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BaTiO3-Ni mixed powders were sintered at 1300•Ž in 

Ar or air, and the sintering behavior and dielectric 

properties were investigated. The bulk density of sin

tered bodies was 95-99% of theoretical. BaTiO3-Ni 

composites were produced in Ar. When coarse Ni pow

der (4-7ƒÊm) and ultrafine BaTiO3 powder (0.02ƒÊm) 

were used, a large number of Ni particles were isolated

ly dispersed in the BaTiO3 matrix. The dielectric con

stant increased remarkably with an increase in Ni con

tent up to ƒÃr•Œ=11000 at 40 vol% Ni according to the 

modified Maxwell formula. Although monolithic 

BaTiO3 sintered in Ar had a high dielectric loss owing 

to the formation of oxygen vacancies working as elec

tron donor, BaTiO3-Ni composite had a low dielectric 

loss. This is because of the fact that a small amount of 

NiO dissolved into BaTiO3 and Ni ions worked as elec

tron acceptor to compensate the charge of oxygen 

vacancies. Firing in air resulted in the oxidation of Ni 

to form BaTiO3-NiO composites with low dielectric 

constants and high dielectric losses.
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Dielectrics

1. Introduction

BaTiO3 is a ferroelectric with a high dielectric con

stant and applied as main material for commercial 

condensers. With a recent progress in the integra

tion of electronic circuit the miniaturization of con

denser and the increase in capacitance have been re

quested, leading to the development of composite

type condensers: multilayer capacitors and boundary 

layer capacitors.1)

The increase in dielectric constant is also possible 

by dispersion of conducting particles in dielectric 

matrix. Kwan et a1.2) have proposed the modified 

Maxwell formula for the dielectric-conductor compo

site considering the random distribution of conduct

ing particles and the mutual electrostatic interaction 

between them, as follows:

ƒÃr-ƒÃr0/(1-V)3 (1)

where er is the effective dielectric constant of compo

site, ƒÃr0 the dielectric constant of matrix and V the 

volume fraction of conducting phase. They reported 

that the Eq. (1) was valid for the increase of dielec

tric constant in polyester-silver system. This 

phenomenon can be understood as conducting parti

cles apparently shorten the electrode distance to in

crease the effective electric field in dielectric phase. 

The same effect is expected for ceramics-metal sys

tems if metal particles are isolatedly dispersed in cer

amics matrix. The present authors took up BaTiO3-

Ni system in order to develop a new type of high-

capacitance condenser. Ni was selected as conduct

ing phase because it is a typical electrode for BaTiO3 

condensers. It must, however, be noted that Ni is oxi

dized at high temperatures in an oxidative at

mosphere.

In the present work, the preparation conditions 

and dielectric properties of BaTiO3-Ni composite 

were investigated with emphasis on the effects of the 

size of starting particles and the sintering at

mosphere.

2. Experimental

2.1 Materials

Three kinds of commercial BaTiO3 powders differ

ing in particle size were used, which were designated 

as BT1, BT2 and BT3. The Ba/Ti molar ratio was 

0.999 and the crystal phase was cubic. Ni powder 

was also commercially supplied. Their electron 

micrographs are shown in Fig. 1. BT 1 formed large 

agglomerates with a size of about 100ƒÊm but the pri

mary particles were very fine, the average size of 

which was calculated from the specific surface area 

to be 0.1ƒÊm. BT2 and BT3 were very fine and dis

persive. The average particle size was 0.1ƒÊm for 

BT2 and 0.02ƒÊm for BT3. Ni particles were irregu

lar-shaped, mostly with a size of 4-7ƒÊm. NiO pow

der was prepared by thermal oxidation of Ni powder 

in air. Air and Ar were used as sintering at

mospheres. Ar was deoxygenated with activated cop

per and then dried with silica gel and a dry ice

ethanol trap. The oxygen partial pressure deter

mined with a stabilized zirconia sensor was 10-4atm 

for unpurified Ar and 10-18atm for purified Ar.

2.2 Sintering

 BaTiO3 and Ni powders were mixed with an alumi

na mortar. The mixed powder was pressed with a 

steel die at 100MPa and then rubber-pressed at 300

MPa into disks, 10mm in diameter and about 1mm
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thick. The green density was 51-70% which in

creased with an increase in Ni content from 0 to 50

vol%. The powder compacts were set in a platinum 

boat and heated under atmospheres of purified Ar, 

unpurified Ar and air with an electric furnace. The 

gas flow rate was 100ml/min. The heating rate was 

10•Ž/min. The samples were kept at 1300•Ž for 4h 

and cooled in the furnace. The mixture of BaTiO3 

and NiO powders was sintered in the same process to 

investigate the solubility of NiO.

