, the d;
value of CBNLCY-6 ceramic still remained 92.6% of its original value. Furthermore, the dc conduction mechanism of the
ceramics was studied. The oxygen vacancies played an important role in dc conduction mechanism at low temperature and
the main conduction mechanism at high temperature was intrinsic conduction. The resistivity of CBNLCY-100x ceramics
got highest value at x=0.01 and the resistivity of CBNLCY-1 ceramic enhanced one order of magnitude compared with
undoped CaBi,Nb,0Oq ceramic. These results suggest that the CBNLCY-6 ceramic is a promising candidate material for

ultra-high temperature applications.

1 Introduction

Calcium bismuth niobate (CaBi,Nb,0,, CBN) is one of the
compounds in bismuth layer-structured ferroelectric (BLSF)
family with a vast potential for applications in high tempera-
ture environment [1]. It exhibits excellent performance such
as high Curie temperature (7-=930 °C) and thermal stabil-
ity [2], which make it useful over a wide temperature range.
And it also possesses high resistivity and excellent fatigue-
resistant properties. However, the piezoelectric activity
(d33~6 pC/N) of CBN ceramics is very low due to the high
coercive field (E,) and the structural anisotropy [3], which
limits its application in devices. The crystal structure of
CBN ceramics is built of the interleaving (CaNb,O,)*~ per-
ovskite-like layers between with (Bi,0,)*" sheets that are
stacked along its crystallographic c-direction, where A-site
ion is Ca®>" ion and B-site ion is Nb°* ion [4, 5].

In order to improve piezoelectric property of CBN ceram-
ics, solid solutions with other ions substitution have been
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considered and explored. For example, it is excepted to
improve piezoelectric activity by doping with rare earth
ions, alkali metal ions or combined of them at A-site and
transition metal ions at B-site. Relative investigations mainly
are listed in Table 1 [6—13]. It is clear that the piezoelectric
properties of CBN ceramics were enhanced significantly by
doping different ions. And in order to explain the electric
properties of piezoelectric ceramics, the formation process
and action mechanism of defect dipoles have been stud-
ied. Chen et al. [14] studied the effect of defect dipoles on
dielectric relaxation and ferroelectric properties of W/Cr
co-doped Bi,Ti;0,, ceramics. Long and Fan [15] reported
the double-loop-like ferroelectric polarization in acceptor
Aurivillius ceramic and a positive polarization contribution
from defect polarization. The similar studies were previously
observed in typical perovskite ferroelectrics, e.g., Cu-doped
K sNay sNbO; ceramics [16], Mg-doped K sNajy sNbO;
ceramics [17] and Mn-doped Bi, sNa sTiO5 ceramics [18].
In addition, the grain orientation techniques, such as tem-
plate grain growth (TGG) [19] and spark plasma sintering
(SPS) [20], can also improve the piezoelectricity of CBN
ceramics effectively.

It is presented in Table 1 that the alkali metal ions and
rare earth ions co-doping, especially lithium and cerium
ions co-doping could improve the piezoelectric properties
of BLSF ceramics well. But doping cerium ions (Ce** or
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Table 1 Piezqclectric properties Composition ds3 (pC/N) T (°C) References

(d33) and Curie temperature

(T) of modified CaBi,Nb,0, Cag osLag osBi,Nb,0, 12.8 911 Reece et al. [6]

e prepared by solid state ) "1 iCe), 0,BiaND,O, 13.3 960 Tian et al. [7]
Ca o(Lij sCe »5Prg 25)0.1B1,Nb,Og 17.3 939 Chen et al. [8]
Ca o(KCe), (sBi,Nb,0y 16 868 Wang et al. [9]
Cay gg(LiCe), 04Bi,Nb; 96W 040g 16.1 925 Zhu et al. [10]
Cay 77551 025(Lig sCeg 15Big 35)9 2BioNb; 94 Tag 04 W 0209 17.5 917 Chenetal. [11]
Cag 95Lig 6sNd 200,01BiaNby 985¢0,01Wo.0105 985 20.6 908 Long et al. [12]
Cay go(Lij 5Ceq 15Big 35)0.20B1Nb,Og 17.2 928 Chen et al. [13]

