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Abstract: The microstructure of chemical inhomogeneity having the core-shell 
structured grain of cerium-modified barium titanate was investigated using X- 
ray, TEM, dilatometer and DSC methods. Specific heat anomalies, thermal 
expansion anomalies and lattice parameter discontinuities were associated with 
the three ferroelectric transitions (T,, T, and T2) of the grain-core of BaTiOs. The 
crystal symmetry of the chemically inhomogeneous grain was strongly dependent 
on the cerium concentration and temperature. In comparison to other physical 
quantities, the temperature dependence of the dielectric constant was easily 
influenced by stress. 0 1997 Elsevier Science Limited and Techna S.r.1. 

1 INTRODUCTION 

The commercial multilayer ceramic capacitors 
(hereafter abbreviated as MLCC) are mainly manu- 
factured from additives-modified barium titanate.’ 
Pure barium titanate displays three dielectric 
anomalies associated with the ferroelectric transi- 
tion temperatures (T,, TI and Tz). Therefore, the 
MLCC formulations can be chemically modified to 
meet the required temperature dependence of the 
dielectric constant, which can originate both from 
stress2-’ and from the presence of chemically inho- 
mogeneous grain. 5-12 The chemically inhomoge- 
neous grain consists of three parts: grain-core, 
concentration gradient region and grain-shell. 
Since in situ TEM study, it has been apparent that 
(1) the temperature dependence of the dielectric 
constant relates to the chemically inhomogeneous 
grain (so-called compositional inhomogeneity), (2) 
that domain pattern’s change of the grain-core 
exhibits the three ferroelectric transitions of pure 
BaTi0312 with respect to temperature, and (3) that 
grain-core and grain-shell were not different pha- 
ses. Then the temperature dependence of the 

dielectric constant may take the Lichtenecker type 
average of the three regions: grain-core, grain-shell, 
and concentration gradient region. l3 

For the application of the electronic component 
of MLCC, the specifications - mechanical 
strength, long term reliability and DC bias charac- 
teristics - become more important. Actually, these 
specifications were analysed to be closely associ- 
ated with the grain size refinement. In order to 
meet the required temperature characteristic and 
above specifications, the recent formulation 
researcher for high capacitance MLCC was inter- 
ested in the rare earth metal oxide-modified barium 
titanate - Ce02, Sm203, Dy203, Gd203 and 
Nd203. 14-16 In particular, cerium-modified barium 
titanate was applied to Y5V (EIA’s specifications 
that demand the dielectric constant does not 
change by more than +22%, -82% from 25°C 
value over the temperature range of -25°C to 
+ SS’C) and Z5U (EIA’s specifications that 
demand the dielectric constant does not change by 
more than + 22%, -56% from 25°C value over 
the temperature range of + 10°C to + 85 “C). 
Compared with other MLCC formulation for high 
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capacitance, cerium-modified barium titanate has 
three strong points: firstly, is its simple composition 
which has two or three components. Secondly, 
because Curie temperatures are easily controlled by 
the amount of cerium, this formulation was applied 
to the custom-made MLCC. Thirdly, it has an 
excellent sinterability, reproducibility and simple 
manufacturing process without calcination. 

Additions of CeOz:l .5Ti02 to BaTiOs decrease 
the tetragonality (c/a ratio), grain size and lower 
the Curie temperature (T,) by approximately 30 “C 
per mol%. Even a small addition of 0.005 mole 
Ce02: 1.5Ti02 to BaTi03 reduced the average grain 
size from 25 urn to 1.25 urn. 

the BaTiOs powders, pressed into a disk form. In 
order to control the grain size, the specimens were 
sintered between 1280 “C and 1400 “C for 4- 
1000 h, All the sintered ceramics have a fired den- 
sity higher than 5.5 g/cm3. The average grain sizes 
of the specimens were obtained from scanning 
electron microscopy @EM) by the linear intercept 
method. The sintering conditions and average 
grain sizes are described in Table 1. 

2.2 Characterization 

When BaTiOs cools through the ferroelectric 
transition (T,), it undergoes a phase transition 
from cubic to tetragonal. Accompanying this phase 
change is a volume expansion (~1.0%) which can 
lead to the development of complex stress state. It 
has been suggested that the stress system of grain- 
core may consist of a uniform compression along 
the c-axis, tensile stress along two a-axes, or a 
combination of the two. Because this stress would 
suppress the spontaneous deformation of tetrago- 
nal unit cell, forcing it to become more cubic, the 
temperature dependence of the dielectric constant 
was depressed and the three transition tempera- 
tures (T,, Tl and T2) were shifted. 

