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Sintering of nanocrystalline BaTiO3
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Abstract

Two-step sintering method was employed to consolidate nano-size BaTiO3 powders. The two-step sintering method comprises the initial
heating at relatively higher temperatures and the following low-temperature sintering for a long period of heating. Pressed green bodies of
BaTiO3 were first heated to 1300◦C to achieve an intermediate density (>75% of theoretical density), then cooled down and held at 1100◦C
for 0–20 h until they became fairly dense. Slight grain growth progressed during the second step, whereas the density significantly increased.
The average grain size of dense ceramics was around 1�m. The dielectric constant of BaTiO3 was much greater than that of the normal
sintering method. Furthermore, Dy-doped BaTiO3 showed much smaller grain sizes than the undoped BaTiO3, which is comparable with the
conventional sintering behavior of BaTiO3.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

BaTiO3 is a well known ferroelectric material with high
permittivity (>1000), and one of the most widely used ce-
ramic materials in the electric industry, especially in multi-
layer ceramic capacitors (MLCC). BaTiO3 ceramic has been
extensively studied due to its high dielectric constants with
the high insulating resistivity[1]. Electrical properties of
BaTiO3 strongly depend on microstructures as well as chem-
ical compositions. Kinoshita and Yamaji[2] reported that the
relative permittivity can be increased up to 5000, if polycrys-
talline BaTiO3 of 1.1�m grain size is achieved. Thus, a fine
grain is essential to achieve optimum dielectric properties.

The microstructure of BaTiO3 can be controlled by two
approaches. One way uses additives to prohibit the grain
growth. Some additives have been reported to effectively
prevent discontinuous grain growth[3–5]. It is well known
that additives such as Dy, Nb and Ca act as a grain growth
inhibitor. Another way uses novel processing techniques to
tailor the microstructure. In general, it is known difficult to
prepare dense BaTiO3 ceramics with fine grains via a con-
ventional sintering process. Nano-size particles, due to the
tendency to form agglomerates, can lead to microstructures
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with defects that cannot be eliminated during sintering[6].
Therefore, techniques such as pressure assisted sintering, or
compacting of the powders at enormous pressures of up to
8 GPa at elevated temperatures or at ambient temperatures
followed by sintering in common furnaces are employed
[7,8].

Recently, a two-step sintering method has been proposed
to achieve the densification of ceramic bodies without sig-
nificant grain growth by Chen and Wang[9]. To succeed
in two-step sintering, they suggested that a sufficiently
high starting density should be obtained during the first
step. When the density is greater than 70%, pores in Y2O3
become subcritical and unstable against shrinkage, which is
induced by capillary action. These pores can be filled as long
as grain-boundary diffusion allows it, even if the particle
network is frozen as it is clearly in the second step[10,11].

In this study, effects of two-step sintering on the mi-
crostructure development of nano-size BaTiO3 powders will
be discussed as well as the dielectric properties. Further-
more, effects of Dy-doping on microstructure structure will
be investigated as well.

2. Experimental procedure

Nano-sized BaTiO3 powders were prepared using the
liquid mix method developed by Pechini[12]. Dy-doped
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sample compositions as well as undoped BaTiO3 were
prepared by calcinations of an organometallic solution con-
taining precisely determined amounts of the metallic com-
ponents as described in the previous work[13]. Solutions
were calcined in air at 600◦C for 30 min. The calcined
powders were pressed into rectangular bars at 300 MPa. In
normal sintering process, the specimens were then sintered
at 1200◦C for 1–5 h. In the so-called two-step sintering pro-
cess, the heating schedule comprises two stages, the fairly
high-temperature initial heating and the followed lower
temperature sintering. The pressed green body of BaTiO3
was first heated to 1300◦C to achieve an intermediate den-
sity and then cooled down and held to sinter at 1100◦C for
0–20 h until it became fairly dense. The effect of two-step
sintering process on the microstructure development was in-
vestigated for the as-fired surface of the sintered body using
a scanning electron microscope (Hitachi S2150). Particle
sizes were determined from the microstructure of a field
emission scanning electron microscope (Jeol LTD JSM890)
and X-ray diffraction analysis (Rigaku Rotaflex D/MAX
System). The dielectric constant was measured over the
temperature range from−55 to 145◦C using a capacitance
measurement system (Sanders & Associates).

3. Results and discussion

Fig. 1 shows the morphology of the calcined BaTiO3
powders at 600◦C for 30 min. The primary particles were
of round shape with a uniform size about 17 nm and were
heavily agglomerated. This result is similar to the particle
size calculated from the half-width of the XRD peaks of
(1 1 0) planes using Scherrer’s equation[14], which sup-
ports that the estimated particle sizes are in good agreement
with the observation through the FE-SEM photographs.
Thus, thermal decomposition of polymerized solution

Fig. 1. FE-SEM micrographs and XRD patterns of BaTiO3 powder.

