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Abstract

The sintering behavior of the (Ba0.87Ca0.13)1.000(Ti0.85Zr0.14Mn0.01)1.003O3 doped with Nb2O5 and BaCO3 sintered in different

atmospheres was investigated. When samples were sintered in the reducing atmosphere, the development of Ti-rich phase of

Ba6Ti17O40 was depressed and the growth of pores was significantly developed at temperatures 41250�C, which are attributed to

the carbothermal reaction of TixOy. A mechanism of the pore growth related to the entrapped insoluble gases COx derived from the

carbothermal reaction of TixOy is proposed.

r 2003 Elsevier Inc. All rights reserved.
1. Introduction

There are two ways to increase the volumetric
efficiency of a capacitor, i.e., reduction of the thickness
of each dielectric layer and increase of the room
temperature dielectric constant. To achieve these
goals, very fine powders are desirable. Therefore, the
dielectric powders were usually synthesized by wet
chemical methods. However, because the organic
materials are difficult to be burnt out, residual carbon
usually exists.
For the reduction of the production cost, base metals

used as the inner electrodes have become the trend for
the market of the multiplayer ceramic capacitor.
However, the base metal electrodes have to be fired in
the reducing atmosphere to protect them from oxidation
[1–6]. Atmosphere was known to have two important
effects on the sintering of ceramics, i.e., to modify
densification rate and limiting density [7]. The latter was
usually attributed to the trap of the insoluble gas [8,9].
The densification process stops when the internal gas
pressure counterbalances the surface tension driving
force. The insoluble gas might arise directly from the
atmosphere [8] or indirectly from the internal gas
forming reaction [9]. In the latter case, when a soluble
gas from the atmosphere diffuses through the sintering
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body and reacts with an impurity to form an insoluble
reaction product, there is an increase in internal pore
pressure. This results in density loss and compact
swelling.
Usually, the gases are generated via an oxidation

reaction. However, a more complicated reaction of gas
generation, i.e., carbothermal reaction of the oxide [10]
may happen in a reducing atmosphere. The purpose of
this investigation is to explore the effect of this new
mechanism on the pore growth in sintering barium
titanate based ceramics in different atmospheres.
2. Experimental procedure

The powder with a composition of (Ba0.87Ca0.13)1.000
(Ti0.85Zr0.14Mn0.01)1.003O3 (BCTZM) was synthesized
by the sol–gel method (Nippon Chemical Industrial
Co. Ltd, Tokyo, Japan). For sintering study, the
powder was ground for 24 h in a Nylon 6 jar with
ZrO2 balls as the medium. After grinding, the slurry
was dried, and then pressed as a pellet. The green
density was about 52% of the theoretical density
(The theoretical density of the powder determined by
the X-ray method was 5.855 g/cm3). The pellets were
sintered at a heating rate of 5�C/min in a temperature
range from 1100�C to 1400�C for 2 h in air and in 5%
H2–95% N2. The sintered density was determined by the
Archimedes method. The doped samples were prepared
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by mixing BCTZM with various amounts of Nb2O5 and
BaCO3 and followed the same procedure mentioned
above.
Fig. 1. Comparison of the microstructures of BCTZM doped with

1mol% Nb2O5 sintered at 1400
�C for 2 h in: (a) air and (b) 5H2/95N2.

Table 1

Compositions of BCTZM doped with 1mol% Nb2O5 sintered at 1400�C fo

Element Ba Ca Ti

at% 9.11 0.91 22.10
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Fig. 2. Relative density versus sintering temperature for BCTZM

doped with 1mol% Nb2O5 sintered in 5H2/95N2 for 0 and 2 h.
Scanning electron microscope (SEM) (model XL-40
FEG, Philips, Holland and model JXA-840, JEOL,
Nakagami Akishima, Tokyo, Japan) was used to
characterize the microstructures. Electron probe X-ray
microanalysis (EPMA) (Jeol JXA-8800) equipped with
wavelength-dispersive spectrometer (WDS) was used to
analyze the composition of the second phase. Thermo-
gravimetric analysis (Model Setaram TGA/DTA 24,
Setaram company, France) was used to determine the
weight loss of samples heated in different atmospheres.
3. Results

