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Abstract

BaTiO; powders synthesized by hydrothermal reaction assisted with or without ball milling were used to fabricate sintered bulk BaTiO; ceramics.
The sintering rate of BaTiO3 green compacts produced by ball-milling assisted hydrothermal reaction was found to be faster than that prepared
by hydrothermal reaction without ball milling. In the case of green compacts produced by BaTiO5; powders synthesized without ball milling, the
relative density and the shrinkage of sintered compacts were measured to be 60% and 5% at 900 °C and 94.3% and 13% at 1000 °C, respectively. On
the other hand, the relative density and the shrinkage of sintered compacts produced by ball-milling assisted hydrothermal reaction were measured
to be 96.5% and 8% at 900 °C and 98.6% and 24% at 1000 °C, respectively. Furthermore, the free energy for grain-growth activation was estimated
from the relationship between grain size and sintering temperature. The free energy for grain-growth activation of the sample produced by the
hydrothermal reaction assisted with or without ball milling was calculated to be 4.2 x 10° and 8.4 x 10’ J/mol, respectively. It was found that the

grain-growth of green compacts produced by assistance of ball milling was promoted at lower-sintering temperature.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrothermal method has the advantages of synthesiz-
ing high-purity and single-phase oxides at a relatively faster
rate under solvent vapor pressure. The moderate temperature
required in this method not only enhances the reactivity of the
products but also reduces the energy cost. Furthermore, a variety
of particle morphologies can be produced.!

Barium titanate (BaTiO3) is a well-known dielectric material
with high permittivity and one of the most widely used materi-
als in electronic ceramics. It has been utilized especially for
multi-layer ceramic capacitors (MLCCs) because of its high
dielectric characteristics.> The conventional method of syn-
thesizing BaTiO3 powder is the solid-state reaction between
barium carbonate (BaCO3) and titania (TiO;) above 1100 °C.
Therefore, the sintered compacts are produced above 1300 °C.
Furthermore, BaTiO3 prepared from the solid-state reaction
exhibits some drawbacks, such as a large particle size, wide
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particle size distribution, aggregation and high impurity con-
tents, which results from repetitive calcination and grinding
treatments.> Recently, wet chemical technologies such as the
sol-gel method*> and hydrothermal method®'? have replaced
the classical solid-state reaction for the synthesis of BaTiO3
powders. Solution chemistry and alkoxides precursors allow
a much smaller mixing range between barium and titanium
ions. Hence, wet chemical technologies have led to homoge-
neous, phase-pure BaTiO3 with finer particle size, and, therefore,
BaTiO3 ceramics are expected to be fabricated at much lower-
sintering temperatures. In fact, nano-sized BaTiO3 powders
have been synthesized by hydrothermal method.'3'* However,
it is difficult to prepare dense BaTiO3 bulk ceramics using
nano-sized powder via a conventional sintering process because
nano-sized particles have tendency to form agglomerates. There-
fore, the sintering temperature of green compacts consisted of
nano-sized particles is not lower.

Ball milling techniques are widely used for grinding
of agglomerated powders and preparation of a dispersed
suspension.'>1® If ball media is introduced during the hydrother-
mal reaction, this technique is expected to promote the reaction
of barium and titanium ions and to change the surface properties
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of BaTiO3 powders formed. Recently, synthesis of (3-LiFe;O0g
particles by the hydrothermal planetary ball milling was
reported, indicating that the fine 3-LiFesOg particles could be
prepared by milling during the hydrothermal reaction.!” Fur-
thermore, we reported that BaTiO3 powders prepared from
ball-milling assisted hydrothermal reaction could sinter at fairly
low temperatures.

In this work, densification and grain growth in BaTiO3 ceram-
ics fabricated from powders synthesized by ball-milling assisted
hydrothermal reaction is reported and compared with those pre-
pared without ball milling. Free energy for grain-growth in
BaTiOj3 ceramics will also be discussed in regard to ball milling
effect during hydrothermal reaction.

2. Experimental procedure

2.1. Preparation of BaTiO3 nanopowders and green
compacts

The BaTiO3; powders were synthesized by using
Ba(OH),-8H,O (Wako Pure Chemical Industries, Japan)
and titanium tetraisopropoxide (Ti(i-OPr)4, TTIP, Wako,
Japan). The high pH necessary for the reaction was provided by
introducing an excess of Ba(OH),-8H,0.8 All chemicals were
used as received without further purification. Ba(OH),-8H,0
was dissolved in hot water at 80°C and quickly filtered to
remove BaCOj3. After TTIP was diluted in isopropyl alcohol,
the solution was dropped into the Ba(OH), solution under
vigorous stirring. The mole ratio of Ba to Ti before the removal
of BaCOs3 was adjusted to 1.5:1. In this work, BaTiO3 powders
were prepared by a novel hydrothermal synthesis apparatus
with ball milling system developed for this study (Fig. 1). The
hydrothermal treatments assisted with or without ball milling
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Fig. 1. Hydrothermal apparatus developed for this study.