Ce**) into CBN ceramics would decrease the Curie tem-
perature of the ceramics and limit the application in high
temperature environment. While the yttrium ions (Y>*) have
small ionic radii (RY3+ =1.25 A) and are helpful for increas-
ing Curie temperature of the ceramics. So in this work, the
Ca_,(LiCey5Y5),Bi,Nb,Oy (CBNLCY-100x) ceramics
were prepared by solid state reaction and the crystal dis-
tortion and defect of CBNLCY-100x ceramics are studied
in detail to explain the enhanced piezoelectric constant,
high Curie temperature and good thermal stability of the
ceramics.

2 Experiments

Ca,_,(LiCe;sY,5),Bi,Nb,Oy (CBNLCY-100x, x=0-0.07)
ceramics were prepared by solid state reactions, using
CaCO; (99%), Bi,05 (99.999%), Nb,O5 (99.5%), Li,CO4
(99.99%), CeO, (99.99%) and Y,05 (99.5%) as raw materi-
als. All powders were weighed according to the stoichiomet-
ric compositions. After ball milling with zirconia balls for
12 h, the mixed powders were dried and calcined at 900 °C
for 3 h, and then the mixtures were ball-milled again for
12 h. The powders were pressed into disks of 10 mm in
diameter and 0.8 mm in thickness by 8 wt% polyvinyl alco-
hol (PVA) under 10 MPa. After burning off PVA at 450 °C,
these disks were sintered at 1080 °C—1160 °C for 3 h. All the
samples were poled at 180 °C in a silicone oil bath by apply-
ing a direct current electric field of ~ 12 kV/mm for 10 min.

The crystal structures were determined using the X-ray
diffraction (XRD) with Cu-K, radiation (DX2700, Dan-
dong, China) at room temperature. The test was conducted
by 0.02° scan step and continuous scanning type in the 26
range of 20°-60°. The powder X-ray diffraction data of
CBNLCY-0 and CBNLCY-6 ceramics were collected from
an automated diffractometer (Panalytical B.V. X’pert Pro) in
arange of 20° to 120°. The temperature dependence of die-
lectric behavior of all samples were measured with an LCR
analyzer (HP4980A, Agilent, USA). Their piezoelectric
constant (d3;) was measured using a Belincourt meter (ZJ-
3A, Institute of Acoustics, Chinese Academy of Sciences,

China). The dc resistivity was measured at high temperature
by an electrometer (Keithley 6517B). Ferroelectric prop-
erties were determined out at room temperature using an
aixACCT TF 2000 analyzer.

3 Results and discussion

Figure 1a shows the X-ray diffraction (XRD) of CBNLCY-
100x ceramics in the 26 range of 20°-60°. The analysis
for diffraction peaks indicates that the major phase of all
compositions can be indexed by PDF card (PDF#49-0608,
CaBi,Nb,0,). It is also found that there is less Bi,O; (PDF
01-074-2351) existing in the matrix as the secondary phase.
The formation of secondary phase Bi,O; is due to the vola-
tilization of bismuth element during sintering process. In
the cooling process, the bismuth element reacts with oxygen
to form bismuth oxide. Except Bi,O; phase, there is only
CaBi,Nb,O, phase indicates the doping ions (Li*, Ce*",
Y3*) diffused into the lattice and formed a solid solution suc-
cessfully. Figure 1b is the enlarged graph of XRD patterns
in the range of 28°-30°. The highest intensity of diffraction
peak is found to be (115), which is in accordance with the
strongest diffraction peak (112m+ 1) in BLSFs ceramics.
Moreover, the (115) peak shifts to a high angle due to the
substitution of smaller ions (R;;t=1.15 A, R, *t=1.14 A,
Ry**=1.25 A, 12 CN) [21] for larger ions (R.,>*=1.34 A, 12
CN) [22] in the A-site. The XRD diffraction peaks located
at (200)/(020) are shown in Fig. 1c. It is clear that the (200)
and (020) peaks tend to merge into a single peak with x
content increasing, which demonstrates the enhancement of
lattice symmetry of CBNLCY-100x ceramics [23].