In the previous work [11], it was found that the
densities of the samples of BCTZM sintered in 5% H2–
95% N2 started to decrease at temperatures 41250�C.
Moreover, there are two features of the microstructures
of BCTZM sintered in air and 5% H2–95%N2, i.e., the
former revealed small amount of second phase without
pore growth but the latter showed pore growth without
second phase. Because the powder of BCTZM is slightly
Ti-rich, the amount of the second phase is too less for
the compositional analysis. In order to increase the
amount of the second phase, Nb2O5 was added to
substitute Ti ion in BCTZM. Fig. 1 shows the
comparison of the microstructures of 1mol% Nb2O5-
doped BCTZM sintered at 1400�C in air and 5% H2–
95%N2 for 2 h. As observed, the microstructures reveal
the same behavior as the undoped BCTZM, i.e., the
former contains second phase without pore growth but
the latter reveals pore growth without second phase. The
composition of the second phase had been analyzed by
WDS and is listed in Table 1, which is close to Ti-rich
phase of Ba6Ti17O40. Fig. 2 shows the comparison of the
relative density versus temperature for 1mol% Nb2O5-
doped BCTZM sintered in 5% H2–95%N2 for 0 and 2 h.
As observed, densities of 0-h samples do not decrease at
high temperatures but those of 2-h samples become to
decline at temperatures 41250�C. These results indicate
that the occurrence of pore growth is time-dependent,
which may be related to some reaction. Fig. 3 shows the
microstructure of 2mol% Nb2O5-doped BCTZM sin-
tered at 1400�C in air for 2 h. As observed, while the
density still remains high, pore growth occurs but it is
not as serious as in the atmosphere of 5% H2–95%N2,
i.e., the pore size is not large.
The comparisons of relative density versus tempera-

ture for samples of BCTZM doped with 1mol% Nb2O5-
1mol% BaCO3, 1mol% Nb2O5-2mol% BaCO3, and
r 2 h in air

Zr Mn Nb O

2.18 1.21 0.00 64.50
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Fig. 3. Microstructure of BCTZM doped with 2mol% Nb2O5

sintered at 1400�C for 2 h in air.
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Fig. 4. Relative density versus sintering temperature for BCTZM

doped with (a) 1mol% Nb2O5 and 1mol% BaCO3, (b) 1mol% Nb2O5

and 2mol% BaCO3, and (c) 1mol% Nb2O5 and 2.5mol% BaCO3

sintered for 0 and 2 h in 5H2/95N2.

Fig. 5. Microstructures of BCTZM doped with (a) 1mol% Nb2O5

and 1mol% BaCO3, (b) 1mol% Nb2O5 and 2mol% BaCO3, and

(c) 1mol% Nb2O5 and 2.5mol% BaCO3, sintered at 1400�C for

2 h in 5H2/95N2.

T.-T. Fang / Journal of Solid State Chemistry 175 (2003) 226–230228
1mol% Nb2O5-2.5mol% BaCO3 sintered in 5%H2–
95%N2 for 0 and 2 h, are shown in Fig. 4. The
microstructures of these samples sintered at 1400�C in
5%H2–95%N2 for 2 h are shown in Fig. 5. As observed,
for samples doped with 1mol% Nb2O5-1mol% BaCO3

and 1mol% Nb2O5-2mol% BaCO3, density reduction
or pore growth occurs at temperatures 41250�C.
However, the degree of reduction decreases with the
increase of Ba content. For 1mol% Nb2O5-2.5mol%
BaCO3 doped BCTZM, density reduction or pore
growth is not observed. Fig. 6 shows the microstructure
of the BCTZM presintered at 1200�C for 6 h in air and
then sintered at 1400�C for 2 h in 5% H2–95%N2. It
shows that pore growth does not occur and the density
has reached 97% theoretical density. Fig. 7 shows
the microstructure of 2mol% Nb2O5-doped BCTZM
specimens sintered at 1400�C in O2 for 2 h. As observed,
pore growth does not occur but the second phase is
present in this sample.
4. Discussion

In the recent work [11], pore growth was found to be
related to the residual carbon and atmosphere in
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Fig. 6. Microstructure of BCTZM presintered at 1200�C for 6 h in

air and then sintered at 1400�C for 2 h in 5H2/95N2.

Fig. 7. Microstructures of BCTZM doped with 2mol% Nb2O5

sintered at 1400�C for 2 h in O2.
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sintering BCTZM. However, the mechanism was not
detailed. According to the literature, the major reasons
for the pore growth are as follows: (i) the insoluble gas
atmosphere [8], (ii) the presence of adsorbed gases [12],
(iii) the action of second phase [13], and (iv) the delayed
gas reaction [9,14]. It should be pointed out that there
is a major difference between mechanisms (i) and (iv),
namely, the former occurs at higher density 499%
theoretical density [8] but the latter can occur at lower
density o99% theoretical density [14], which could be
attributed to the fact that the latter could generate a
large amount of gases. In view of the fact that pore
growth occurred at density around 95% theoretical
density in this investigation, mechanism (i) can be
eliminated. Moreover, it was suggested that N2, though
not soluble, would not be entrapped in the pore when
it is in the dry N2–H2 atmospheres that containX2% H2

