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bstract

he effects of Bi4Ti3O12 addition on the microstructure and dielectric properties of Mn-modified BaTiO3 were investigated to develop low
emperature fired BaTiO3-based ceramics with stable temperature characteristics. The sintering temperature of Mn-doped BaTiO3 could be reduced
o 1200 ◦C by adding more than 1 mol% Bi4Ti3O12. TEM results show an apparent core–shell structure with 2 mol% Bi4Ti3O12 addition. However,
t was destroyed when the Bi Ti O content increased from 2 to 4 mol%. The permittivity decreased and the Curie temperature shifted to higher
4 3 12

emperature when the Bi4Ti3O12 content increased from 0 to 3 mol%. The temperature characteristic of capacitance was very close to the EIA X8R
pecification when 2 mol% Bi4Ti3O12 was added due to the presence of the core–shell grain structure and raised Curie temperature. With adequate
i4Ti3O12 addition, the BaTiO3-based system shows great potential for applications in EIA X8R-type multilayer ceramic capacitors.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

BaTiO3-based materials with high dielectric properties are
mportant due to their use in multilayer ceramic capacitors
MLCCs) in the electronic components. X7R and X8R speci-
cations were established for different applications of MLCCs.
X7R: the capacitance in the temperature range of −55 to 125 ◦C
s within ±15% of room temperature capacitance; X8R: the
apacitance in the temperature range of −55 to 150 ◦C is within
15% of room temperature capacitance). In the automobile

ndustry, the engine electronic control unit (ECU), programmed
uel injection (PGMFI), and anti-lock brake system (ABS) all
se MLCCs at higher temperatures, especially ECU, which is
laced in the engine compartment. MLCCs in these control
odules must satisfy X8R specifications to maintain their per-

ormance at higher temperatures.
The Curie temperature (TC) of a BaTiO3 crystal is around
25 ◦C. This intrinsic limit is the reason why the X8R spec-
fication is difficult to meet for BaTiO3-based materials. The
ensification of BaTiO3 has been proved to be very slow. Thus,
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he sintering temperatures as high as 1300 ◦C are required for
aTiO3.1,2 In order to solve both problems, certain dopant
xides are mixed with BaTiO3. To obtain a moderate temperature
oefficient of capacitance (TCC), rare-earth elements (Tm, Pr,
d, Ho, Er, Yb, and Lu) have been introduced to BaTiO3-based
ielectrics with base metal electrodes (BMEs) in the fabrication
f MLCCs.3,4 It was found that doped rare-earth elements with
arger ionic radii (Pr, Gd) caused the TC of the examined system
o be lower than those doped with ions of smaller ionic radii (Yb,
u). The ionic radius of rare-earth elements plays an important

ole on the temperature coefficient of capacitance; the addition of
are-earth elements with smaller ionic radii leads to an improve-
ent in the temperature dependence of dielectric properties.5–10

in et al.11 found that the densification process of BaTiO3-based
eramics is commonly accelerated by introducing excess TiO2
r BaO into the system lattice. Chen et al.12 reported that in the
intering process of BaTiO3 with excess SiO2, the formation of
liquid phase enhances the cation diffusion via dissolution and

eprecipitation processes.
Recently, two bismuth titanate compounds, Na0.5Bi0.5TiO3
nd K0.5Bi0.5TiO3, with a perovskite structure and a relatively
igh TC have been used to raise the TC of BaTiO3

13,14. Bi4Ti3O12
s another bismuth titanate that received attention. M’Peko et
l.15 studied the densification process of Bi4Ti3O12 (BIT)-doped
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aTiO3 compounds, and reported that 90% of the theoretical
ensity could be achieved with 2% BIT after sintering at 1100 ◦C
or 2 h. BIT has a typical perovskite structure and a very high
C of 675 ◦C.16 It is an attractive material for increasing TC of
aTiO3. Most MLCCs using BMEs, such as nickel and copper,
ust be fired at a low oxygen partial pressure to avoid BME

xidation, which leads to the presence of semiconducting prop-
rties in BaTiO3 due to the reduction of Ti ions. Therefore, Mn2+

ons, acting as acceptors at the Ti sites of the BaTiO3 lattice,
re widely used to prepare non-reducible BaTiO3 ceramics.17,18

n this paper, we investigated the influence of Bi4Ti3O12 on
he macro/microstructure and the dielectric properties of 1%

n-doped BaTiO3, i.e. Ba(Ti0.99Mn0.01)O3, which was sintered
nder a reducing atmosphere. The variation of TC is used to
stimate the application of the investigated ceramic material in
8R-type MLCCs.

