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Abstract: In order to meet the urgent need for high temperature piezoelectric materials with a Curie
temperature over 400 °C, the Mn/Nb co-doped strategy has been proposed to improve the weak
piezoelectric performance of the Aurivillius-type Nag 5Bis 5Ti4O15 (NBT) high temperature piezoelec-
tric ceramics. In this paper, the crystal structure, electrical properties, and thermal stability of the
B-site Mn/Nb co-doped Nag 5Biy 5Tis x(Mnj ,3Nb; /3)xO15 (NBT-100x) ceramics were systematically
investigated by the conventional solid-state reaction method. The crystal structural analysis results
indicate that the NBT-100x ceramics have typical bismuth oxide layer type phase structure and high
anisotropic plate-like morphology. The lattice parameters and the grain sizes increase with the B-site
Mn/Nb co-doped content. The electrical properties were significantly improved by Mn/Nb co-doped
modifications. The maximum of the piezoelectric coefficient d33 was found to be 29 pC/N for the
NBT-2 ceramics, nearly twice that of the unmodified NBT ceramics. The highest values of the planar
electromechanical coupling factor ky, and thickness electromechanical coupling factor ki were also
obtained for the NBT-2 ceramics, at 5.4% and 31.2%, respectively. The dielectric spectroscopy showed
that the Curie temperature Tc of the Mn/Nb co-doped NBT-100x ceramics is slightly higher than
that of unmodified NBT ceramics (646 °C). The DC resistivity of the NBT-2 ceramics is higher than
106 O-cm at 500 °C. All the results together with the good thermal stability demonstrated the Mn/Nb
co-doped ceramics as an effective method to improve the NBT based piezoelectric ceramics and the
potential candidates of the Mn/Nb co-doped NBT-100x ceramics for high temperature piezoelectric
applications.
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1. Introduction

Piezoelectric materials can directly realize the conversion between electrical energy
and mechanical energy [1]. They have been widely used in machinery manufacturing,
electronic communications, the military, and other fields. Piezoelectric materials played an
irreplaceable role in the functional conversion device of force, heat, light, electricity, and
magnetism fields and showed a broad application prospect [2—4]. Piezoelectric materials
can be divided into crystal, ceramic, polymer, and composite materials [5]. Among all
these piezoelectric materials, piezoelectric ceramics have been °Ccupying most of the
market share of piezoelectric materials owning to their excellent piezoelectric properties,
abundance in component regulation, relatively simple fabrication process, and low cost.

Recently, the operating environment of piezoelectric materials received serious chal-
lenges due to the rapid development in the automotive industry, energy industry, aerospace
industry, etc [5-7]. For example, the automobile internal combustion engine system re-
quired the piezoelectric materials to be able to work steadily under an environment temper-
ature of 200 °C or even 300 °C; the pressure sensor for the detection of hydraulic parameters
in the process of oil exploration also presents a new challenge to piezoelectric materials;
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and the engine vibration testing in the aerospace field also requires piezoelectric materials
to work at higher temperatures. Research on high-temperature piezoelectric materials and
their device applications has received unprecedented concern and attention. However, the
most commonly used commercial piezoelectric materials, Pb(Zr,Ti)O3 (abbreviated as PZT)
ceramics, present a Curie temperature ~ 360 °C due to their composition and structure [1].
For bulk piezoelectric materials, the proper functioning temperature is limited to half the
Tc because of the depolarization effect caused by thermal activation, so that the traditional
PZT piezoelectric ceramics cannot be used over 200 °C [6]. Therefore, there is an urgent
need to search for piezoelectric materials with a Curie temperature of 400 °C or higher.

Aurivillius-type ferroelectrics or bismuth layer structured ferroelectrics (BLSFs) have
attracted immense attention for piezoelectric devices operating at high temperatures due
to their low dielectric permittivity, high Curie temperature over 400 °C, excellent thermal
stability, and strong anisotropic electromechanical properties [8-10]. The general crystal
structure of BLSFs can be described as the pseudo-perovskite blocks (Ap-1BmO3m41)%~ sand-
wiched between (Bi;O,)%* layers with the formula of (Bip02)%* (Am-1BmO3m+1)%>, where A
refers to mono-,bi-, or trivalent ion (e.g., Na*, K, Ca?*, Sr?*, Ba?*, and Bi®*) and B repre-
sents a tetra-, penta-, or hexavalent ion (e.g., Ti**, Nb°*, Ta%*, Mo®* and W®*) [11,12]. This
special stacking structure limits the ferroelectric polarization rotation to the a-b plane of the
pseudo-perovskite layers. In addition, the electrical properties are sensitively related to the
number of BOy °Ctahedra m (generally 1-6) due to the ferroelectric polarization derived
from the rotation of the BOg °Ctahedra [5]. However, this two-dimensional polarization
orientation restriction also results in the weak piezoelectric performance of BLSF ceramics.

