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Abstract The effect of fabrication routes on the micro-
structure, the dielectric and ferroelectric properties of the
Mn-doped BaTiO; ceramics was systematically studied in
the present study. It can be concluded that the ways of
doping manganese into BaTiO3z matrix had a strong impact
on the obtained ceramics. Doping manganese after the
calcination of BaTiOz (BT + Mn) would inhibit the grain
growth and cause the hexagonal BaTiO; when sintered at
1,400 °C in the air. While doping manganese at the initial
stage [BaTi(; _xMn4Os3], no hexagonal BaTiO; is detected
in the same sintering temperature. As the macroscopic
properties, the dielectric properties showed permittivity
diffusion with the frequency in the temperature range of
—10 to 150 °C only in the ceramics fabricated by the
former route (BT 4+ Mn). Moreover, the dielectric relaxa-
tion process disappeared after aging treatment only in the
ceramics fabricated by the later route [BaTi(;_,)Mn,Os3].
The ferroelectric properties showed strong aging effect in
the sample fabricated by the latter route [BaTi(; _x,Mn,Os]
both with fine grain and coarse grain, while the sample
fabricated by the former route (BT + Mn) showed slight
aging phenomenon ever after aging at room temperature
for 10 days. The electrostrain also showed big difference
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within different samples: The recoverable electrostrain
were 0.11 % (BT 4+ Mn) and 0.21 % [BaTi(;_xMn,O3] at
the same sintering temperature of 1,320 °C and aging in
the room temperature for 10 days. Such results were ana-
lyzed from the viewpoint of the differences in solubility of
manganese and the consequent manganese—oxygen
vacancy defect dipoles in the different fabrication routes.

1 Introduction

BaTiOj; is one of the most widely used ferroelectric mate-
rials for its high performance in dielectric, ferroelectric and
piezoelectric properties [1, 2]. In order to tailor the prop-
erties, various doping is inevitably necessary. Manganese,
as an acceptor dopant, is usually used to improve the
properties of the BaTiOs-based ceramics. Microstructure
and electrical properties of Mn-doped BaTiO; have been
extensively studied by numerous researchers [3—15]. For the
donor-doped positive temperature coefficient of resistance
(PTCR) ceramics, manganese depresses the grain size and
enhances the electrical resistivity near the Curie temperature
of BaTiO5; [16-23]. For the based-metal-electrode (BME)
MLCCs, undoped-perovskite BaTiO3 materials are reduced
and become semiconductors when fired in the protective
atmosphere which is to prevent the internal electrodes from
being oxidized. But doping of manganese is an effective
way to prevent the degradation of insulation resistance and
to extend the service life of MLCCs [24-26]. In order to
improve life stability of BME-MLCCs, manganese always
doped mix with donors [27]. Manganese is also used to
stabilize hexagonal BaTiO; (h-BaTiO3) at room tempera-
ture [28-34]. Recent studies indicate a new effect in the
Mn-doped BaTiO; ceramic; it can generate a large recov-
erable electrostrain after the aging treatment [35-38].

