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Abstract

In this paper, we investigated the effect of microwave sintering parameters on the development of the microstructure of nano-grained BaTiO3
materials co-doped with Y and Mg species. It is observed that the materials can not only be sintered densely at a lower temperature (1150 °C) and a
shorter soaking time (20 min), but also the grain growth can be suppressed by 2.45 GHz microwave heating process. However, the grain growth
exhibits a unique tendency in some processing conditions such as microwave sintering for longer intervals (=60 min) or at higher temperatures
(1200 °C). The grain growth behavior after densification was investigated in terms of the phenomenological kinetics, and the activation energy for
grain growth using microwave sintering (59.4 kJ/mol) is considerably less than that of the conventionally sintered ones (96.0 kJ/mol), which
indicates that microwave sintering process can accelerate the densification rate of the BaTiO; materials comparing with the conventional sintering

process.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Barium titanate (BaTiOs)-based ceramics have attracted
much interest and have received a favorable review, both from
fundamental and from applied aspects, such as multilayer
ceramic capacitors (MLCCs) and positive temperature coeffi-
cient resistors (PTCRs) etc. [1]. Pure BaTiO; is a typical
ferroelectric material with high dielectric constant (k ~ 10000).
Its dielectric properties can be modified by adding either
acceptor or donor dopants. For instance, BaTiO;3 can co-doped
with abundant Y,0; and MgO species to achieve high
temperature stability of dielectric constant for X7R type
MLCCs applications [2,3]. With the miniaturization of
MLCCs, however, high dielectric constant material with fine
grains is required for thinner dielectric layer to achieve large-
capacitance MLCCs with small size, and that also to improve
the DC degradation and voltage breakdown strength [4]. In
view of this, a sintering process which can effectively densify
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the materials without inducing the growth of grains is thus
demanded. Previously, many materials have been successfully
sintered and fine grain size, uniform microstructure and
significant energy savings were achieved by microwave
sintering [3,5-7]. The advantages of microwave sintering were
not only found to include higher energy efficiency, higher post
sintering density and low sintering temperatures, but also
reduced activation energy compared to conventional sintering
[7]. At present, there are only few reports concerning the
densification of BaTiO3-based materials by using microwave
sintering [3,8]. In this paper, therefore, microwave-sintering
technique was adopted to densify the nano-grained BaTiOj;
materials co-doped with Y and Mg species. The effect of
processing parameters on the densification behavior and the
related microstructural characteristics of these BaTiO3 materi-
als were examined. The results were compared to that obtained
by conventional sintering process.

2. Experimental procedures

Commercial BaTiO5 (the particle size is of about 70 nm,
TPL Inc, USA) were used as starting materials. Co-doped with
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3 mol% yttrium nitrate (Y(NO3)3-6H,0) and 2 mol% magne-
sium acetate (Mg(CH3COO),-4H,0) by chemically precipi-
tated coating method [9]. The co-precipitated powder was
mixed with 3 mol% sintering aids (Bagy ¢Cag 4)SiO3, which has
stronger microwave absorbability and does not induce marked
grain growth of the BaTiO3z materials [10], by ball-milling for
24 h and dried. After being calcined at 950 °C for 2 h, the as-
calcined mixtures were ball-milled again for 10 min by an
attritor. The mixtures were pressed at about 50 MPa into pellets
using a die with 10 mm diameter and then sintered at 950-
1200 °C for 0.1-30 min in a CEM MAX-7000 microwave
furnace (MS series), using 2.45 GHz microwaves generated
from a commercial source. The temperature profile was
measured using Pt—13%Rh thermocouples placed near the
sample surface. The heating rate and the cooling rate were
30 °C/min. For comparison, samples were also prepared by a
conventional sintering process (CS series), that is, sintering at
1100-1250 °C for 2 h in an electrical furnace. The heating rate
and the cooling rate were 10 °C/min.

The sintered density was measured using Archimedes’
method. The average grain size, G, as described by Mendelson
[11], is obtained as G = 1.56L, where L is the average grain-
boundary intercept length of a series of random lines on the
micrographs. In microstructural analysis, a scanning electron
microscopy (SEM, Jeol 6500F) was employed to examine
microstructural characteristics.

3. Results and discussion

Microwave sintering process can densify the nano-grained
BaTiO; materials very efficiently. Fig. 1(a) shows that the
relative density of the samples already reach 90%T.D.
(theoretical density) by microwave sintering the materials at
1100 °C for 20 min. The density of the samples increases
gradually with the sintering temperature, reaching 96%T.D., for
1200 °C sintered ones. Furthermore, Fig. 1(b) shows that the
density of the 1150 °C-sintered samples for various soaking
time. The density of the samples rises gradually with the
soaking time and reaches a maximum value, 95.5%T.D., at
soaking time in the 20-30 min.

To further understand how the different sintering processes
influence the densification behavior of the BaTiO; materials,
the samples are sintered using an electrical furnace. Fig. 2
shows a comparison of relationships between the relative
density and the sintering temperature of BaTiO; materials using
microwave (MS) and conventional sintering (CS) process. It
reveals that, at the same sintering temperature, the density of
the MS samples is much higher than that of the CS samples.
Furthermore, it is evident that it needed only 1100 °C to densify
the BaTiO; materials to a density of 92.5%T.D., whereas it
required at least 1200 °C to reach the same density for BaTiO;
materials using conventional sintering. This indicates that the
microwave sintering process is more easy to achieve higher
densification at lower temperature. Besides, it is noticed that the
density of the samples microwave sintered for only 20 min
(refer MS-20 curve) is superior to that of the samples
conventionally sintered for 2 h when the sintering temperature
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Fig. 1. Effect of (a) sintering temperature and (b) soaking time on the
densification behavior of microwave-sintered BaTiO; materials which were
co-doped with 3 mol% Y and 2 mol% Mg species.

is the same. For example, at 1200 °C, the density of the BaTiO;
materials for microwave and conventional sintering processes
are found to be 96%T.D. and 92%T.D., respectively. The result
implies that the microwave sintering process substantially
enhances the densification rate of BaTiO; materials such that
the sintering time needed is markedly shortened.

SEM micrograph shown Fig. 3(a) indicates that, typically,
the MS samples contain very fine grains and the grain size
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Fig. 2. Relative density as a function of sintering temperature of microwave-
sintered (MS) and conventionally sintered (CS) BaTiO; materials which were
co-doped with 3 mol% Y and 2 mol% Mg species materials (MS & CS: soaking
time of sintering is 2 h; MS-20: soaking time of sintering is 20 min).
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