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ABSTRACT

(Ba].XCax)(Til,ery)OB(BCTZ) powders for the Ni-electrode Multilayer Ceramic Capacitor(MLCC) were synthesized via hydrother-
mal treatment using mixed aqueous solutions of BaCl,-2H,0, Ca(NO,),* 4H,0, ZrOCl,-8H,0 and TiCl,. Two component and three
component systems were also extensively studied for basic data. BT, CT and BZ powders were crystalline but CZ was deter-
mined to be amorphous under the same synthetic condition. In BTZ system, Zr and Ti were completely soluble and Ca would be
substituted for Ba up to ~6 mol% in BCT. The submicron-sized (Ba,,;Ca, Ti 42r,,,)0, powder of the target composition was

successfully synthesized at 150°C for 12 h.
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1. Introduction

he dielectric ceramics in Multilayer Ceramic Capaci-
tor(MLCC) have been cofired with internal electrodes of
expensive palladium or palladium silver alloys.? After
decades of research and development,® the manufacturers of
MLCC are now capable of replacing the expensive noble met-
als with cheaper base metals such as nickel. *® However, in
this case, the dielectrics should be cofired with Base Metal
Electrode(BME)” in a reducing atmosphere to prevent the
oxidation of the internal electrodes. During the firing in a
reducing atmosphere, large amount of ionized oxygen vacan-
cies and electrons are formed, which, in turn, give rise to high
electric conductivity of the dielectric ceramics. These free
electrons are harmful to the performance of MLCC; therefore,
they should be trapped by doping of an adequate dopant.
As long as the number of oxygen vacancies is smaller than
that of acceptors, the dielectrics remain in an insulating
state. For this reason, manufacturers of BME-MLCC make
use of calcium ions on Ti-sites which have been reported as
being very strong acceptors.” Han et al.” found that Ca®
ions that are well known as the A-site substituent may also
enter the B-site of BCTZ when the number of Ba and Ca
ions exceed those of Ti and Zr. Zhuang et ol. '¥ studied the
effect of Ca-acceptors on the conductivity and dielectric
properties of BaTiQ,. They observed the decrease of the tet-
ragonal distortion of the perovskite unit cell and the subse-
quent lowering of the Curie point, Tc, with incorporation of
Ca ions on B-sites in BaTiO,. Henning et al.'” reported the
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maximum solubility of ~2% Ca ions on B-sites in BaTiO ,.

(Ba, 4,Ca, 45)(T1, 4021, 5,0, 1s our target composition of high
permittivity that is often expressed as Y5V. Hydrothermal
processing is superior to the solid-state synthesis in the stand-
point of sinterability and purity because the crystalline pow-
ders are directly synthesized in aqueous solutions. Therefore,
the high temperature calcination is not necessary and the
subsequent milling process can be omitted. ' The hydro-
thermally synthesized powders have a regular shape '*'” with
a narrow particle size distribution which are very desirable for
sinterability. Hydrothermal synthesis has been widely inves-
tigated but, to our knowledge, no study on the hydrothermal
synthesis of crystalline BCTZ powders has been reported. The
main objective of this research is to confirm the possibility of
BCTZ powder synthesis via hydrothermal treatment.

2. Experimental Procedures

2.1. Starting Materials

BaCl,-2H,0 (Junsei Chemical Co., Ltd.), Ca(NO,),*4H,0
(Hayashi Pure Chemical Industries, Ltd.), ZrOCl,-8H,0
(Junsei Chemical Co., Ltd.) and TiCl, (Junsei Chemical Co.,
Ltd.) were used as source materials. NH ,OH (Wako pure
chemical industries, Ltd.) and KOH (Shinyo pure chemicals
Co., Ltd.) were used as precipitation agent and pH control
agent, respectively.

2.2. Preparation of Starting Solutions

Titanium tetrachloride was slowly added to ice-cold dis-
tilled water, which was constantly stirred in a 300 ml volu-
metric flask. The solution became somewhat turbid during
the dissolution step but gradually clean up within approxi-
mately 30 min, while the temperature of the solution rose to
room temperature (~20°C). The final concentration of the
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TiCl, stock solution was adjusted to 1.0 M. This stock solu-
tion was held for 24 h'beforeuse.

2.3. Preparation of Precursor Suspensions and
Hydrothermal Treatment

For the preparation of barium and titanium mixed solu-
tion, 30 ml of 1.0 M TiCl, solution equivalent to 0.03 mol Ti
were added to a teflon container of 75 ml. Then 0.03 mole of
Ba in the form of BaCl, 2H,0 was dissolved in the TiCl,
solution. To prepare the mixed suspension, NH ,OH was
added to the mixed solution until pH value was reached to
9. pH value was adjusted to 13 by addition of KOH. The
total volume of the suspensions became 65 ml before hydro-
thermal treatment. Other suspensions were also made
under the same condition. Each suspension was sealed in
the teflon container and then placed in a stainless steel jar.
The hydrothermal treatment was performed in an oven at
the temperature range of 130—-210°C for 12 h. The synthe-
sized powders were repeatedly washed with distilled water
and dried in an oven at 120°C for 12 h.