@ Springer



932

X. Zhao et al.

For the above-mentioned applications of the Mn-doped
BaTiO5 ceramics, the doping ways and the consequent
effects of manganese are not quite the same. For the PTCR
studies, the key role of manganese in PTCR ceramics is to
modify the grain boundary layer characteristics while
keeping the grain-bulk conductive; a small addition of 0.04
at. % of manganese can result in increasing the height of
the grain boundary potential barriers by ~40 % in the
temperature range between T¢ and T, [23]. In this study,
the manganese was added at the first stage into BaCO3 and
TiO, and then calcined. For the Mn-doped MLCC studies
[24-26], the authors doped manganese into the BaTiO3 and
found that manganese segregated along the grain boundary,
which improved the insulation resistance in the reducing-
atmosphere-sintered MLCCs [26]. For the dopant mixes of
acceptors and donors to improve life stability of BME-
MLCCs, re-oxidation treatment at 800 £ 1,100 °C was
needed. Re-oxidation of Mn-acceptor-doped BaTiO;
ceramics leads to a valence change of Mn*" to Mn®* or
even Mn*" [39]. The number of oxygen vacancies neces-
sary to compensate the acceptors is considerably dimin-
ished by re-oxidation. Donors are capable of compensating
the acceptors in place of oxygen vacancies. Donors and
acceptors are assumed to form complexes. The mobility of
donor—acceptor complexes in the electric field is reported
as extremely low [40]. However, for this study, the doping
ways of manganese are not quite the same. In Kishi’s [41]
and Albertsen’s [42] studies, the manganese was added at
the first stage into BaCO5; and TiO, and then calcined,
while in Wang’s study, the authors doped manganese into
the BaTiOj3 [43]. Abicht et al. reported that 0.5-1.7 mol %
Mn-doped BaTiO; ceramics sintered at 1,400 °C in air
exhibited abnormal hexagonal crystallographic structure at
room temperature which is different from the conventional
tetragonal structure. It can cause a drastic change in the
microstructure. For their study, the manganese was added
at the first stage into BaCO;3 and TiO, and then calcined
[34]. For the studies of the favorable properties of aging by
generating the large recoverable strain [35-38], the man-
ganese was added at the first stage into BaCO5; and TiO,
and then calcined. However, comparing the published
results, the overall picture of the influence of doping ways
of manganese as well as their different effects on their
dielectric and ferroelectric properties are not clear.

Hence, the aim of this paper was to clarify the influence
of fabrication routes on the microstructure, the dielectric
and ferroelectric properties of the Mn-doped BaTiO;
ceramics. Here we employed two ways of doping manga-
nese into BaTiO; matrix, i.e., doping manganese at the
initial stage and after the calcination of BaTiO5. The dif-
ferent consequent effect on the microstructures and
dielectric/ferroelectric properties of BaTiO; ceramics by
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equal mole of manganese are investigated. The paper is
arranged in the following way: The Mn-doped BaTiO;
ceramics with different preparation routes was firstly
described; their microstructures were detected by X-ray
diffraction (XRD) and scanning electron microscopy
(SEM); and the dielectric properties with the change of
temperature and the dielectric relaxation behavior in fer-
roelectric tetragonal phase were then studied. The ferro-
electric properties as well as the aging behavior with
different doping ways were also studied.

2 Experimental procedures

Commercially available high-purity BaCOjz; (99.9 %,
Zhan Peng, Hubei, China, dso =400 nm) and TiO,
(99.9 %,Rutile, Zhan Peng, Hubei, China, dso = 220 nm)
were used as the starting materials as well as the analyti-
cally pure MnCO;. The two fabrication routes were
described as follows: (1) BaTiOs (abbreviated as BT) was
firstly synthesized at 1,200 °C for 2 h and then mixed with
0.65 mol % of Mn dopant; (2) the manganese dopant was
added at the initial stage with BaCO5; and TiO, and then
calcined at 1,200 °C for 2 h, the doping amount is
0.65 mol %. The route 1 and route 2 abbreviated as
BT + Mn and BaTi,_x,Mn,O5; (x = 0.0065). Both the
calcinated powder was milled for 8 h with zirconium balls
of 6 mm in diameter. The dried powder was added PVA
aqueous solution and then pressed into pellets with the
diameter of 12.56 mm and the thickness of 1.5 mm. Sin-
tering was done from 1,260 to 1,400 °C with the same
holding time of 2 h in air. The sample volume density was
determined by the Archimedes method. The phase com-
position of the samples was obtained using X-ray diffrac-
tometry, and the powder diffraction data were collected at
room temperature between 20 < 26 < 80 in step of 0.02°
using an X-ray diffractometer (SHIMADZU XRD7000).
The scanning electron microscope (SEM, KEYENCE VE-
9800) was used for the characterization of grain morphol-
ogy. In order to measure the dielectric and ferroelectric
properties, silver paste was coated on both surfaces of the
ceramics and then fired at 800 °C for 40 min. For the aging
study, the samples were de-aged by exposed to 300 °C for
0.5 h and then furnace cooling to the room temperature
then suffered the aging treatment, while the unaged sample
was immediately quenched to the room temperature.
Temperature dependence of the dielectric constant as well
as the dielectric loss was measured from —20 to 150 °C at
the frequency ranging from 1 Hz to 1,000 kHz. The hys-
teresis loop was characterized by Radiant Workstation, and
strain-electric field curve was measured by MTI Photonic
Sensor at the frequency of 10 Hz.
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3 Results and discussion
3.1 Structural characterizations