In order to overcome these shortcomings, great effort has been paid to the lattice structure
regulation technology by A-site, B-site, and A-B site composite substitution [13-20]. In these
studies, though the A-site modification performs more effectively in the enhancement of the
ferroelectric and piezoelectric properties than the B-site modification, the Curie temperature
of the BLSFs ceramics after the A-site modification will reduce a lot. For example, the
A-site NaBi composite substitution of the CaBi;Nb,Og ceramics led to the Tc decreasing
from 925 °C to 880 °C [13]. Recently, it has been proven that B-site multi-ions co-doping is
an effective strategy to improve the piezoelectricity of BLSF ceramics [19]. For example,
the Mn/Nb co-doped CaBisTi4O15 (CBT) [20] ceramics present an enhanced piezoelectric
coefficient of d33 23 pC/N, increasing by 2 times compared with that of the unmodified
CaBiyTisOs5. Further, a remarkable ds3 of 24 pC/N was obtained for the Mn/Ta co-doped
CaBisTi4O15, with an improved resistivity of 4.96 x 108 O-cm at 400 °C [21]. The W/Cr
co-substitution at the B-site of BiyTi3O1p (BIT) ceramics presents an enhanced piezoelectric
coefficient of ds3 31 pC/N together with a Tc of 651 °C [22].

Aurivillius-type sodium bismuth titanate, Nag 5Bis 5Ti4O15 (NBT), as one of the im-
portant members in the BLSFs with m = 4, increasingly arouses the interest of researchers
because of its potential in high temperature piezoelectric sensor applications because of its
strong ferroelectric polarization and high Curie temperature (Tc ~650 °C) [23]. Unfortu-
nately, the piezoelectricity of unmodified NBT ceramic is very low (ds3 < 16 pC/N). Since
the similar crystalline structure to CBT and BIT, one can expect that the Mn/Nb co-doped
modification strategy may also be suitable for the electrical property optimization of NBT.
In this paper, the effects of the B-site Mn/Nb co-doped on the structure and electrical
properties of NBT ceramics were investigated, and the relevant physical mechanisms were
discussed in detail.

2. Experimental Methods
2.1. Fabrication

Samples of the Aurivillius-type Nag 5Bis 5 Tis-r(Mn1 3Nb5 /3)O15 (NBT-100x, x = 0.00,
0.01, 0.02, 0.03, and 0.04, respectively) ceramics were synthesized by the conventional
solid-state reaction methods using the raw materials NayCO3 (99.8%), Bi;O3 (99.8%), TiO,
(99.9%), MnO; (99.9%), and Nb,Os5 (99.5%). The detailed process flow diagram is shown
in Figure 1. All the analytical-grade raw materials were selected and weighed according
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to the formulation designed above, and then the mixture was ball-milled in an alcohol
medium for 12 h. After pre-fired synthesis at 800-850 °C for 3 h, the above mixture was
subsequently ball-milled and dry-compressed into pellets of 12 mm in diameter and 1.5 mm
in thickness. After burning out the glue of PVA at 600 °C for 12 h, the disks were sintered
at 1050-1150 °C for 3 h and buried with the same composition powders. The final samples
of the NBT-100x were polished to a thickness of about 0.8 mm before the structural analysis
and electrical measurements.

Formu.latlon Sintering Polish \ Structural
design analysis
/
y
Weigh raw Glue Electrode
material discharge preparation
N \
Ball-milling Dry Performance
compaction measurement
Prefired <] Second ball-
synthesis milling

Figure 1. Process flow diagram of the NBT-100x piezoelectric ceramics.