2.3 Evaluation of sintered bodies 

 The bulk density was determined by the Ar-

chimedes method in water. Crystal phases were iden

tified by X-ray powder diffraction (Cu Ka radiation) 

and the lattice parameters of BaTiO3 were measured 

using MgO powder as internal standard. Sintered bo

dies were cut with a diamond cutting machine. The 

section surface was polished with diamond paste, 

etched with HCl-HF mixed acid, and observed by 

SEM. The dielectric properties were measured at 

10kHz and 1Vrms using LCZ meter (YHP, 4277

A). For the electrical measurement, both sides of sin

tered disk were polished and plated with gold elec

trodes by sputtering deposition.

Fig. 1. TEM and SEM photographs of starting BaTiO3 powders 
(BT1, BT2 and BT3) and Ni powder.

Fig. 2. SEM photographs of etched section surfaces of BaTiO3-

Ni and BaTiO3-NiO sintered composites.

3. Results and discussion

3.1 Sintering behavior and microstructure 

BaTiO3-Ni composites were obtained by sintering 

in Ar. The microstructures are shown in Fig. 2. 

Although Ni particles were dispersed in BaTiO3 

matrix when the content was small, they became to 

coalesce with increasing Ni content. The coales

cence of Ni particles was remarkable for the compo

sites of BT1 and BT2, whereas Ni particles were bet

ter dispersed in the composite of BT3 at the same Ni 

content. As seen in the BT3-composite, Ni particles 

were spherodized during sintering. When the sinter

ing was performed in air, BaTiO3-NiO composites 

were produced because Ni was totally oxidized. NiO 

particles produced were still irregular-shaped as 

shown in Fig. 2. The grain size of BaTiO3 was small 

as 1-3ƒÊm for BT1- and BT2-composites and 0.5-1

ƒÊ m for BT3-composites.

The sintering data and the lattice parameters of 

BaTiO3 are summarized in Table 1. The bulk densi

ty of sintered bodies was 95-99% of theoretical. The 

densification is thought in the present system to pro

ceed by sintering of BaTiO3 particles because 

BaTiO3 formed the matrix. BT1 consisted of large 

agglomerates but exhibited a good sinterability as 

well as fine particles of BT2 and BT3. The agglomer

ates may be crushed on powder mixing and press 

forming. Inclusion of Ni and NiO particles did not 

necessarily retard the sintering. After sintering, the 

crystal phase of BaTiO3 was tetragonal. The lattice 

constant ratio, c/a, has been used to evaluate the 

tetragonality: c/a>1 for tetragonal BaTiO3. Sintered 

bodies of BaTiO3 alone produced in the present work 

had the c/a ratios of 1.009-1.011. When Ni and NiO 

were included, the tetragonality decreased, suggest

ing the dissolution of NiO into BaTiO3 as described 

later.
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Table 1. Sintering data of composites and lattice parameters of 

BaTiO3 (sintering: 1300•Ž, 4h).

Ar(p): Purified argon, Ar(u): Unpurified argon
* Ni was totally oxidized to NiO in air.

Fig. 3. Dielectric constant and loss tangent at 30•Ž in BaTiO3-

Ni composites using different BaTiO3 powders (sintering at

mosphere: purified Ar). The loss tangent of BT1-sample was 

22% over the scale at 0% Ni.

Fig. 4. Dielectric constant and loss tangent at 30•Ž in BaTiO3-

Ni composites (•›,_??_) and BaTiO3-NiO composites (•œ) 

(BaTiO3: BT3).

3.2 Dielectric properties of composites
3.2.1 Effect of BaTiO3 particle size
Figure 3 shows the variations of dielectric con

stant and loss with Ni content in BaTiO3-Ni compo
sites using BT1, BT2 and BT3. Although monolithic 
BaTiO3 sintered in Ar had high dielectric constants 
and losses, these values were decreased by addition 
of 10vol% Ni. The dielectric constant of BaTiO3-Ni 
composite increased with increasing Ni content. The 
increase was remarkable in BT3-composite, in which 

the dielectric constant reached 11000 at 40vol% Ni. 
These data are well fitted to the theoretical curve der
ived from the modified Maxwell formula. The electri
cal resistivity abruptly decreased at 30vol% Ni for 
BT1- and BT2-composites, and at 50vol% Ni for 
BT3-composite. The breakdown of insulation is 
caused by the formation of conducting paths be
tween electrodes owing to the contact of Ni particles 
to each other. The low threshold of BT1- and BT2-
composites agrees with the observation of micros
tructures in Fig. 2.

It has been reported for the electrical conductivity 
of polymer-conductor system3) that the threshold of 

parcolation conduction decreases when conducting 
particles are much smaller than polymer particles be
cause fine conducting particles are segregated be
tween coarse polymer particles so as to contact one 
another. In the present system, the situation was 
reversed, in which fine insulating BaTiO3 particles 
were segregated between coarse conducting Ni parti
cles to prohibit the percolation conduction. This 
effect was remarkable for BT3-composite using 
ultrafine BaTiO3 particles.