were performed at 100 °C for 2 h, as shown in Fig. 1. The mixed
starting solution was transferred to a Teflon vessel and 5 mm
ZrO, balls were added. Then, the sealed Teflon vessel was put
into a stainless-steel vessel. Heating and cooling rates were
performed at 200 °C/h. The synthesis temperature was main-
tained at 100 °C for 2 h, under autogenous water vapor pressure
and the vessel was rotated at 150 rpm during the hydrothermal
reaction. After the reaction, the suspension was centrifuged and
the resulting solid was washed several times in water to remove
unreacted Ba ions. The solid was finally freeze-dried. Green
bodies were fabricated by first uniaxial dry pressing at 20 MPa
in a steel die and then cold isostatic pressing (CIP) at 150 MPa
for 5 min. The relative densities of the green bodies prepared by
hydrothermal reaction with/without ball milling system were
calculated to be 52% and 53%. The green bodies were sintered
at various temperatures for 5h. For the sake of comparison,
green bodies using powders synthesized by hydrothermal
reaction without ball milling were also prepared. The synthesis
of BaTiO3 powders was reported in detail in our earlier study.

2.2. Characterization

Phase formation and the crystal structures of the synthesized
powders and bulk BaTiO3; ceramics were performed using an
X-ray diffractometer (XRD, Rigaku RINT 2000, Japan). A field
emission scanning electron microscopy (FE-SEM, Hitachi S-
4300, Japan) and a transmission electron microscopy (TEM,
JEM-2010, JEOL, Japan) were used to observe the grain mor-
phologies of the sintered samples and the sintering behaviors.
The particle size distribution of the synthesized powders was
measured by a laser particle analyzer (Horiba, LA-920, Japan).
Ba/Ti ratio in the synthesized BaTiO3 powders was deter-
mined using inductively coupled plasma spectroscopy (ICP,
IRIS Advantage, thermo Electron K.K., Japan) and energy dis-
persive spectroscopy (TEM-EDS, JEM-2010, JEOL, Japan).
The average grain sizes of the bulk BaTiO3 ceramics were
estimated from FE-SEM photographs. Sintering behavior was
evaluated by measuring the relative densities of the sintered
compacts. For sample characterization, five pellets were pre-
pared. The dilatomeric curves were recorded at a heating rate of
100 °C/h, (TD-5200SA, Bruker-axs, Japan). The apparent linear
shrinkage curves were corrected to obtain the evolution of the
relative linear shrinkage.

3. Results and discussion

XRD investigations have shown that the powders synthesized
by hydrothermal reaction with or without ball milling were crys-
tallized as cubic-BaTiOs3 because the X-ray diffraction peak at 260
~45° (i.e., (200) peak) is a single peak (Fig. 2a). These patterns
revealed that BaTiO3 powders could be synthesized at 100 °C by
hydrothermal reaction. In addition, the Ba/Ti ratio of the synthe-
sized powders with/without ball milling system was estimated
to be 1.006 and 1.007 from inductively coupled plasma spec-
troscopy and energy dispersive spectroscopy, respectively. The
XRD profiles of the (200), (210) and (2 1 1) peaks are given in
Fig. 2b. The dotted lines represent the theoretical BaTiO3 peak
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Fig. 2. (a) XRD patterns of the powders synthesized by a hydrothermal reaction
without ball milling system (I)/with ball milling system (II) at 100 °C for 2 h.
(b): XRD diffraction profiles of (200), (210) and (2 1 1) peaks.

positions of (200), (210) and (21 1). The peaks of hydrother-
mal powders are shifted to the lower angles as compared to the
theoretical ones. Furthermore, the shift is much larger for the
powder prepared from hydrothermal reaction assisted with ball
milling. This shift can be attributed to the expansion and the
strain of the lattice introduced by ball milling in the synthesized
particles.'®19 It is reported that the expanded unit cell of the syn-
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Fig. 4. Particle size distributions of the powders synthesized by (a) hydrothermal
reaction with ball milling and (b) hydrothermal reaction without ball milling.

thesized BaTiO3; powders results from water and hydroxyl ions
(OH™) in the perovskite lattice after hydrothermal processing.'8