. Experimental procedure

BIT was prepared using a conventional solid-state reaction
ith Bi2O3 (Alfa Aesar, 99%) and TiO2 (Riedel-de Haën, 99%)

s starting materials. The stoichiometric powders were mixed in
ball mill for 12 h and then dried at 100 ◦C for 24 h. Commercial
aTiO3 powder with a mean particle size of 0.3 �m was mixed
ith various amounts of BIT (0, 1, 2, 3, and 4 mol%) and 1 mol%

eagent-grade Mn3O4. The mixtures were homogenized by ball
illing for 24 h. After drying at 100 ◦C for 24 h, the mixtures
ere uniaxially pressed into discs under 200 MPa. Sintering was

onducted at 1200 ◦C for 4 h under a reducing atmosphere of 1%
2 + 99% N2. Reoxidation of the ceramic specimens was carried
ut at 900 ◦C for 2 h in a nitrogen atmosphere.

Crystal structure of the samples were identified at room tem-
erature using an X-ray diffractometer (XRD; Model: D-MAX
IIV, Rigaku Co., Tokyo, Japan) with Cu K� radiation, oper-
ted at 30 kV, 20 mV, and a scanning rate of 1◦ min−1 within the
ange of 2θ from 20◦ to 80◦. The lattice constants of samples
ere determined with the aid of silicon standard. Differential

canning calorimetry (DSC; Model: DSC131, Setaram, France)
as used to determine the TC of the samples.
The density of the sintered samples was measured using

he Archimedes method. Except for the pure BaTiO3 sample,
he sample densities were identified as being higher than 95%
f the theoretical density. The polished and as-fired surfaces
f the sintered samples were observed using a scanning elec-
ron microscope (SEM; Model: S-3000, Hitachi, Japan). The

icrostructure of the samples was examined with a transmis-
ion electron microscope (TEM; Model: JEM-3010) equipped
ith an energy dispersive X-ray spectroscope (EDS).
In order to measure the sample’s electrical properties, cop-

er electrodes were attached to the surface of the sintered discs
nd fired at 900 ◦C for 10 min. Dielectric permittivity and the
issipation factor of the disc-type capacitors were measured

sing an impedance analyzer (Model: Agilent HP4284A) in a
emperature range of −55 to 150 ◦C at 1 kHz and 1 Vrms. Insula-
ion resistance (IR) was measured using a high resistance meter
Model: Agilent HP4339B) at room temperature; the applied
oltage was 10 VDC and the charging time was 60 s.
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p
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ig. 1. XRD patterns of Ba(Ti0.99Mn0.01)O3 ceramics as a function of Bi4Ti3O12

ontent: (a) 0 mol%, (b) 1 mol%, (c) 2 mol%, (d) 3 mol% and (e) 4 mol%.

. Results and discussion

Fig. 1 illustrates the XRD patterns of the Ba(Ti0.99Mn0.01)O3
eramics with various amounts of BIT content that were sin-
ered at 1200 ◦C for 4 h under a reducing atmosphere. Except
or the diffracted reflection from the silicon standard, no sec-
ndary phase was observed. For samples containing 0–4 mol%
IT, a single perovskite phase was observed. The solubility of
IT in Ba(Ti0.99Mn0.01)O3 is more than 4 mol%. The tetrag-
nality of samples was examined based on the (0 0 2) and
2 0 0) reflections. From Fig. 1(a), pure Ba(Ti0.99Mn0.01)O3
hows separation of (0 0 2) and (2 0 0) peaks when 2θ range
as scanned between 44◦ and 46◦. This result indicates that