Sintered ceramics were crushed to an average par- 
ticle size of 40 urn to achieve the optimal orienta- 
tion for X-ray diffraction analysis. Powder X-ray 
diffractions were conducted using an X-ray dif- 
fractometer equipped with a temperature-con- 
trolled attachment (- 150 “C to + 150 “C). 
Diffraction angles were corrected by a standard 
silicon target. More than five diffraction patterns 
from 20” to 110” (CL&, 2t3) were corrected to 
calculate the lattice parameters by using a least- 
squares determination. 

The object of this study was to examine the 
microstructure of the chemically inhomogeneous 
grain of cerium-doped BaTiOs with respect to 
temperature. 

2 EXPERIMENTAL PROCEDURES 

In situ transmission electron microscopy (TEM) 
was carried out with a cooling/heating holder 
(- 150 “C to + 150 “C). Specimen temperatures 
were controlled by liquid nitrogen and by heat 
holder. The TEM specimens were coated with car- 
bon to prevent discharge during observation. 
Details of TEM work and energy dispersive X-ray 
spectroscopy (EDS) are described in another 
paper. I2 TEM works for the micrography were 
operated at 300 kV, whereas the convergent beam 
electron diffraction (CBED) for crystal symmetry 
and lattice parameters were carried out with an 
operating voltage of 80 kV. 

2.1 Sample preparation 

The commercial high purity BaTiOs (99.6%) pow- 
der of BaO/TiOz mole ratio 1.002 in the present 
study was obtained from, Kyoritsu Co., and syn- 
thesized by a conventional solid-state reaction 
process. All the additives used were reagent grade 
purity. The compositions chosen in this study are 
shown in Table 1. The appropriate mixtures of the 
additives to BaTiOs were pre-milled, mixed with 

The temperature dependence of the dielectric 
constant was measured over a temperature rahge 
of - 150 “C to + 150 “C using a LCR meter at 
1 kHz and 1 Vrms. Specific heat capacities (C,) for 
samples were measured over the temperature range 
from 0 “C to 150 “C, using a Staton thermal analy- 
ser with a differential scanning calorimetric (DSC) 
cell. Approximately 30 mg of samples were added 
to a Pt boat and heated at a rate of 5 “C/h. 

The linear thermal expansion coefficient (a) of 
the specimens has been measured at temperatures 

Table 1. Compositions and grain size distributions 

Specimen 

A ceramic 
B ceramic 
C ceramic 
D ceramic 
E ceramic 

Composition (mol) 

BaTiOB 
0.963BaTi03-0.022Ce02_0.01 5Ti02 
0.963BaTi03-0.022Ce02_0.01 5Ti02 
0.963BaTi03-0.022Ce02_0.01 5Ti02 
0.963BaTi03-0.022Ce0T0.01 5TiOz 

Average Standard deviation Sintering condition 
grain size (pm) of grain size (pm) 

20.4 4.2 14OO”C/4 h 
3.0 2.2 128O”C/lO min 
1.8 0.37 128O”C/4 h 
1.7 0.37 1300 “C/50 h 
1.7 0.32 1320”C/1000 h 
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Fig. 1. (a) Thermal expansion coefficient (a), and (b) specific 
heat capacity of A, C, D and E ceramics as a function of 

temperature. 
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from - 150 “C to + 150 “C. The dilatometric test 
sample has a cylindrical form, 3 cm in length and 
4 mm in diameter. Differential dilatation of the 
specimens relative to a silica rod was magnified by 
about 1000 times by means of an optical lever. The 
accuracy of thermal expansion coefficient is about 
1 x 1oP. 

3 RESULTS 

3.1 Thermal analysis 

Figures l(a) and (b) show the thermal expansion 
coefficient (a) and specific heat capacity (C,) as a 
function of temperature, respectively. For A, C, D 
and E ceramics, the three peak temperatures of 
thermal expansion coefficient (et) at 130 “C, 10°C 
and -80 “C were analysed to be associated with the 
three ferroelectric transition temperatures of T, for 
cubic to tetragonal, T1 for tetragonal to orthor- 
hombic, and T2 for orthorhombic to rhombohe- 
dral, respectively. 

It is interesting that for C, D and E ceramics 
with different sintering conditions, the three peak 
intensities of thermal expansion coefficients (cc) at 
temperatures associated with T,, Tl and Tt were 
inversely proportional to the sintering times, which 
was attributable to the diffusion of cerium into the 
BaTiOs lattice. In contrast with the intensity, the 
three peak temperatures of 01 related to T,, TI and 
T2 were invariable regardless of the sintering con- 
ditions, which suggested that any lattice diffusion 
of additives into the grain-cores was not allowed. 
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Fig. 2. Lattice parameters of A, C, D and E ceramics as a function of temperature. 
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Fig. 3. TEM images of C ceramics at various temperatures: (a) 130 “C, (b) 25”C, (c) -3O”C, (d) -70°C and (e) -130°C. 