In order to confirm the lattice parameters a, b, ¢ and char-
acterize the crystal structural conversion of CBNLCY-100x
ceramics, Rietveld refinements on powder XRD of CBN-
LCY-0 and CBNLCY-6 ceramics were refined using the
MAUD program [24]. Figure 2a and c show the experimen-
tal and calculated XRD patterns for ceramics, the Bragg-
position, and the difference between calculated and experi-
mental intensity. The refined factors sig and R,,,,, which are
used to denote the quality of structural refinement, are 1.32,
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8.53 for CBNLCY-0 1.16, 8.14 for CBNLCY-6 respectively,
indicating a good match between the observed and calcu-
lated patterns. Figure 2b and d are the enlarged XRD pat-
terns located at (200)/(020). It is clear that the (200) and
(020) peaks tend to merge into a single peak with x content
increasing and the ratio of a/b value decreases from 1.008 to
1.0048 [25]. The variation indicates that the crystal structure
undergoes a phase transition from orthorhombic phase to
pseudo-tetragonal phase with the introduction of dopants
[26]. It implies that crystal symmetry is enhanced by the
compositional variation.

The visualized crystal structures of CBNLCY-0 and
CBNLCY-6 ceramics shown in Fig. 3 are obtained from
refinement results. It is reported that the main crystal dis-
tortion of BLSFs ceramics occurs in NbOg octahedron [27].
So the distortion of NbO¢ octahedron is deeply studied. The
difference between Nb—O bond lengths in NbOg octahe-
dron are decreases with the introduction of LiCeY, which
implies the enhancement of octahedral symmetry. Besides,
the octahedral tilt angles () from c axis of CBNLCY-0
and CBNLCY-6 ceramics are about 17.28° (Nb-O1-Nb
bond angle: 145.45°) and 13.31° (Nb-O1-Nb bond angle:
153.39°) respectively. The decreasing tilt angle demonstrates
the declining crystal distortion of CBNLCY-100x ceram-
ics, which can also explain the variation of (200) and (020)
peaks in Fig. 2b and d. In order to describe the tilt angle
along a and b axis, the tilt angle in the a—c plane (a,) and
in the b—c plane (a,) are listed in Table 2. It is reported that
the crystal distortion related to a, do not contribute to the
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260(°)

spontaneous polarization (P). The results are attributed to
the glide plane perpendicular to the b axis which eliminates
the ion displacement along b axis [28]. Although tilt angle
() from c axis decreases, the tilt angle in the a—c plane
increases from 1.03° to 15.82° as LiCeY content increase.
The extent of octahedral rotation can be described by the
rotation angle along b axis in a—b plane (f; and f3,) shown
in Fig. 3. The rotation angles of CBNLCY-0 are 4.37° and
7.42°, and those of CBNLCY-6 are 4.72° and 5.82°. The
change of the rotation angle is not obvious. This result indi-
cates that the rotation of NbOg octahedron did not make the
main contribution to the ferroelectricity of CBNLCY-100x
ceramics. Therefore, the enhanced lattice distortion related
to a, is responsible for the larger P,.