he Ba(Ti0.99Mn0.01)O3 exhibits tetragonal structure with lat-
ice parameters a = 4.0132 Å, c = 4.0193 Å. The (0 0 2) and
2 0 0) reflections remained separated up to 2–3 mol% of BIT
oping. Finally, these two reflections merged due to the elimina-
ion of tetragonality in 4 mol% BIT-doped Ba(Ti0.99Mn0.01)O3.
hus, it is reasonable to expect that 4 mol% BIT-doped
a(Ti0.99Mn0.01)O3 has lower capacitance.

The effect of the BIT content on the unit cell of
a(Ti0.99Mn0.01)O3 estimated from Fig. 1 is shown in Fig. 2. The
nit cell volumes of the perovskite phases were determined using

he method of indexing and calculation with the least-squares
owder diffraction program – unit cell – written by Holland and
edfern,19 in which silicon was used as an internal standard. In
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ig. 2. Changes in unit cell volume and c/a ratio of Ba(Ti0.99Mn0.01)O3 ceramics
ith an increase of Bi4Ti3O12 content.

ig. 2, with an increase of BIT content, the volume of a unit
ell decreases almost linearly from 64.7339 to 64.4008 Å3. The
ecrease of the unit cell volume resulting from BIT doping is due
o the occupation of smaller Bi3+ ions (1.02 Å) at the Ba2+ sites
f Ba(Ti0.99Mn0.01)O3. This linear relationship also implies that
p to 4 mol% of BIT has completely incorporated into the ABO3
attice; therefore, no second phase is present in Fig. 1.

The degree of tetragonality can be quantified by the c/a ratio
c and a are the lattice parameters of tetragonal perovskite). The
esults in Fig. 2 show that the c/a ratio increases from 1.0015 to
.0039 when the BIT content increases from 0 to 2 mol%. Then,
he c/a ratio decreases from 1.0038 to 1.0017 when the BIT con-
ent increases from 3 to 4 mol%. As mentioned above, we found
hat the c/a ratio of 4 mol% BIT-doped Ba(Ti0.99Mn0.01)O3 is
imilar to that of undoped Ba(Ti0.99Mn0.01)O3. Accordingly, it
s possible that, the change of TC in this system is caused by the
attice mismatch between a undoped Ba(Ti0.99Mn0.01)O3 crystal
egion (core) and a Bi ion incorporated region (shell) inducing
n internal stress model that suppresses the phase transition from
etragonality to cubic and increase tetragonality (c/a ratio).5,7,8

he compound with 4 mol% BIT addition will exhibit a lower TC
ecause the effect of the internal stress resulting from the similar
etragonality of core and shell in grains is absent. In other words,
mol% BIT-doped Ba(Ti0.99Mn0.01)O3 may have no core–shell

tructures, as indicated by XRD results.
The dielectric properties of ceramic materials are strongly

ffected by their microstructual characteristics. In this work,
he macrostructural characteristics were determined by observ-
ng the changes of the materials’ relative densities and from
EM micrographs. Fig. 3 shows the relative density of
a(Ti0.99Mn0.01)O3 ceramics as a function of the BIT content.
he relative density of Ba(Ti0.99Mn0.01)O3 without BIT is much

ower than those of the other samples under a heat treatment of
200 ◦C for 4 h. This low relative density (around 85%) is con-
istent with the reports of Hshie and Fung2 and Lin et al.11
hat the densification rate of BaTiO3 is very slow, and tem-
eratures above 1300 ◦C are needed for sintering. According
o the study of M’Peko et al.15, low relative density leads to
oor dielectric properties. Thus, the densification of BaTiO3

i
B
B
a

ig. 3. Relative density of Ba(Ti0.99Mn0.01)O3 ceramics as a function of
i4Ti3O12 content.