2.2. Characterization

The crystal structure, electrical properties, and thermal stability of the B-site Mn/Nb
co-doped Aurivillius-type Nag 5Big 5 Tig-«(Mny ;3Nb; /3)O15 (NBT-100x) high temperature
piezoelectric ceramics were systematically investigated. For the crystal structural analysis,
we selected X-ray diffraction (XRD) technology to characterize the phase structure and
lattice parameter using Cu Ko (D8 Advance, Bruker AXS GmbH, Billerica, MA, USA),
and scanning electron microscopy (SEM) technology to observe the surface microstructure
with the equipment (5-4800, Hitachi, Tokyo, Japan). Before the electrical measurements,
the ceramic samples were poled by a DC electric field of 10 kV/mm for 20 min in a
180 °C silicone oil medium, and then the performance measurements were conducted
according to the IEEE standards [24]. For the dielectric property measurements, we selected
the impedance analyzer (Agilent, 4294A, Santa Clara, CA, USA) to obtain the dielectric
permittivity € and the dielectric loss tan ¢ in the frequency range of 1 kHz to 1 MHz from
room temperature to 700 °C. For the piezoelectric property measurements, we selected the
quasi-static Berlincourt meter (Z]-3A, Ningbo, China) to obtain the piezoelectric coefficient
ds3 and the impedance analyzer (Agilent 4294A, USA) to obtain the electromechanical
coupling performance by the resonance—antiresonance method. For the thermal stability
measurements, we selected the digit multimeter (Model 34410A 61, Agilent) to obtain
the DC resistivity from room temperature to 700 °C. However, the effects of thermal
depoling on piezoelectric performance were investigated by annealing the ceramic samples
at each temperature range from 100 °C to 650 °C for 1 h and subsequently measuring the
piezoelectric coefficient ds3 after cooling down to room temperature.

3. Results and Discussions

Figure 2 shows the X-ray diffraction results of the Mn/Nb co-doped NBT ceramics,
which indicate a typical bismuth oxide layer type structure. The strongest diffraction
peak is found to be the (119) diffraction peak for all the samples, in accordance with the
previous report that the most intense reflections are (112m + 1) types for the Aurivillius-type
ferroelectrics [12]. In addition, a secondary phase of the BigTizO1; (117) can be detected for
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all the samples near the diffraction angle 20 = 30°, which is a common phenomenon in the
BLEFS [25]. It can be observed that the peaks for Mn/Nb co-doped NBT ceramics shift to
the lower angle region with the increase of Mn/Nb contents x, indicating a slight crystal
lattice distortion with the introduction of Mn/Nb compound ions into the NBT ceramics.
This trend is clearly shown in Figure 2b for the (119) diffraction peak.
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Figure 2. Room temperature X-ray diffraction patterns of the Mn/Nb co-doped NBT ceramics.
(a) From bottom to top, Mn/Nb content 0.00, 0.01, 0.02, 0.03 and 0.04 respectively. Note: Additional
peaks «: BigTizO1; (117). (b) Selected (119) diffraction peak shift to the lower angle.

The diffraction peaks shifting to a lower angle region indicate an increasing lattice
parameter according to the Bragg diffraction formula. To certify this point, the lattice
parameters of the Mn/Nb co-doped NBT ceramics were calculated and illustrated in
Figure 3. Obviously, all the lattice parameters increase with the doping level x. It can be
explained as follows. In this work, the Mn/Nb co-doped NBT ceramics were sintered at
1100 °C, and the Mn ions and Nb ions will be of the types Mn?* and Nb>*, respectively.
The multi ions of Mn?* and Nb>* will enter the B-site of the NBT ceramics as the ‘equal type
of (Mn1 /3Nb; /3)4+ Due to the larger ionic radius of (Mn; ,3Nb, /3)4+ (MnZ* 0.67A and Nb°*
0.64 A for CN = 6) than that of Ti** (0.605A for CN = 6) [26], the lattice parameters of the
B-site Mn/Nb co-doped NBT ceramics will increase as a result. Furthermore, a decreasing
a/b ratio with the increasing doping level can be identified in Figure 3b, revealing the
decreasing anisotropy in the a-b plane of the Mn/Nb co-doped NBT ceramics.

Figure 4 shows the natural surface SEM images for the Mn/Nb co-doped NBT ceramics
sintered at 1100 °C: (a) x = 0.00, (b) x = 0.01, (c) x = 0.02, (d) x = 0.03, and (e) x = 0.04,
respectively. There are no obvious porosities that can be seen from the SEM images,
indicating the well densified ceramic samples after the sintering process. Similar to other
BSLFs materials, the Mn/Nb co-doped NBT ceramics also exhibit the high anisotropy plate-
like morphology, with the grains having about 5 to 7 times the length [ as the thickness ¢.
This phenomenon may be attributed to the higher grain growth rate along the a-b plane
than that along the c-axis plane. In addition, it can be seen that the length [ of the plate-like
grains increases with the increasing Mn/Nb co-doped content from 0.00 to 0.04. This
enlarged grain size can be attributed to the Mn ions, which lower the sintering temperature
and facilitate the grain growth as a result.
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Figure 4. Natural surface SEM images for the Mn/Nb co-doped NBT ceramics sintered at 1100 °C:
(a) x =0.00, (b) x = 0.01, (c) x = 0.02, (d) x = 0.03, and (e) x = 0.04.