The phase identification of synthesized powders was deter-
mined by X-Ray Diffractometer(XRD, MAC Science Co. Litd.,
Japan) over 26 range of 10~70° at a scan rate of 4°/min. Mor-
phology and size of the particles were determined using a
Scanning Electron Microscope(SEM, JEOL, JSM-6700F).

3. Results and Discussion

3.1. Hydrothermal Synthesis of 2-component Systems
Fig. 1 is the XRD patterns of the powders synthesized
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hydrothermally from various suspensions at 210°C for 12 h.

““Crystalline phases of BaTiO, BaZrO, and CaTiOJWéfe

obtained while CaZrO, remained amorphous. The micro-
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Fig. 1. XRD patterns of (a) BaTiO,, (b) BaZrQ,, (¢) CaTiO, and
(d) CaZrO, powders hydrothermally synthesized at 210°C
for 12 h.

Fig. 2. SEM micrographs of (a) BaTi0,, (b) BaZrO,, (c) CaTiO, and (d) CaZrO, powders hydrothermally synthesized at 210°C for
12 h. SADP of CaZrO, powder is shown at the right upper part of (d).



November 2002

(Ba, ,Ca )(Ti, Zr )O, Powder Synthesis Via Hydrothermal Treatment

1019

190°C (a) (b) (c)

l LAKAA A 11 h L il LALLAA A
170°C

lJkank A AJ l L i g AAMARA_LJ A
150°C

l 1 k;\_k A | | A Al L.Ju“LxLA

130°C @ : BaTiO, O : BaZrO, v CaTiO,

1: CaCO,

v
T II,I.A OIOQO? o YY":'AIY.'L'YI Y
10 20 30 40 50 60 700 20 30 40 50 60 70110 20 30 40 50 60 7
26

Fig. 3. XRD patterns of hydrothermally synthesized (a) BaTiO,, (b) BaZrO, and (c) CaTiO, powders at the given temperatures for

12 h.

structures of each samples were shown in Fig. 2. BaTiO,
powder had an average particle size of ~180 nm. However,
each particles were composed of primary particles of 40 nm
as was clearly shown in the SEM micrograph of high magni-
fication. In case of BaZrO,, powder had average particle size
of ~6 um and the polyhedral shape of a cubo-octahedron.
CaTiO, had the particle shape of a paper parcel and each
sheet seemed to have a orientation relationship each other.
On the other hand, CaZrO, powder had an irregular shape

and size. A micro-diffraction pattern of CaZrO , also showed
a typical pattern of amorphous phase.

XRD patterns of the powders synthesized hydrothermally
with various temperature are shown in Fig. 3. In case of
BaZrO, powders, the intensity of XRD patterns increased
with the reaction temperature. However, the peak intensi-
ties of BaTiO, and CaTiO, powders were not dependent on
the reaction temperature. All of the powders except the
CaTiO, at 130°C that had the unreacted CaCO, phase as a

Fig. 4. SEM micrographs of (a) BaTiO,, (b) BaZrO,, (c) CaTiO, powders synthesized at 130°C for 12 h and (d) BaTiO,, (e) BaZrO,,
() CaTiO, powders synthesized at 170°C for 12 h.
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second phase showed a crystalline phase. The lowest reac-
tion temperature to-synthesize the BCTZ powder was deter-
mined to be 150°C. The morphologies of the powders synthe-
sized at the reaction temperature of 130°C and 170°C were
shown in Fig. 4.

The BaTiO, powders obtained were well dispersed and
spherical in shape at the given temperature range. The
apparent size showed a gradual decrease with increment of
the reaction temperature. However, as stated in the previ-
ous section, the particles were composed of smaller primary
particles. The size of the primary particles was easily deter-
mined by the Scherrers formula': d = 0.9A/Bcos@j, where d
is the primary particle size, A is the wavelength of Cu,
radiation (0.154056 nm), B is the half-height width of dif-
fraction peak expressed in radian and 6y is the diffraction
angle. Analyses of the XRD peaks for BaTiO, powders with
various reaction temperature showed that primary particle
size increased from 25 nm to 40 nm with increment of the
reaction temperature from 130°C to 210°C.

The size of the secondary particles is thought to be
affected by that of the primary particles. These results can
be understood by considering the parameters determining
the colloidal stability.** Typically, the maximum repulsive
force can be estimated”"*” from the equation of 2me,g ko'’
for electrostatically stabilized particles, where €,is the per-
mittivity in free space, €, is the dielectric constant of the con-
tinuous phase, k is the Debye-Hiickel parameter, o is the
particle diameter and ¥ is the particle surface potential.
Under the constant ionic strength of the solvent, the maxi-
mum repulsive force depends on the particle surface poten-
tial and the particle size. According to Derjaquin-Landan-
Verwey-Overbeek(DLVO) theory,” the energy barrier
between two particles which inhibit agglomeration can be
also expressed as

V, = —(Ako/12) + 2me g kaV” - ()

where A is the effective Hamaker constant that depends
on the dispersion medium. Because the mixed solvent used
in this study was composed of water, NH,OH and KOH in
the same ratio, the mixed solvent may not greatly influence
the effective Hamaker constants. Under these conditions,
therefore, the magnitude of the energy barrier and the max-
imum repulsive force is determined mainly by the surface
potential and the primary particle size.