Fig. 2. The microstructure of BaTiO3 sintered at 1200◦C for various
sintering times: (a) 1 h, (b) 3 h and (c) 5 h.
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Fig. 3. The microstructure of BaTiO3 which was first heated to 1300◦C
and held at 1100◦C for various times: (a) 0 h, (b) 5 h and (c) 20 h.

Fig. 4. The sintered density of BaTiO3 compacts and grain size as a function of holding time: (a) two-step sintering process, (b) normal sintering process.

Fig. 5. The microstructure of BaTiO3 doped with 1 mol% Dy (first heated
to 1300◦C, and then held at 1100◦C for 20 h).

prepared by Pechini method can be an applicable experi-
mental technique to prepare nano-size BaTiO3 powders.

Fig. 2 shows the SEM photographs of the BaTiO3 sam-
ples sintered at 1200◦C for various sintering times, 1, 3 and
5 h, respectively. Significant densification and grain growth
progressed as the sintering time increased. The specimen
sintered for 5 h exhibited the average grain sizes about
5–6�m, where the bulk density was 5.6 g/cm3 (>93% of
the theoretical density). However, the sintered specimen for
1 h showed smaller grain sizes with poor sintering densities
(83% of the theoretical density). This result represents the
normal densification process of ceramic bodies, indicating
that there is no densification without grain growth. It was
reported that the driving forces for densification and grain
growth are comparable in magnitude, both being propor-
tional to the reciprocal grain size in this final-stage sintering
[15,16]. Thus, this has greatly hampered efforts to produce
dense materials with nano-size grain structure.

Fig. 3a–cshow the microstructure development of BaTiO3
specimen prepared by the two-step sintering, which was
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Fig. 6. The temperature dependence of dielectric constant in various grain sizes.

initially heated up to 1300◦C and cooled down, followed by
sintering at 1100◦C for various times, 0, 5 and 20 h, respec-
tively. The fast heating up to 1300◦C resulted in a fairly high
density(89%) without further sintering process and the grain
size was∼0.85�m as shown inFig. 3a. The sintering pro-
cess (20 h) followed by the initial heating yielded the high
bulk density greater than 95% as shown inFig. 3c. How-
ever, it should be noted that the second step sintering does
not accompany the grain growth normally occurring in most
densification processes. Chen and Wang[9] reported that
the lack of grain growth in the second-step sintering has im-
portant implications for kinetics. Grain coarsening creates a
powerful dynamic that constantly refreshes the microstruc-
ture. This evolution can be a source of enhanced kinetics.
Even without grain growth, enhanced kinetics has also been
suspected in cases when microstructure evolution is other-
wise robust. Because the second-step sintering proceeds in a
‘frozen’ microstructure, it should have slower kinetics. Yet
the slower kinetics is sufficient for reaching fairly high den-
sity, while providing the benefit of suppressing grain growth
[9].

Fig. 4a and bshow the sintered density and grain size
of BaTiO3 specimen as a function of sintering time. In the
two-step sintering process, a slight grain growth was ob-
served after 20-h heating, whereas the density significantly
increased from 5.3 to 5.7 g/cm3. However, in the normal sin-
tering process, unlike the two-step process the grain size in-
creased from 1 to 6�m as the sintering time increased from
1 to 5 h and the density changed from 5.0 to 5.6 g/cm3. It
was thus confirmed that the two-step sintering process could
suppress the grain growth effectively and increase density
significantly.

Fig. 5 shows a microstructure of the BaTiO3 specimen
doped with 1 mol% of Dy, which was sintered using the

two-step process. Dy-doped BaTiO3 exhibited a significa-
tion reduction in grain size. The average grain size of dense
ceramics ranged from 200 to 400 nm and the bulk density
was∼5.6 g/cm3 (>93% of the theoretical density). It is well
known that BaTiO3 doped with small amount of donor impu-
rities (>0.5 mol%) yields cation vacancy compensation and
results in the material being fine-grained (1–2�m) [17]. Ya-
maji et al.[3,18]also reported that Dy is an effective additive
for retarding grain growth. They obtained sintered samples
with 1.2�m grain size by doping 0.4–0.8 mol% Dy.

Fig. 6 shows dielectric constants as a function of tem-
perature for various grain sizes. The specimen with grain
sizes of 0.8�m exhibits the highest permittivities for the
temperature range below the Curie point. As the grain size
increased, the permittivities decreased at the most of tem-
perature studied. This result is in good agreement with the
previous reports that the contribution of residual stresses in
individual grains causes substantially untwined structure as
grain size decreases[19–21].

4. Conclusions

Two-step sintering can effectively suppress the grain
growth in BaTiO3, leading to a fine-grained microstructure.
The sample sintered in two-step sintering showed a slight
grain growth with relatively high densities (5.3–5.7 g/cm3)
and an average grain size of∼1�m. Dy-doped BaTiO3
specimens showed the microstructure development with
fine grains (200–400 nm), which was smaller than that of
the undoped BaTiO3. It was also confirmed that dielectric
constant is strongly dependent on the grain size. As the
grain size increased, the permittivities decreased at most of
temperatures studied.
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