eeds to be enhanced for its applications in MLCCs. In Fig. 3,
t was found that when 1 mol% BIT was added, the relative
ensity of the sintered Ba(Ti0.99Mn0.01)O3 ceramic reached
5%. Since samples with 1–4 mol% BIT doping exhibited rel-
tive densities higher than 95%, the sintering temperature can
e effectively reduced to 1200 ◦C due to liquid phase sinter-
ng that enhance the cation diffusion and sinterability. The
ensification of the BIT–Ba(Ti0.99Mn0.01)O3 system with rel-
tive density of 95–97% was achieved when heated at 1200 ◦C
or 4 h. It was higher than those of the BIT–BaTiO3 sys-
em under the conditions of 1200 ◦C for 2 h (85–94%) in the

’Peko et al. study,15 perhaps due to Mn ion addition and
he longer sintering time. Such a low sintering temperature
educes the shrinkage stress between ceramics and electrode
aterial and power consumption in the MLCC manufacturing

rocess.
Fig. 4 shows the SEM micrographs of polished and etched

urfaces of the sintered samples doped with various amounts
f BIT content. The grain size was significantly increased from
.38 to 0.57 �m when the BIT content was increased. In agree-
ent with M’Peko et al.,15 the markedly large densification of

–4 mol% BIT-doped BaTiO3 is due to the formation of liq-
id phase after the reaction between BaTiO3 and BIT. Yang
t al.20 also found that the densification and the grain growth
rocesses both rely on mass transport. In other words, doping
IT into Ba(Ti0.99Mn0.01)O3 enhances the densification and the
rain growth. Thus, the grain growth with the change of BIT
ontent is closely related with the formation of liquid phases
hich enhance the cation diffusion in the system. From the

tudy of Yamaoka et al.,21 the liquid phase is BaBi4Ti4O15 and

ts melting process occurs at 1050 ◦C. Due to the formation of
aBi4Ti4O15 from the reaction between BaTiO3 and BIT, in the
IT–Ba(Ti0.99Mn0.01)O3 system, the grain growth is enhanced
nd lead to larger grain size.
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ig. 4. SEM micrographs of the polished and etched surfaces of the sintered sam
mol% and (d) 4 mol%.

Fig. 5 shows the TEM micrographs and the composition anal-
ses in different regions of the sintered samples with (a) 2 mol%
IT and (b) 4 mol% BIT doping. In Fig. 5(a), a ferroelectric
omain structure appears near the core of the grain in 2 mol%
IT-doped sample. The composition of this structure was ana-

yzed using EDS. It was found that the Bi and Mn content in
he core and shell of the grain had a heterogeneous distribu-
ion. Near the shell (A and C points), the concentrations of Bi
ons and Mn ions are higher than those near the core (B point).
lthough Zhang et al.22 found that Mn ions can suppress the dif-

usion of Yb into BaTiO3 grains in the BaTiO3–Yb2O3–MnO2
ystem, resulting in the formation of core–shell structures in the
rains, in the BIT–Ba(Ti0.99Mn0.01)O3 system, the formation of
core–shell structure is not ascribed to the Mn-suppression.

t may be instead related to mass transport of Bi and Mn
ons. Although the core–shell structures may be formed by dif-
erent mechanisms, it is expected that the TC of the 2 mol%
IT-doped Ba(Ti0.99Mn0.01)O3 will shift toward the higher tem-
erature.

For Ba(Ti0.99Mn0.01)O3 with 4 mol% BIT, the ferroelectric
eature was not found as shown in Fig. 5(b). After analyzing the
hemical compositions of the core and shell of the grain, it was
ound that the concentrations of Bi and Mn ions were nearly
dentical at positions A, B, and C. The uniform distribution of
i and Mn ions in the grain indicates the elimination of the

ore–shell structure. The uniform distribution and high concen-
ration of Bi ions in the grain imply that the forming mechanism
f the core–shell structure does not depend on the Mn ion inhi-
ition mentioned above. Comparing Fig. 5(a) and (b), we found

e
B
t
I

doped with various amounts of Bi4Ti3O12 content: (a) 1 mol%, (b) 2 mol%, (c)