The result that the apparent particle size of BaTiO,
decrease with the reaction temperature can be interpreted
as follows: The potential energy barrier which is given in eq.
(1) is higher for the larger primary particles. This means
that particles synthesized at high temperature will be more
stable against aggregation and, as a result, the apparent
particle size was reduced.

On the other hand, in case of BaZrO ,, the particle size was
observed to increase with the reaction temperature. And the
particle morphology was gradually changed from a sphere
to a polyhedron as the reaction temperature increased. The

Vol. 39, No.11

Table 1. The Average Particle Size of Hydrothermally Synthe-
—sized—Powders—at the-Temperature Range of 130-
210°C for 12 h.

Reaction Temp. (°C)
C ot 130
omposition
Primary size (nm) 29 32 35 38
Secondary size (um) 0.27 0.24 020 0.18
BaZrO, Particle size (um) 31 43 52 6.5
CaTiO, Particle size (um) 3.5 3.5 35 35

150 170 210

BaTiO,

shape and size of CaTiO, particles did not show a tendency
with temperature variation while CaCO, phase formed by
unreacted Ca ions was found at the reaction temperature of
130°C. The average particle size measured at the reaction
temperature range of 130-210°C was summarized in Table 1.

3.2. Hydrothermal Synthesis of 3-component Systems

A series of hydothermal synthesis were carried out to
investigate the extent, y of Zr substitution on Ti sites of
Ba(Ti, Zr)O,. The mixed suspensions that had a composi-
tion of y value from 0.1 to 0.9 were synthesized at every 0.1
intervals. NH,OH and KOH were also used in the same
ratio as the prior experiment. All of the peaks in every pow-
der corresponded to a perovskite phase. Another interesting
observation made from theses XRD patterns is that the dif-
fraction peaks shifted to a lower angle with the increase in
Zirconium content.

Fig. 5 shows the XRD (110) peaks of the stoichiometric
BaTiO, and BaZrO, and that of the Ba(Ti _Zr )0, powders
which compositions are 0.1, 0.5 and 0.9 of y value. The shift
to a lower angle indicated an increase in the lattice parame-
ter with the addition of Zr ion, which is easily expected from
the fact that ionic radius of Zr is larger than Ti ion. * There-
fore, the gradual replacement of Ti ion by Zr ion correspond

T L
295 30 305 31 31.5 32
20

Fig. 5. Dependence of XRD peak shiftness on the Zr substitu-
tion of Ba(Ti, Zr,)O,.
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Fig. 6. SEM micrographs of Ba(Ti Zr)O, powders synthe-
sized at 150°C for 12 h with (a) y=0.1, (b) y=0.5 and
(c) y=0.9.

to the gradual increase in the lattice parameter in Ba(Ti
Zr)O,. The morphologies of Ba(Ti, Zr )0, powders with
various zirconium content were shown in Fig. 6. The mor-
phology of synthesized powders was changed from a small
round shape to a large polyhedral one with increase in the
Zr content.

In order to determine the solubility limit of Ca ion in (Ba ,,
Ca)TiO,, the mixed suspensions which had a compositional
range of 0.05 and 0.10 in x values were hydrothermally syn-
thesized. There were no peaks except a perovskite phase up
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Fig. 7. XRD pattern, (a) and SEM micrograph, (b) of BCTZ
powder hydrothermally synthesized at 150°C for 12 h.

to x value of 0.06 in this synthetic condition. However,
CaTiO, peaks began to be found above Ca fraction of 0.07.

3.3. Hydrothermal Synthesis of (Ba,,Ca, )(Ti,,,
Zr,,,)0, Powder

The target of this study was to get the pure (Ba,,,
Cag oM (Tiy 5021, ,000; powder via hydrothermal synthesis.
Through the studies of two and three component systems,
the single phase powder of target composition is thought to
be synthesized via hydrothermal treatment. As we believed,
the single phase BCTZ powder was successfully synthesized
under the same condition before. XRD pattern and morphol-
ogy of BCTZ powder were shown in Fig. 7(a) and (b), respec-
tively. BCTZ powder of a spherical shape had an apparent
particle size of ~150 nm.

4. Conclusion

In order to make the pure BCTZ powder, 2 component and
3 component systems were thoroughly investigated. The
particles shape and size were dependent on their composi-
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tion. The reaction temperature was lowered to 150°C at
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100-03 (1987).

which €aCO;, would not be formed. Ti and Zr ions are com-
pletely soluble to each other and the morphology of Ba(Ti
Zr )0, particles were changed from a round shape to a poly;
hedron with increase in Zr content. And Ca ion can substi-
tute Ba ion up to 6 mol% above which CaTiO, phase can be
precipitated with BCT. We could synthesize the well-dis-
persed BCTZ powder of ~150 nm size at the reaction tem-
perature of 150°C.
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