Cerium-mod$ed barium titanate 

As shown in Fig. l(b), the transition temperature 
and peak intensity of C, at 130°C are similar to 
those of c1 for A, C, D and E ceramics. Conse- 
quently, it was suggested that the three peak 
intensities of a and C, associated with T,, Tl and 
T2 may be strongly related to the volume fraction 
of grain-core of pure BaTi03, whereas three peak 
temperatures related to the purity of grain-core of 
BaTi03. 

3.2 X-ray dtiraction 

The results for lattice parameters as a function of 
temperature are shown in Fig. 2. A and C ceramics 
exhibit the three discontinuities associated with 
three ferroelectric transition temperatures (T,, T1 
and T2) at 13O”C, 10°C and -8O”C, respectively. 
In contrast to A ceramic of pure BaTiOs, C cera- 
mic of cerium-modified BaTi03 has small tetra- 
gonality (c/a ratio) and small unit cell dimensions, 
which is ascribed to the fact that Ce addition to 
BaTi stabilizes the cubic phase and that the 
Ce+4 replaces Ba + 2 in BaTiOs, to some extent. 
Therefore, it is suggested that with the increase of 
sintering time and sintering temperature, the 
volume fraction of grain-core of pure BaTi 
decreases. There are no discontinuities of lattice 
parameters at T,, Tl and T2 for D and E cera- 
mics, which was due mainly to the decrease of 
volume fraction of grain-core and stress caused 
by unit cell volume difference between grain-core 
and grain-shell. 

Fig. 4. TEM image of C ceramic at 25 “C; even a small grain 
of 0.3 Drn reveals the ferroelectric domain of grain-core. 
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Fig. 5. STEM microanalysis for Ce in grain-core, concentra- 
tion gradient region and grain-shell: (a) schematic diagram of 
core-shell structure based on the result of Fig. 3(b), (b) EDS 

analysis of Fig. 3(b), and (c) lattice parameters of Fig. 3(b). 
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3.3 TEM work 

TEM micrographs of Fig. 3 (a), (b), (c), (d) and (e) 
for C ceramic were taken at 130 “C, 25 “C, -30 “C, 
70°C and -13O”C, respectively. Judging from the 
different domain patterns at various temperatures 
of TEM work, it was assumed that the grain-core 
at 130°C 25”C, -30°C -70°C and -130°C 
belongs to the cubic, tetragonal, orthorhombic, 
rhombohedral and rhombohedral phases, respec- 
tively. Therefore, we came to the conclusion that 
the grain-core of pure BaTiOs undergoes three fer- 
roelectric transitions of T,, T, and T2. With 
decreasing TEM work temperature, domain pat- 
terns become finer. Thus it is difficult to observe 
the domain of the grain-core at - 130 “C. 

analysed over the temperature range from + 135 “C 
to -150 “C, respectively. The analysis was carried 
out with respect to the < 100 > beam direction. 
The crystal symmetry of grain-core, grain-shell and 
concentration gradient region based on the result 
of Fig. 5(a) are described in Table 2 with regard to 
TEM work temperatures. 

Figure 4 shows the TEM image of C ceramic at 
room temperature. It is surprising that even a 
small grain with a grain size of 0.3 urn reveals the 
ferroelectric domain of grain-core at room tem- 
perature. We can expect that the grain-core is 
under compressive stress, because of the volume 
difference of unit cell between grain-core and grain- 
shell. Although the compressive stress and the 
small grain size of 0.3 urn stabilize the paraelectric 
cubic phase, it is impossible for this stress to anni- 
hilate the ferroelectric domain of the tetragonal 
grain-core with the size of 0.1 urn. 

The grain-core exhibits the crystal symmetry of 
pure BaTiOs. Judging from the fact that the crystal 
symmetry of the concentration gradient region was 
influenced by cerium concentration, we know that, 
according to the addition of Ce to BaTiOs, T, was 
shifted to a lower temperature, and Tl and T2 
shifted to a higher temperature. The effect of cer- 
ium addition to BaTiOs on three ferroelectric tem- 
peratures (T,, TI, and T2) was in good agreement 
with previous results. U* On the contrary, the 
grain-shell of BaTiOs severely doped with Ce02 
always belongs to the pseudocubic structure, 
regardless of the TEM work temperatures. 

4 DISCUSSION 

Figure 5 (a), (b) and (c) represent the schematic 
diagram based on the result of Fig. 3(b), EDS ana- 
lysis and lattice parameter variations, respectively. 
At room temperature, grain-core, concentration 
gradient region and grain-shell correspond to tetra- 
gonal, orthorhombic and pseudocubic structures, 
respectively. The tetragonality (c/a ratio) of the 
concentration gradient region was inversely pro- 
portional to the amount of cerium. Moreover, we 
can expect the so-called diffuse phase transition 
because the concentration gradient region was 
mainly suggestive of the chemically inhomogeneous 
grain and Curie temperature distributions. 