Figure 5 presents the variation of the room temperature dielectric permittivity € and
the dielectric loss tan ¢ for the Mn/Nb co-doped NBT ceramics in the frequency range of
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1 kHz to 1IMHz. The dielectric permittivity decreases a little with no obvious dispersion,
and the dielectric loss tan J is lower than 0.006 in the measured frequency range. In addition,
it can be figured out that the Mn/Nb co-doped material has a significant influence on the
dielectric properties. With the increasing doping level x, the dielectric permittivity increases
from 145 to 160, and the dielectric loss tan § reduced, especially at IMHz. The optimized
dielectric properties may be attributed to the decreasing anisotropy in the a-b plane caused
by Mn/Nb co-doping.
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Figure 5. Room temperature dielectric permittivity and dielectric loss tan J for the Mn/Nb co-doped
NBT ceramics as a function of frequency.

Figure 6 shows the temperature dependence of the dielectric permittivity € and the
dielectric loss tan ¢ at IMHz for the Mn/NDb co-doped NBT ceramics. It can be clearly
seen that a single dielectric peak was detected, which is in accordance with the transition
temperature of the ferroelectric phase the paraelectric phase, that is, the Curie temperature
(T¢). From the inset, it is obvious that the T\ is sensitive to the Mn/Nb co-doped contents
and linearly increases from 646 °C to 660 °C with the increasing doping level x. Generally,
the Curie temperature is closely related to the crystal lattice distortion in the pseudo-
perovskite blocks (Ap-1BmO311)?~ in BLSFs. This distortion can be described by the
tolerance factor ¢ given by the next equation [27]:

rAa+71o

~ Va(rs +10)

where 74, rp, and rp are the ionic radii of the A-site ion, B-site ion, and oxygen ion in the
(Am_1BmOsm41)?~, respectively. Empirically, it presents a higher transition temperature
with a smaller tolerance factor t. As discussed before, the larger ion radii MnZ* and Nb®*
replace the Ti** and enter the B-site of the NBT ceramics due to the similar ionic radii
(Mn?%* 0.67A, Nb>* 0.64 A, and Ti** 0.605A for CN = 6). Thus, the tolerance factor t reduces
due to the enlarged rp and results in an increase in the Curie temperature. Furthermore,
the dielectric loss tan ¢ of the Mn/Nb co-doped NBT ceramics is lower than 0.05 until
the temperature reaches 400 °C, which is important for high temperature piezoelectric
applications.
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Figure 6. Temperature dependence of dielectric permittivity and dielectric loss tan § at 1 MHz for the
Mn/Nb co-doped NBT ceramics.

The room temperature electrical properties are measured and summarized in Figure 7.
It can be seen that the electrical properties of NBT ceramics are significantly improved
by Mn/Nb co-doping, and the piezoelectric coefficient d33 is sensitive to the Mn/Nb co-
doped contents, as well as the electromechanical coupling factor k. The maximum of the
ds3 was found to be 29 pC/N for the NBT-2 ceramics, nearly twice that of the unmod-
ified NBT ceramics. When you compare this improvement in piezoelectric coefficient
d33 with that of other NBT based ceramics reported in the past two years, such as the
Cr,O3-modified NagsBis 5Ti4O15-Nag5Bip5TiO3 composite ceramics 25 pC/N [15], the
Nao_5Bi4.5_xCexTi4015 ceramics 20 pC/N [23], the Na0.5Bi4_46Ce0404Ti4-xCox015 ceramics
22 pC/N [28], the (Nag 5Big5)1-xCaxBisTisO15 ceramics 22 pC/N [29], our finding exhibits
an obvious advantage, demonstrating that the Mn/Nb co-doping is an effective method
to enhance the piezoelectric properties of the NBT-based piezoelectric. In addition, the
highest values of the planar electromechanical coupling factor kp and the thickness elec-
tromechanical coupling factor k; were also obtained for the NBT-2 ceramics, at 5.4% and
31.2%, respectively, indicating strong anisotropic electromechanical coupling performance
due to the two-dimension rotation restriction of the ferroelectric polarization. However,
the mechanical quality factor Q,, increased linearly from 4200 to 6020 with the increasing
doping level x. As discussed before, the Mn?* and Nb>* substitute for the B-site Ti**
because of the close ionic radii. However, the Mn?* always plays a role in the domain
wall pinning in the modification of the piezoelectric ceramics [30,31]. With the increasing
Mn/Nb compound ions introduction into the NBT ceramics, the domain wall motion was
restricted and the mechanical quality factor Q,, increased.