hat when BIT was added into Ba(Ti0.99Mn0.01)O3, the concen-
ration of Mn ion in the grains was diluted due to more Ti ions
ccupying the B sites of ABO3; at the same time, the Bi con-
entration increased in the grains. These two figures show that
or the 2 mol% BIT sample, the Bi and Mn ions do not easily
iffuse into BaTiO3 and that for the 4 mol% BIT sample, the
i and Mn ions easily diffuse into BaTiO3, which indicates that

he forming mechanism of the core–shell structure in our study
s determined by the ion diffusion, i.e. mass transport. Grain
rowth (Fig. 4) implies that mass transport for the 4 mol% BIT
ample is faster than that for the 2 mol% BIT sample. Thus, more
IT enhances the grain growth and leads to the formation of a
ore homogeneous grain structure. In addition, because of the

ollapse of the core–shell structure, the TC of the 4 mol% BIT-
oped Ba(Ti0.99Mn0.01)O3 is expected to decrease due to a lack
f an internal stress between the core and shell.

Fig. 6 shows the DSC curves of Ba(Ti0.99Mn0.01)O3 with
arious amounts of BIT content. When the added BIT content
as increased from 0 to 3 mol%, the TC of Ba(Ti0.99Mn0.01)O3

ncreased from 120 to 133 ◦C. Again, the increase in TC is
ue to the formation of the core–shell structure (Fig. 5). The
resence of core–shell structure stabilized the tetragonal phase
hen raised the ferroelectric transition temperature. With 4 mol%
IT, the TC dropped to 113 ◦C, which is consistent with the
limination of the core–shell structure. It was found that the

ndothermic peak became broad and inconspicuous with more
IT. This result implies that the phase transition from tetragonal

o cubic becomes dispersive in a wider range of temperature.
t is suggested that the increased TC and the dispersive phase
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Fig. 5. TEM micrographs of the sintered samples doped with variou

Fig. 6. Differential scanning calorimetry (DSC) curves of Ba(Ti0.99Mn0.01)O3

specimens with various amounts of Bi4Ti3O12 content for the measurement of
Curie temperature.
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s amounts of Bi4Ti3O12 content: (a) 2 mol% and (b) 4 mol%.

ransition greatly contribute to the temperature stability at high
emperature.

Fig. 7 shows the temperature dependence of the dielectric
onstants of the BIT–Ba(Ti0.99Mn0.01)O3 system for vari-
us amounts of BIT content. It can be observed that the
a(Ti0.99Mn0.01)O3 sample without BIT addition has the high-
st dielectric constant. When the amount of BIT increased from
to 4 mol%, the dielectric constant gradually decreased over

he temperature range of −55 to 150 ◦C. Notably, the sample
ith 4 mol% BIT had the lowest dielectric constant. It was

eported that in the acceptor-doped BaTiO3–Y2O3 system, a
mall grain size may yield higher dielectric constants.7 The inter-
al stress caused by the mismatch between the core and shell of
he grain might be responsible for improving the temperature
ependence of the dielectric constant.23 In Fig. 4, we found that
he grain significantly increased from 0.38 to 0.57 �m when the
IT content was increased. Thus, the decreased dielectric con-

tant is attributed to the reduction of grain size which leads to

decrease in the volume ratio of the ferroelectric core to the

araelectric shell region.24 Due to low tetragonality and a large
rain size, 4 mol% BIT-doped Ba(Ti0.99Mn0.01)O3 has lower
apacitance.
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ig. 7. Temperature dependence of dielectric constant of Ba(Ti0.99Mn0.01)O3

pecimens with various amounts of Bi4Ti3O12 content.