Figure 4 shows the polarization—electric (P—E) loops and
current—electric field (I-E) curves of CBNLCY-0 and CBN-
LCY-6 ceramics measured at 180 °C and 1 Hz. It can be seen
that the P—E loop of CBNLCY-0 ceramic exhibited cigar-
shaped profile and there are no apparent ferroelectric switch-
ing peaks observed in the /-E curve during the polarization
process. With the substitution of LCY dopants, the remnant
polarization P, and coercive field E, of the ceramcis obvi-
ously vary. The P, and E, of CBNLCY-0 ceramic are 0.51
uC/cm? and 3.66 kV/mm, respectively. While those of CBN-
LCY-6 ceramic are 1.35 uC/cm? and 6.94 kV/mm, respec-
tively. The enhancement of P, is attribution to the larger
P of CBNLCY-6 ceramic which has discussed in crystal
structure analysis. Hence, the LCY doping can improve the
ferroelectric properties of CBN ceramics. Figure 5 shows
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Fig. 2 Rietveld refinement on powder XRD patterns of a CBNLCY-0 and ¢ CBNLCY-6; b, d are enlarged XRD patterns located at (200)/(020)

the fatigue characteristics of CBNLCY-6 ceramics for 10
switching cycles at 180 °C. The value of P, do not change
obviously indicating that the CBNLCY-6 ceramic have good
fatigue resistance.

The electric resistivity is an important factor of BLSFs
ceramics, which should be considered for piezoelectric ceram-
ics applied in high temperature. The temperature depend-
ence of resistivity of CBNLCY-100x ceramics are shown in
Fig. 6a. The resistivity gradually declines with the increas-
ing temperature as same as other Aurivillius type ceramics.
Besides, the resistivity of CBNLCY-100x ceramics increases
with enhancement of the x value and reaches the optimal value
at x=0.01 shown in Fig. 6b. The resistivity of CBNLCY-1
ceramics is 1.31x 10° Q-cm at 600 °C, which enhances one
order of magnitude compared with undoped CBN ceramics
(1.25x 10° Q-cm at 600 °C). In general, the oxygen vacancies
make a major contribution to the electric conduction process
for Aurivillius type ceramics [29-31]. Due to the volatiliza-
tion of bismuth element during sintering, there are bismuth

vacancies (V;;.) leaving at the (Bi202)2Jr layer of CBNLCY-0
ceramics, and the oxygen vacancies (V) are also generated
near them to maintain the charge neutrality (Eq. 1). In the
cooling process, the oxygen atoms enter into (Bi,0,)*" layer
again and produce the holes (#') (Eq. 2). The substitution of
donor dopant Ce** for Ca®* generates two electrons at A-site
(Eq. 3), and neutralizes the holes (Eq. 4). Thus, the concentra-
tion of charge carriers of CBNLCY-100x ceramics decreases
when x value is 0.01 mol, which makes the resistivity raise.
The donor doping process can be represented by Kroger—Vink
defect-chemical equation [32]:

Bi, 0, = 2Bi(gas) 1 +§02 T +2Vy +3V; M
L1 .
Vi+ 20, = 0+ 20 @
a2+
CeO,—— Ce;, +20, +2¢ 3)
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Fig.3 Visualized crystal struc- (a) CBNLCY-0 (b) CBNLCY-6

tures and bond distances of a

CBNLCY-0 and b CBNLCY-6 ¢
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Table 2 Summarization of the tilt angle (a) of the octahedron from
the c axis, the tilt in the a—c plane (a,) and in the b—c plane (ay), and
the octahedral rotation angle (3, and f,) along the b axis in the a—b
plane

Sample CBNLCY-0 CBNLCY-6
a(® 17.28 13.31

a, () 1.03 15.82

a, () 5491 46.19

B () 4.37 4.72

B, ) 7.42 5.82

h +ée — null 4)

With the further increase of x value, the resistivity of
CBNLCY-100x ceramics decreases. It is reported that the
lanthanide metals Ce** also have chance to entered into
B-site of the perovskite structure to replace the Nb>* because
of their similar ionic radii (Rc.**=0.87 A, Ry,>* =0.64 A, 6
CN) [33]. When the low valence Ce** ions enter into B-site
to replace Nb>* ions, one oxygen vacancy (V) will be gen-
erated at B-site of perovskite layer [34]. The Kroger—Vink
defect-chemical equation of acceptor doping process are

@ Springer

shown in Eq. (5). Hence, the concentration of charge carri-
ers increases and makes the resistivity reduce.