The relative density of all the samples, determined by
Archimedes’ method, are higher than 96 % of the theo-
retical density except the samples sintered below the
1,300 °C in route 1. The results of the XRD investigations
for both the sample sintered at 1,320 °C and 1,400 °C by
different routes are shown in Fig. 1. Obviously, the sam-
ples sintered at 1,320°C exhibited ferroelectric perovskite
phases with the tetragonal structure, which can be char-
acterized by the obvious splitting between (002) and (200)
peaks. The c/a ratios were 1.0069 (BT + Mn) and 1.0087
[BaTig_x,Mn,O3]. When sintered at 1,400 °C for 2 h, an
obvious h-BaTiOs; phase appeared only for the sample
fabricated by route 1. These results indicated that the
doping ways strongly affected the solubility of Mn ions
into the BaTiOj lattice. Doping the manganese after the
formation of the BaTiOz would result in the locally high
concentration of manganese at the grain boundary and then
result in the formation of h-BaTiOs.

Figure 2a, b show the microstructures of the samples
sintered in 1,320°C with different doping ways. For the
BT + Mn sample, the grains were fine and uniform with
average grain size of 1 pm, while the grains were also
uniform but with coarse grains with average grain size of
7 um in BaTi_xMn,Os5. The average grain sizes of all
samples sintered from 1,300 to 1,400 °C are shown in

(a) 1320°C _/¥/L
2 = c/a=1.0087
g =
> | ——" Lo
% ?aTi(l;Z;)Mni(O3 14.5‘ T.O 15.5‘ :16.(]
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2030 402 the?tg.deg?ge 7080

Fig. 1 XRD patterns of samples sintered in a 1,320 °C and
b 1,400 °C

Fig. 2c. It can be seen that grain growth was suppressed by
the manganese doping after the calcinations of the BaTiO;
powder (BT + Mn) in a wide range of sintering tempera-
tures till turned to h-BaTiO; in 1,400 °C. For BaTi(;_)
Mn, O3, it showed the uniform coarse grain all over the
sintered temperatures from 1,300 to 1,400 °C, and the grain
size were a gradual increase from 4 (1,300), 7 (1,320), 10
(1,350), 25 (1,380) to 38 um (1,400 °C). For manganese-
doped BaTiOs, it is assumed that manganese ion is incor-
porated to the Ti*" site of the perovskite structure and any
resulting deficiency in charge is compensated by oxygen
vacancies. The grain growth would be promoted by the
oxygen vacancies which contribute to the diffusion during
the sintering [44]. However, in our SEM result in Fig. 2,
the grain growth was inhibited in the manganese doping
way of BT 4+ Mn. It might be because of the dissolution of
the manganese when the perovskite structure had been
formed as well as inhibited the generation of oxygen
vacancy. For the BaTi(;_,,)Mn,O3, the manganese can be
incorporated to the Ti*" site easily by showing the uniform
and coarse grain during the whole sinter temperatures.
Hereafter, the experiments of the macroscopic properties
were measured on these two kinds of samples sintered in
the same temperature of 1,320 °C.