From Fig. 7, we can also find TC. For each sample, there
s a peak near 120 ◦C. The peak temperature value can be
efined as the Curie temperature (TC). In the curves, TC pro-
ressively moves toward higher temperature as the amount of
IT is increased up to 3 mol%. The TC of the samples with 0,
, 2, and 3 mol% BIT are 123, 127, 129, and 131 ◦C, respec-
ively. When the BIT content was further increased to 4 mol%,
he TC declined to 113 ◦C, which is lower than that of the pure
a(Ti0.99Mn0.01)O3 sample. The total trend is consistent with

he results of DSC in Fig. 6. As mentioned above, the core–shell
tructure consisting of a ferroelectric un-reacted core and a para-
lectric reacted shell results in a small internal stress, which
nhibits the phase transition from tetragonal to cubic. The low-
st TC was caused by the collapse of the core–shell structure
Fig. 5).
Fig. 8 shows the TCC curves for Ba(Ti0.99Mn0.01)O3 speci-
ens as a function of the BIT content over the temperature range

f −55 to 150 ◦C. The variation of capacitance decreased when
IT content increased from 0 to 2 mol% and then increased

ig. 8. Temperature coefficient of capacitance (TCC) of Ba(Ti0.99Mn0.01)O3

pecimens as a function of the Bi4Ti3O12 content.
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ig. 9. Insulation resistance (IR) of Ba(Ti0.99Mn0.01)O3 specimens as a function
f the Bi4Ti3O12 content.

rom 2 to 4 mol%. Because of the internal stress resulting from
he mismatch between core and shell regions, the TC increased
nd the temperature stability of capacitance was enhanced. The
emperature characteristics of capacitance for the sample with
mol% BIT is very close to the X8R specification. It shows

ess than 5% variation of the dielectric constant at a tempera-
ure of 150 ◦C. However, the variation of dielectric constant at a
emperature of −55 ◦C was around −20%. This fails to satisfy
he EIA X8R temperature characteristic specification, which is
ndicated by a dashed line rectangle shape in Fig. 8. It has been
eported that the curve of capacitance variation at higher temper-
ture sites will be shifted toward the negative direction, which is
alled the “clockwise effect”, as the dielectric thickness becomes
hinner for MLCC applications.25 When more than 3 mol% BIT
as added to Ba(Ti0.99Mn0.01)O3, the variation of capacitance
ecame too large to satisfy the X8R specification. This is per-
aps caused by the coarser grain size with a more indefinite
ore/shell structure. Fig. 9 shows the insulation resistance (IR)
f Ba(Ti0.99Mn0.01)O3 ceramics for various amounts of BIT con-
ent. It was found that the insulation resistance increased with
ncreasing Bi4Ti3O12 content and the IRs of all samples were
arger than 100 G� after adding BIT into Ba(Ti0.99Mn0.01)O3.
t can be concluded that the ceramic material has great potential
or the use in EIA X8R-type MLCCs.

. Conclusions

There was no secondary phase when the Bi4Ti3O12 content
was below 4 mol%. This indicates that Bi4Ti3O12 dissolved
into the BaTiO3 perovskite lattice, leading to a contraction of

the unit cell volume.
The grain size was significantly enhanced by increas-
ing the Bi4Ti3O12 content. The sintering temperature of
Ba(Ti0.99Mn0.01)O3 ceramics could be reduced to 1200 ◦C by
doping them with more than 1 mol% Bi4Ti3O12.
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Tetragonality increased when the Bi4Ti3O12 content was
increased from 0 to 2 mol% and then decreased from 2 to
4 mol%. This is consistent with the TEM results in which the
core–shell structure was observed with 2 mol% Bi4Ti3O12 but
was destroyed when the Bi4Ti3O12 content was increased to
4 mol%.
The Curie point shifted to a higher temperature, from 123 to
131 ◦C, when the Bi4Ti3O12 content was increased from 0 to
3 mol%, and dropped to 113 ◦C when the content was 4 mol%.
The 3 mol% Bi4Ti3O12 sample has the highest Curie temper-
ature. The trend was caused by the change of the core–shell
grain structure.
The temperature characteristics of capacitance at a tempera-
ture of 150 ◦C was less than 5% when 2 mol% Bi4Ti3O12 was
added. However, the variation of the dielectric constant at a
temperature of −55 ◦C was around −20%. Due to the “clock-
wise effect”, ceramic materials have great potential as EIA
X8R-type multilayer ceramic capacitors.
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