Fig. 3 shows FE-SEM photographs of the synthesized pow-
ders obtained after a hydrothermal reaction with or without
ball milling system operated at 100 °C for 2h, and the frac-
ture surfaces of bulk BaTiO3 compacts sintered at 880, 900,
950 and 1000 °C for 5 h. Moreover, the relative densities of the
sintered compacts are given for each one. The morphologies
of the powders synthesized by ball-milling assisted hydrother-
mal reaction were similar to those prepared by hydrothermal
synthesis without ball milling in that they are uniformly agglom-
erated to ~150nm. The agglomerated particle size was in
agreement with the results measured by particle size distribu-
tion analyzer (Fig. 4). The median particle size of the powders
synthesized with/without ball milling was 140 and 150 nm,
respectively. Moreover, the distribution was very narrow and
unimodal. In addition, the primary particle size was estimated
to be about 20nm from the TEM observations. From these
results, the morphology and the aggregation degree of the pow-
ders synthesized by hydrothermal reaction with/without ball
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Fig. 3. FE-SEM photographs of the synthesized powders obtained after a hydrothermal reaction with or without ball milling system operated at 100 °C for 2 h, and

the fracture surfaces of the ceramics sintered at 880, 900, 950 and 1000 °C for 5 h.
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milling seem similar. As shown in Fig. 3, the grain-size of
the sintered compacts from hydrothermal reaction without ball
milling was about 150 nm at 880 °C, which is similar to the
starting particle size of the agglomerated powders. This indi-
cates that sintering of each agglomerated particle is likely to
occur at first. The relative density of the sintered compact was
56.8%. On the other hand, in the case of the sintered compacts
produced by ball-milling assisted hydrothermal reaction, the sin-
tering among the agglomerated powders has already started at
880 °C. The relative density of the sintered compact was 88.8%.
Moreover, the microstructure of the sintered compacts, which
were prepared by ball-milling assisted hydrothermal reaction,
at 900 °C exhibited a rather homogeneous grain-size distri-
bution with an estimated average grain size less than 1 um.
The relative density of the compact prepared using ball-milling
assisted hydrothermal reaction reached 96.5% in contrast to
60.0% for that prepared without ball milling. Hence, these
results strongly suggest that dense BaTiO3; ceramics can be
fabricated at fairly low-sintering temperature (900 °C) using
the powders produced by ball-milling assisted hydrothermal
reaction. In general, it is known that the sintering tempera-
ture of BaTiO3, which is prepared from solid-state synthesis,
is above 1300 °C. Densification to 96.5% at 900 °C, 98.0% at
950°C, and 98.6% at 1000 °C clearly states that the green com-
pacts of BaTiO3 powders synthesized by ball-milling assisted
hydrothermal reaction have a higher sinterability at lower
temperatures.

Fig. 5 represents the XRD patterns (260 42-48°) of the BaTiO3
compacts sintered at 900 and 1000 °C. The tetragonal structure
is readily ascertained from the splitting of (200) peak around
26 45°. Therefore, the crystalline phase of the sintered BaTiO3
compacts is tetragonal. Note that crystalline structure of the
synthesized powders was cubic as evidenced from Fig. 2.
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Fig. 5. XRD diffraction profiles of (200) and (00 2) for the BaTiO3 ceramics
sintered at (a) 1000 and (b) 900 °C for 5 h.

Fig. 6 shows TEM photographs of the sintered BaTiO3 ceram-
ics prepared from the powders synthesized after hydrothermal
reaction with or without ball milling. It is seen that the ceramics
have pores in the grain at lower sintering temperatures before
significant densification took place. The pores are not observ-
able with increasing densification. Grain growth is not caused by
the solid-state reaction among particles during sintering, but is
propelled by minimization of surface energy via surface and vol-
ume diffusion. Then, the pores decrease during the grain growth.
From the TEM photographs of samples produced by hydrother-
mal reaction without ball milling (Fig. 6), it is observed that
the mass is moved from the boundary at 950 and 1000 °C at
which the grain growth occurred and that the pores in the grain
are not seen. On the other hand, in the case of samples pro-
duced by ball-milling assisted hydrothermal reaction, the pores
in the grain are not observed at lower-sintering temperature
(900 °C), at which the grain growth occurred and the density of
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Fig. 6. TEM photographs of sintered BaTiO3 ceramics prepared from the powders synthesized by hydrothermal reaction with or without ball milling.
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Fig. 7. Dilatometric curves for green compacts prepared from powders which
are synthesized by hydrothermal reaction (a) with or (b) without ball milling.

sintered body became higher compared with samples prepared
by hydrothermal reaction without ball milling. It is suggested
that the mass transfer of the samples produced by ball-milling
assisted hydrothermal reaction was occurred at low temperature
and, thus, the sintering was promoted.