3.2 Dielectric properties

The temperature dependence of the dielectric constant of
the samples at 1 Hz to 1,000 kHz is shown in Fig. 3. For the
two fabrication routes, they both showed a phase transition
from ferroelectric to paraelectric phase in the curves of
dielectric permittivity with same transition temperature of
125 °C. Apparent frequency dispersion was occurred in the
entire measured temperature range in the BT 4+ Mn sample.
As shown in Fig. 3a, with the frequency increased from the
1 Hz to 1000 Hz, the dielectric constant were decreased
especially in the T from 8,000 to 4,200. The curve of the
BaTi(; _x Mn,O5 showed almost no diffusion with the fre-
quency, and the dielectric constant was nearly 9,500 at 7.
Moreover, the dielectric constant in the room temperature
was quite different for the two fabrication routes, it
decreased from nearly 3,000 (BT + Mn) to nearly 1,800
[BaTi(1—x)MnxO3] at the 1 Hz. The dielectric measure-
ment shown in Fig. 3 demonstrated that doping the man-
ganese into the BaTiO5; powder result in the diffusion of the
dielectric constant. It was attributed to the inhomogeneous
distribution of the manganese at the grain boundary.
Figure 4 shows the frequency dependences of dielectric
loss tan § in ferroelectric phase at temperature range of
60-110 °C for the samples aged for 10 days and insets
showed the curves of unaged samples. From the dielectric
loss curves of BT 4+ Mn sample shown in Fig. 4a, the
relaxation type dielectric loss peaks moved to higher
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Fig. 2 SEM of samples sintered in 1,320 °C by different doping ways of a BT + Mn and b BaTi;_,,Mn,Os. ¢ The average grain size with

sintered temperatures from 1,300-1,400 °C

frequency with the increasing of the temperatures can be
obviously seen from the aged sample and the same as the
unaged sample, but this peak has been weaken for the
unaged one. As shown in Fig. 4b, an obviously relaxation
peak was in the unaged samples for the BaTi( _4,Mn,O3,
but disappeared after aging treatment. These observed
relaxations were thermally activated phenomena, for which
the characteristic activation energy can be deduced from
the dielectric loss by the Arrhenius equation. According to
the Arrhenius equation:

= exp <£T> (1)

where T is the absolute temperature k is the Boltzmann’s
constant, H is the activation energy and 7 is the inverse of
frequency factor. For a Debye peak, the condition for the
peak is

ot =1 (2)

@ Springer

This gives:

H

Inf = —In(277y) — ", (3)
where Tp and f were the temperature and the frequency of the
Debye peak. The Arrhenius plot is clearly shown in Fig. 4c.
The BT 4+ Mn sample showed the activation energy H of 0.61
and 0.63 eV for the aged and the unaged samples. For the
unaged BaTi(,_)Mn,O5; sample with H of 0.55 eV, it was
reported that there are two types of dielectric relaxation
mechanism were proposed: space charge or long-range
migration of oxygen vacancies which is applied at the high
temperature and is characterized by the activation energies that
range from 0.91 to 1.56 eV [45] and reorientation of oxygen
vacancies in defect association [46—48]. It is a same research
from the Cheng’s studies that he attributed this dielectric loss
relaxation peak observed in the ferroelectric phase to the
reorientation of the electrical dipoles of Co** and Vg [49].
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In our studies, we explained the dielectric loss relaxation
shown in Fig. 4b by the volume effect model of ferro-
electric aging, supported by Zhang and Ren [35-38].
According to their model, for the Mn-doped BaTiO3, when
immediately cooling the fresh sample through its ferro-
electric phase, the crystal symmetry changes to the polar
tetragonal symmetry, while oxygen vacancies surrounding
a central Mn>" defect in the distorted oxygen octahedron
retain their cubic symmetry, so it is not a stable state in the
unaged sample. In order to be stable, the cubic defect
symmetry will be corrected into a polar tetragonal one,
which follows the crystal symmetry. Such process involves
a short-range migration of oxygen vacancies. Therefore,
the dielectric loss peak in Fig. 4b clearly shows this

process of migration of oxygen vacancy; it is the process of
the reorientation of an electric dipolar made of the oxygen
vacancies and the Mn’". Moreover, after aging for
10 days, the relaxation peak disappeared was attribute to
the nearly complete of the migration of oxygen vacancy as
the defect symmetry in each domain follows the polar
tetragonal crystal. As shown in Fig. 4c, the activation
energy of the unaged BaTi(;_, Mn,O3 was 0.55 eV which
was similar to the reported results of activation energy of
oxygen vacancy diffusion of 0.44-0.68 eV [50] and the
theoretical diffusion activation energy of the oxygen
vacancies is 0.62 eV [51]. However, in the sample of
BT + Mn, the dielectric loss relaxation peak was obvi-
ously even aged for 10 days. As shown in Fig. 4c, the
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dielectric loss relaxation behaviors were nearly the same in
the unaged and aged samples. The activation energies were
0.61 and 0.63 eV which also could be attributed to the
oxygen vacancy diffusion as well as the reorientation of the
defect dipolar, but the amount of the oxygen vacancy was
less and the more grain boundary battier impeded this
process thus showed the higher activation energies.