Figure 8 presents the temperature dependence of the DC resistivity of the NBT and
NBT-2 ceramics. It can be found that the DC resistivity is enhanced by the introduction of
Mn/Nb compound ions into the NBT ceramics during the measured temperature range.
According to the Arrhenius relationship p = pg exp(—Ea/kT), the activation energies E, of
the NBT and NBT-2 ceramics were calculated and shown in the inset as 1.02 and 1.16 eV,
respectively, indicating that the oxygen vacancies dominate the conduction process. This
is because the diffusion activation energy of oxygen vacancies in oxide solid solutions is
nearly 1 eV. In this work, the enhanced resistivity and activation energy may be attributed
to the variable valences of Mn ions. As discussed above, the Mn** ions may reduce to
Mn?* jons in the ceramic sintering process. Then the Mn?" may enter the B-site and replace
the Ti** because of the similar ion radius. The oxygen vacancies, which dominate the
conduction process, will generate as a result. Furthermore, the Mn?* ions will enhance
the domain wall pinning effect [20] and restrict the movements of the oxygen vacancies,
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leading to higher resistivity. In addition, the DC resistivity of the NBT-2 ceramics is higher
than 10° Q) cm at 500 °C, showing potential for high temperature piezoelectric applications.
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Figure 7. Room temperature electrical properties of the Mn/Nb co-doped NBT.
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Figure 8. Temperature dependence of DC resistivity of the NBT and NBT-2 ceramics.

The effect of thermal annealing on the piezoelectric coefficient ds3 of the NBT and
NBT-2 ceramics has been investigated and shown in Figure 9, and the inset of Figure 9 gives
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the relative ds3 as a function of the annealing temperature. It can be seen that the value of
d33 remains unchanged until 400 °C and begins to sharply drop after 500 °C, indicating
good thermal stability. In addition, from the insert, it can be seen that the relative ds3 of
the NBT-2 ceramics decreases slowly and is lower than that of the pure NBT ceramics,
demonstrating the enhanced thermal stability of the NBT-2 ceramics. This can be explained
as follows. As known, the internal stresses induced during the annealing process led to
the depolarization of piezoelectric ceramics. The introduction of Mn/Nb compound ions
into the B-site of the NBT ceramics, which causes the lattice distortion, will decrease the
internal stresses and result in the enhanced thermal stability of NBT-2 ceramics.

30

25

20 -

15

d,(pC/N)

10

4y (T)

L Relatived,, =
.4 elative d., @ (RT)

0 0 100 200 300 400 500 600 700
Annealing Temperature (°C)

U R R IS R U R
0 100 200 300 400 500 600 700

Annealing Temperature (°C)

Figure 9. Effect of the thermal annealing on the piezoelectric coefficient d33 of the NBT and NBT-2
piezoelectric ceramics.

4. Conclusions

In this paper, series of the B-site Mn/Nb co-doped NBT-100x ceramics with typical
bismuth oxide layer type phase structure and high anisotropic plate-like morphology were
prepared and investigated in detail using conventional solid-state reaction method. The
multi ions of Mn?* and Nb°* enter the B-site of the NBT ceramics and replace the Ti**
with the equal type of (Mny,3Nb,/3)*", resulting in crystal lattice distortion with enlarged
lattice parameters. The SEM images exhibit the high anisotropy and plate-like morphology
of the Mn/Nb co-doped NBT ceramics, and the grain size can be found to be obviously
enlarged with the increasing Mn/Nb co-doped content. The dielectric permittivity increases
from 145 to 160, and the dielectric loss tan  reduced, especially at IMHz. The maximum
of the d33 was found to be 29 pC/N for the NBT-2 ceramics, nearly twice that of the
unmodified NBT ceramics. The highest values of planar electromechanical coupling kp
and the thickness coupling factor ki were also obtained for the NBT-2 ceramics, at 5.4%
and 31.2%, respectively. The Curie temperature T, is sensitive to the Mn/Nb co-doped
contents and linearly increases from 646 °C to 660 °C with the increasing doping level x.
The enhanced resistivity of 10° Q)-cm at 500 °C and activation energy of 1.16 eV of Mn/Nb
co-doped may be attributed to the restriction on the movements of the oxygen vacancies.
All the results together with the good thermal stability demonstrate the potentials of the
Mn/Nb co-doped NBT-100x ceramics for high temperature piezoelectric applications and
the Mn/Nb co-doping as an effective method to improve the electrical performance of
NBT based piezoelectric ceramics, which can be further extended to other BLSFs type high
temperature piezoelectric ceramic systems.
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