The dilatometric curves for green compacts from powders
synthesized by hydrothermal reaction with or without ball
milling are shown in Fig. 7. The curves show that shrinkage
for both green compacts starts at 780 °C. However, as the sin-
tering temperature increases, the sintering behavior changes in
that the sintering rate of the sample prepared by hydrothermal
reaction assisted with ball milling becomes faster than that pre-
pared without ball milling. For example, the shrinkage is 8%
at 900°C and 24% at 1000 °C in the former as compared to
5% at 900 °C and 13% at 1000 °C in the latter. These results
obviously show that ball milling during hydrothermal reaction
gives rise to enhanced sinterability (or densification) at lower
temperatures, as also shown in Fig. 3. Generally, it is known
that hydroxyl ions (OH™) in perovskite lattice of hydrothermal
BaTiOj3 are almost removed at temperature <800 °C.20 There-
fore, the expanded unit fabricated by hydrothermal reaction does
not cause acceleration of densification and grain growth because
the densification (or shrinkage) starts at temperature >780 °C
(Fig. 7). The degree of powders aggregation (Figs. 3 and 4) and
the relative density of green compacts were the similar as sam-
ples prepared from hydrothermal reaction without ball milling in
those prepared from ball milling assisted hydrothermal reaction.
In addition, mechanical force during the reaction leads to sur-
face damage on each particle causing broken bonds. Therefore,
itis thought that difference in surface energy between milled and
not milled particles during synthesis influences sinterability at
lower temperatures. The activation energy for sintering process
can be readily determined from the sintering data.?! Grain size

Table 1

Fitted equation and activation energy for grain growth (AG") estimated from Fig. 8
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Fig. 8. Square of grain size as a function of sintering temperature. Filled circle:
the compacts prepared by ball-milling assisted hydrothermal reaction. Open
circle: the compacts prepared by hydrothermal reaction without ball milling.

is represented as:
G*> — G} = Kt (1)

where G is the grain size at sintering time ¢ and Gy is the initial
grain size. When ¢=0 then, G = Gy. In general, G > Gy and then
Eq. (1) becomes:

G? = Kt )

In reaction kinetics, K is represented as follows;

8xyp Vi —AG*
K = XV VM exp 3)
Nah RT

where Ny is Avogadoro’s number, & the Planck’s constant, yy
the surface energy, Vv the molar volume and x is the distance
moved by an atom across the grain boundary. Substitution of Eq.
(3) into Eq. (2) reveals the correlation between grain size and
sintering temperature (7);

8xyy VM —AG*
G? = [ ZMY), 4
<NAh)exp< RT> @

where AG” is the activation energy for grain growth. Relation-
ship between square of grain size and sintering temperature
using the compacts of the synthesized BaTiO3 from hydrother-
mal reaction with or without ball milling is shown in Fig. 8.
The graph was fitted to an equation, ¥Y=a exp(—b/X). Table 1
shows the fitted equation and the activation energy for grain-
growth (AG") in the present work. In the case of the sample
prepared by ball-milling assisted hydrothermal reaction, the free
energy for grain-growth activation was 4.2 x 103 J/mol, whereas
it was 8.4 x 10° J/mol as for the sample produced by hydrother-
mal reaction without ball milling process. Hence, the activation
energy for grain-growth decreases by half due to ball milling

Fitted equation

Activation energy for grain growth (AG")

Without ball milling
With ball milling

Y=1.30 x 105 exp(—1.01 x 10°/X)
Y=4.08 x 107 exp(—5.08 x 10%/X)

8.4 x 10° J/mol
4.2 x 10° J/mol




604 Y. Hotta et al. / Journal of the European Ceramic Society 28 (2008) 599-604

during hydrothermal reaction. As a result, the grain growth is
promoted at lower sintering temperatures.

4. Conclusions

BaTiO3 powders were synthesized at 100 °C by hydrothermal
reaction with and without ball milling. The powders synthe-
sized by hydrothermal reaction with and without ball milling
were uniformly agglomerated to ~150 nm, although the primary
particle size was about 20 nm estimated from the TEM obser-
vations. BaTiO3 powders synthesized by ball-milling assisted
hydrothermal reaction were densified to 96.5% of theoretical
density at a fairly low sintering temperature of 900 °C as com-
pared to 60% of theoretical density in the ceramics prepared
from powders synthesized by hydrothermal reaction without ball
milling. The SEM, TEM observations and dilatometric curves
showed the sintering rate of bulk BaTiO3 ceramics prepared
by ball-milling assisted hydrothermal reaction was faster. The
activation energy for grain growth of the BaTiO3 ceramics fabri-
cated from powders synthesized by hydrothermal reaction with
and without ball milling was calculated to be 4.2 x 10° and
8.4 x 10° J/mol, respectively. As a result, grain growth during
sintering was promoted at lower temperature. Low temperature
sintering of BaTiO3 ceramics may be attributed to difference
of surface energy induced by ball milling during the hydrother-
mal reaction. This new processing approach (e.g., ball-milling
assisted hydrothermal reaction) enables us to fabricate dense
BaTiOs3 ceramics at fairly low-sintering temperatures.
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