3.3 Ferroelectric properties

Figure 5a shows the P-E loop of the BT 4+ Mn sample
unaged and aged for 10 days. Compared with the normal
P-E loop in the unaged state, the P-E loop of the sample
aged for 10 days showed a nearly normal P-E loop with a
little constrict and decreased of the polarization, while the
BaTi(;_x Mn,O5 sample that is shown in Fig. 5b showed
the well constrictive double loop after aging treatment. As
shown in Fig. 5c, the recoverable electrostrain of the two
ways of doping samples increased from O0.11 %
(BT + Mn) to 0.21 % [BaTi(;_xMn,O3] at this sintering
temperature. It can be explained by the Liu’s studies [52]
that large and homogeneous grains result in the large
recoverable electrostrain and that the larger c/a ratio was
another reason. From the research on the ferroelectric aging
effect of dense BaTigg9sMng 00503 ceramics, the grain
boundary barrier effect could result in the normal hyster-
esis loop in small grained samples even after the aging
treatment [53]. Hence, we sintered the BaTi(_x,Mn,O;
ceramics at the 1,260 °C to get the sample with smaller
grain size to find whether the fine grain size in the
BT + Mn sample is the reason to inhibit the aging process.
The microstructure of the BaTi(; _,,\Mn,O3 sample sintered
at 1,260 °C is shown in Fig. 5d; average grain size of the
sample was nearly 1 pm. The Fig. 5¢ shows the XRD
pattern of this sample. The splitting between (002) and
(200) peaks indicated its ferroelectric perovskite phases
with the tetragonal structure, and the c/a ratio was 0.0071.
Figure 5f shows the P-E loop of the samples in unaged and
aged states. It can be seen that the obvious double loop
attributed after aging. Thus, it illustrated that in the doping
ways of BaTi(_x,Mn,Os3, an obvious aging effect can be
seen even with the fine grain. Moreover, it can be sure that
the slight aging effect in the doping ways of BT + Mn was
attributed to the dissolution of the manganese into the
perovskite structure as well as difficultly formed of the
more oxygen vacancy.

4 Conclusions
In the present study, the effect of fabrication routes on the

microstructure, the dielectric and ferroelectric properties of
the Mn-doped BaTiO; ceramics was systematically

studied. It can be concluded that the ways of doping
manganese into BaTiOz matrix had a strong impact on the
obtained ceramics. Doping manganese after the calcination
of BaTiO3 (BT + Mn) would inhibit the grain growth and
cause the hexagonal BaTiO; when sintered at 1,400 °C in
the air. While doping manganese at the initial stage
[BaTi(;_x,Mn,Os], no hexagonal BaTiOs is detected in the
same sintering temperature. As the macroscopic properties,
the dielectric properties showed permittivity diffusion with
the frequency in the temperature range of —10 to 150 °C
only in the ceramics fabricated by the former route
(BT 4+ Mn). Moreover, the dielectric relaxation process
disappeared after aging treatment only in the ceramics
fabricated by the later route [BaTig_x,MnsO;]. The fer-
roelectric properties showed strong aging effect in the
sample fabricated by the latter route [BaTig_x,MnyOs]
both with fine grain and coarse grain, while the sample
fabricated by the former route (BT + Mn) showed slight
aging phenomenon ever after aging at room temperature
for 10 days. The electrostrain also showed big difference
within different samples: The recoverable electrostrain
were 0.11 % (BT 4 Mn) and 0.21 % [BaTi(;_x)Mn,Os] at
the same sintering temperature of 1,320 °C and then aging
in the room temperature for 10 days. The microstructure
and the properties differences were attributed to the dif-
ferences in solubility of manganese into the perovskite
structure and so the generation of manganese—oxygen
vacancy defect dipoles in the two doping ways.
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