Conversant beam electron diffraction (CBED) 
was used to determine the crystal symmetry and 
lattice parameter for the grain of Fig. 3(b). The 
lattice parameter and the crystal symmetry were 

Figure 6 shows the temperature dependence of the 
dielectric constant for all specimens. A ceramics 
exhibit the three peaks of pure BaTiOs associated 
with T,, Tl and T2, whereas B ceramics display the 
two peaks: the first sharp peak at 130 “C was due 
to the grain-core of pure BaTiOs, and the second 
broad peak around 60°C is due to the concentra- 
tion gradient region and grain-shell. With increase 
of sintering time, the three transition peaks (T,, Tl 
and Tz) become closer, and finally merge into a sin- 
gle peak. The increase and broadening of dielectric 
peak intensity is attributable to an overlap of three 
ferroelectric transition peaks. Therefore, the tem- 
perature dependence of the dielectric constant of 
barium titanate based core-shell structured cera- 
mics was assumed to be a superposition of dielectric 
constant of ferroelectric grain-cores, paraelectric 
grain-shells, and concentration gradient region. So 
we applied the logarithmic mixing rule of 

log k = I’,,, log k,, + l’,, leg k,,, + Vshell log kshell 

Temperature 

135°C 
100°C 
70°C 
25°C 
-30°C 
-50°C 
-80°C 
-130°C 

Table 2. Crystal symmetry with respect to the TEM work temperature 

Grain-core 

Cubic 
Tetragonal 
Tetragonal 
Tetragonal 
Orthorhombic 
Orthorhombic 
Rhombohedral 
Rhombohedral 

Concentration gradient region 

Cubic 
Cubic 
Tetragonal 
Orthorhombic 
Orthorhombic 
Rhombohedral 
Rhombohedral 
Rhombohedral 

Grain-shell 

Pseudocubic 
Pseudocubic 
Pseudocubic 
Psuedocubic 
Pseudocubic 
Pseudocubic 
Pseudocubic 

- 



Cerium-modified barium titanate 335 

8 

10000 - 

% 
c 8000 - 

3 

-3 6000 - 
0 
0 

z 4000 - 
n 

-=- A ceramic 

-(‘- B ceramic 

-- C ceramic 

-%- D ceramic 

- E ceramic 

Fig. 7. Experimental HOLZ pattern taken in the [421] beam 
direction in the grain-core. 

where K,,,, KOn, and V&rt are the volume frac- 
tion of grain-core, concentration gradient region, 
and grain-shell, and where ki is the dielectric con- 
stant of the region i. 

Although there exists the ferroelectric domain of 
grain-core for C, D and E ceramics, we cannot 
observe the ferroelectric transition peak at 130°C 
in Fig. 6. Analysis in the [421] beam direction was 
found to be sensitive to the strain in the lattice. 
Such a clear higher-order Laue zone (HOLZ) pat- 
tern in Fig. 7 is indicative of uniform strain across 
the grain-core region. Therefore, the reason why C, 
D and E ceramics do not exhibit the ferroelectric 
transition (Tc) at 130°C was analysed to be asso- 
ciated (1) with the stress induced by grain size 
refinement and by the structural changes (i.e. for- 
mation of a pseudo-cubic perovskite), and (2) with 
small volume fraction of grain-core. Especially, in 

-50 0 50 100 150 200 

Temperature(‘C) 

Fig. 6. Dielectric constant of A, B, C, D and E ceramics as a function of temperature. 

comparison to the other physical quantities (C,, CY 
and lattice parameters), the temperature depen- 
dence of the dielectric constant seems to be more 
sensitive to stress. 

5 CONCLUSIONS 

The chemically inhomogeneous grain of cerium- 
modified BaTi03 consists of three parts: grain-core, 
grain-shell, and concentration gradient region. The 
crystal symmetry and the lattice parameters of the 
chemically inhomogeneous grain were determined 
by cerium concentration and by temperature. The 
peak temperatures and peak intensities for C, and a 
at temperatures associated with three ferroelectric 
transitions (T,, Tl and Tz) were dependent on the 
purity of the grain-core of BaTi03 and volume 
fraction of grain-core, respectively. Even a small 
grain with a grain size of 0.3 urn revealed the ferro- 
electric domain of the grain-core. In contrast with 
other physical quantities (a, C, and lattice parame- 
ters), the temperature dependence of the dielectric 
constant was easily influenced by the stress. 
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