Nb ) 1.
CeO,— Cey, +20, + EVO 5)

Furthermore, the temperature-dependent conduction pro-
cess follows the Arrhenius equation [35]:

Eq
p = pye *T (6)

where p,, is the pre-exponential factor, E, is the activation
energy of the charge carriers, kg is the Boltzmann’s constant
and T is the absolute temperature. It can be seen that all
curves can be divided into two temperature regions. The
value of E, at low temperature is close to 1 eV, which is
attribution to the motion of oxygen vacancy [36]. And at
high temperature, the values of E, are near half of the band
gap (1.7 eV), proving intrinsic conduction is the main con-
duction mechanism [37]. When x value is 0.01 mol, the E,
of CBNLCY-100x ceramics has a slight decrease at low
temperature but an increase at high temperature, which is
ascribed to the decreasing concentration of oxygen vacan-
cies. While with the x content further increasing, it can be
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observed that the activation energy increases at low tem-
perature while declines at high temperature, and the values
of E, in two temperature regions are both tend to 1 eV. It
demonstrates that the Ce*" ions enter into B-sites and gener-
ate more oxygen vacancies. The schematic in Fig. 7 explains
the defect formation process of the CBNLCY-100x ceramics
in detail. This result is consistent with the analysis of the
variation of resistivity.

Figure 8a shows the temperature dependence of dielectric
constant (¢&,) of the CBNLCY-100x ceramics measured at
1 MHz. The dielectric peaks around 940 °C are the phase
transition points between ferroelectric and paraelectric
phase. The Curie temperature (7) of CBNLCY-100x ceram-
ics increases firstly with x content increasing while decreases

with the further doping. In order to further elucidate the
effect of LiCeY co-substitution on 7, the tolerance factor (¢)
of the perovskites is invoked [12]. The formula of tolerance
factor (¢) is given by Eq. (7):

L _RitRg
V2R, + Ry) @

where R,, Rg, and R, are the radii of A, B-site and oxy-
gen atoms, respectively. In a certain range, the lower
t value often causes higher T.. Compared with Ca* ion
(Re,2t=1.34 A, 12 CN), the Li*, Ce** and Y** ions
(R;*=1.15A, Ro,* =114 A, R;>* =125 A, 12 CN) have
smaller radii which lead a lower ¢ value. So the T presents
an uptrend with x content increasing and reaches the high-
est T value (949 °C) at x=0.02. Meanwhile, excessive
LiCeY makes the crystal symmetry enhanced, resulting in
a decrease of 7 when x> 0.02. It is clear that the dielectric
loss (tand) of CBNLCY-100x ceramics below 600 °C is flat,
but increase rapidly near Curie points because of the move-
ment of domain walls. Figure 8d shows the variation of tand
with the x value increasing at 600 °C. It is found that the
CBNLCY-100x ceramics obtain the lowest dielectric loss
at x=0.01. With the addition of less LiCeY (x=0.01) into
A-site, the oxygen vacancies generated by the volatilization
of bismuth are neutralized by high valence Ce*" ions, which
result in the lower dielectric loss [38].

Piezoelectric coefficient (d;;) and its thermal stability
of CBNLCY-100x ceramics are important parameters for
high Curie temperature piezoceramics. Figure 9a shows the
piezoelectric constant d;; of CBNLCY-100x ceramics at
room temperature. As shown, the d;; value increases and
then stays nearly constant with the increase of the LiCeY
content. The optimal piezoelectricity is obtained at x=0.06
with a dj; value of 16.3 pC/N, which is much larger than
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Fig.6 a Resistivity of CBNLCY-100x ceramics as a function of
measuring temperature; b resistivity as a function of x for CBNLCY-
100x ceramics at 400, 500, 600 and 700 °C; c—i Arrhenius relation-
ship between dc resistivity and temperature for the CBNLCY-100x