[15]. If so, N2 would not be entrapped in the pore
because the atmosphere used in this investigation is 5%
H2–95% N2. The mechanism (ii) is also excluded
because it does not depend on the atmospheres. More-
over, pore growth was not observed in air-sintered
sample with the presence of second phases, so mechan-
ism (iii) is also eliminated. Residual carbon might be
present in the powder used in this investigation because
the powder was produced via a sol–gel process [16–18].
Moreover, the residual carbon would even exist at high
temperatures 41000�C when samples are sintered in an
atmosphere of a mixture of hydrogen and nitrogen [19].
It is also indirectly supported by the TGA data
measured in this investigation, in which the weight loss
in air was 1000 ppm higher than in argon. Intuitively,
the oxidation of carbon impurity in the material to form
COx gases may be the reason for the pore growth [9,14].
However, it is in contradiction to the results of this
investigation, which shows that pore growth occurs
significantly in the reducing atmosphere rather than in
air. Therefore, the mechanism (iv), the so-called delayed
gas reaction, can be excluded.
In comparing samples sintered in air and reducing

atmosphere, shown in Figs. 1 and 2, there are two
features for samples sintered in 5% H2–95%N2, i.e., the
absence of Ti-rich phase of Ba6Ti17O40 and the density
reduction occurring at temperatures41250�C. It should
be pointed out that excessive Ti ions segregated to
the grain boundary may be in a state of TixOy before
it forms Ba6Ti17O40. Because the carbon residue is
suggested to exist based on the TGA data, the formation
of CO and CO2 gases can be via the carbothermal
reduction of TixOy species [10] when samples are
sintered in the reducing atmosphere. Therefore, it is
inferred that pore growth may be related to insoluble
gases COx derived from the carbothermal reduction of
TixOy. This carbothermal reaction not only induces pore
growth but also depresses the development of Ti-rich
phase of Ba6Ti17O40 because TixOy would become TiC
during the reaction. Moreover, according to the reports
[10], the carbothermal reaction would occur significantly
at temperatures above 1250�C, which is consistent with
the temperature of density reduction for samples with-
out or with doping (Figs. 2 and 4). As discussed above,
the two features for the samples sintered in the reducing
atmosphere are explained.
There are two ways to further justify the effect of

carbothermal reaction on pore growth, i.e., to remove
the reaction source of excessive Ti ions or residual
carbon. The reduction of excessive Ti ions can be done
by substituting A-site ions with foreign ions. Actually, it
has been justified by the results of Figs. 4 and 5, showing
that pore growth did not occur when Ba was high
enough to let composition become stoichiometric or Ti-
deficient. The second way to prevent the development of
pore growth is to eliminate the residual carbon. When
the sample was presintered at 1200�C for 6 h in air, and
then sintered at 1400�C for 2 h in 5% H2–95%N2, pore
growth was not observed though the second phase was
present, which can be attributed to the exhaustion of the
residual carbon, evidenced in Fig. 6.
In this investigation, pore growth was not observed

for all the samples without doping or with low Nb
content o2mol% sintered in air. However, insignificant
pore growth could be observed in the samples with high
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Nb content ^2mol% sintered in air (Fig. 3). It should
be noted that in this case, their densities are still higher,
the pore sizes are smaller, and the pore numbers are less
than those of samples sintered in 5% H2–95%N2. It is
considered that when Nb content is very high, too much
excessive Ti ions will exist. Because the process was not
in an equilibrium state under the sintering conditions,
sufficient amount of excessive Ti would not completely
form Ba6Ti17O40 but be in a state of TixOy. Thus, if the
residual carbon would not be completely removed for
samples sintered in the air, a small amount of COx gases
would be generated via the carbothermal reaction of
TixOy, which in turn would induce pore growth. By
contrast, if the residual carbon could be completely
removed, pore growth would be inhibited, which was
evidenced by the result of Fig. 7 and further justifies the
above discussion.
5. Conclusions

Pore growth occurs significantly for Ti-rich BCTZM
sintered in the reducing atmosphere but insignificantly
for BCTZM with high Nb content 42mol% sintered
in air. The mechanism of pore growth can be attributed
to the entrapment of the insoluble gases COx generated
via the carbothermal reaction of TixOy. Moreover, when
Ti-rich BCTZM is sintered in the reducing atmosphere,
the development of the Ti-rich Ba6Ti17O40 phase can be
depressed owing to the occurrence of the carbothermal
reaction.
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