Fig. 7 schematic of the defect i Vo
formation process of CBNLCY- ° 5
100x ceramics

VY. ..
L A 4

CBNLCY-0

that of undoped CBN ceramics (d3;=6.6 pC/N). The crystal
distortion can explain the great enhancement of d;; value.
It has been studied that the octahedral tilt angle in the a—c
plane («,) is the main contribution to the ferroelectricity
of CBNLCY-100x ceramics [28]. Compared with CBN-
LCY-0 ceramic, CBNLCY-6 ceramic has larger a, value,
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ceramics; j activation energy (E,) obtained from the Arrhenius plots
and the transition temperature 7, corresponding to the changes of

change
Ea
VBiy" VBi"'
O o [ =] ([
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v v Vi w .
— (2] (
LiCeY Liy LiCeY,
Cab
v v v v 02.
@® B
® ® © ® L d O Nb¥
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and CBNLCY-6 ceramic also has larger remnant polariza-
tion P, shown in Fig. 4. Therefore, the CBNLCY-6 ceramic
obtained the high piezoelectric constant. Figure 9b shows
the thermal stability of CBNLCY-100x ceramics. One could
see that all the samples have stable piezoelectric properties.
The d;; value drops slightly when the annealing temperature
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Fig.8 Temperature dependence of a dielectric constant (&) and b
dielectric loss (tand) of the CBNLCY-100x ceramics measured at
1 MHz. ¢ The Curie temperature (1) as a function of the x. d shows
tand as a function of x at 600 °C

rises to 400 °C, which is attribution to the movement of non-
180° domain walls [21, 39]. When the annealing temperature
is close to Curie temperature, the ds; value decreases rapidly,
indicating the phase transition from ferroelectric phase to
paraelectric phase. Figure 9c gives the relative d;; of CBN-
LCY-6 ceramic after annealing at various temperatures. It is
observed that the relative d;; value of CBNLCY-6 ceramics
still remains 92.6% of its original value, which indicates the
CBNLCY-6 ceramic has good resistance to thermal aging.
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4 Conclusions

The (LiCeY) co-doped Ca;_,,(LiCey5Y5),Bi,Nb,Oq
(CBNLCY-100x, x=0-0.07) ceramics were prepared by
the conventional solid-state reaction. The substitution
of (LiCeY) at A-site led an improvement of the octahe-
dral tilt angle in the a—c plane of CBNLCY-100x ceram-
ics, which resulted in an enhanced piezoelectric prop-
erty. CBNLCY-6 ceramic with high Curie temperature
(T-=940 °C) had an enhanced piezoelectric coefficient
(ds3) of 16.3 pC/N. Even after annealing at 800 °C for 2 h,
the d3; value of CBNLCY-6 ceramic still remained 92.6%
of its original value. Furthermore, detailed investigations
about the resistivity of CBNLCY-100x ceramics showed
that the oxygen vacancies played an important role in dc
conduction mechanism at low temperature and the main
conduction mechanism at high temperature was intrinsic
conduction. The high valence state ions Ce** entered into
A-site of perovskite to reduce the concentration of oxygen
vacancies, finally enhanced the resistivity of CBNLCY-
100x ceramics and decreased the dielectric loss. But with
the further modification, the Ce** might enter into B-site
as an acceptor and generated more oxygen vacancies.
Ultimately, CBNLCY-1 ceramic got the highest resistiv-
ity (1.31x 10°Q cm) and lowest tané (~0.03) at 600 °C.
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Fig.9 a Piezoelectric coefficient d3; of CBNLCY-100x ceramics at room temperature; b thermal depoling behavior of CBNLCY-100x ceramics;
c the relative d; after annealing at various temperatures and temperature dependent dielectric constant &, of CBNLCY-6 ceramic
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