3.2.2 Effect of sintering atmosphere
Figure 4 shows the dielectric properties of BaTiO3-Ni 

and BaTiO3-NiO composites produced in different at
mospheres. BaTiO3-Ni composite produced in 
purified Ar exhibited the highest dielectric constant 
in the examined range of Ni content. The dielectric 
constant of BaTiO3-Ni composite produced in un
purified Ar, in which the oxidation of Ni was not de
tected by X-ray diffraction, also increased with an in
crease in Ni content although the values were slight
ly lower. On the other hand, the dielectric constant 
of BaTiO3-NiO composite produced in air decreased 
with an increase in NiO content, accompanying the
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remarkable increase in dielectric loss. NiO is a semi
conductor but the electrical resistivity is high com

pared to metallic Ni. Therefore, the Eq. (1) is not ap
plicable for BaTiO3-NiO composites because the die
lectric properties of NiO cannot be ignored.

Fig. 5. Temperature dependence of dielectric constant and loss 
tangent of BaTiO3 sintered in different atmospheres (BaTi03: 
BT3).

Fig. 6. Temperature dependence of dielectric constant and loss 

tangent of BaTiO3-30 vol% Ni composites (•›,_??_) and BaTiO3-

29 vol% NiO composite (•œ) (BaTiO3: BT3).

Fig. 7. Effect of NiO addition on lattice parameter, the Curie 

temperature, dielectric constant and loss tangent of BaTiO3. Sin

tering condition: 1300•Ž, 4h in purified Ar. BaTiO3: BT3.

3.2.3 Temperature dependence of dielectric 

properties

Figure 5 shows the temperature dependence of die

lectric properties of BaTiO3 sintered in different at

mospheres. All samples exhibited the sharp peaks of 

dielectric constant around 125•Ž. When they were 

compared below the Curie point, the dielectric con

stant increased in the order of air, unpurified Ar and 

purified Ar. The dielectric loss increased in the same 

way, especially in BaTiO3 sintered in purified Ar. 

This is caused by the formation of oxygen vacancies 
working as electron donor.4) The high dielectric con
stant of BaTiO3 sintered in Ar may be due to a barri
er layer effect assigned to interfacial polarization on 
electrode or grain boundary, which has been ob
served in semiconducting BaTiO3 ceramics.5) 

Figure 6 shows the temperature dependence of die
lectric properties of BaTiO3-Ni and BaTiO3-NiO 
composites. The Curie point was lowered in BaTiO3-NiO 
composite, in which the peak was depressed and 
broadened. It is known that NiO dissolves into 
BaTiO3 by Ni substitution of Ti, resulting in the 
decrease in the Curie temperature.6) It should be not
ed that the dielectric constant peaks of BaTiO3-Ni 
composites were broadened. This suggests in addi
tion to the decrease in tetragonality of BaTiO3 
shown in Table 1 that a small amount of NiO dis
solved into BaTiO3 even in Ar. The oxygen source to 
form NiO from Ni may be the impurity oxygen con
tained in An or in Ni powder. It has been reported 
that Ni, having lower valences than Ti, can work as 
electron acceptor in n-type semiconducting BaTiO3,7) 
BaTiO3-Ni composite had a low dielectric loss. As 
seen in Figs. 3 and 4, the dielectric constant and loss 
decreased in the range from 0 to 10 vol% Ni. This 
may be due to the dissolution of NiO into BaTiO3, in 
which Ni acceptors compensate the charge of oxyg
en vacancies to lower the semiconductivity of 
BaTiO3 sintered in An. On the other hand, BaTiO3-
NiO composite had a high dielectric loss. When 
BaTiO3 is sintered in air, the amount of oxygen 
vacancies is small. In BaTiO3-NiO composites, there
fore, Ni ions dissolved in BaTiO3 may cause hole con
duction to increase the dielectric loss.

3.3 Solubility of NiO into BaTiO3
A small amount of NiO powder was added to 

BaTiO3 powder and the mixture was sintered in An. 
The properties of sintered body are shown in Fig. 7. 
The increase in NiO content decreased the 
tetragonality, the Curie temperature and the dielec
tric constant and loss of BaTiO3. The depression and 
broadening of dielectric constant peak were also ob
served at high NiO contents. These results support 
the effects of the dissolution of NiO into BaTiO3 sin
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tered in Ar as described in the previous section. The 
solubility limit of NiO has been estimated to be about 
1wt% in the literature.6) This seems to be appropri
ate judging from the changes in various parameters 
in Fig. 7.

4. Conclusion
The sintering behavior and dielectric properties of 

BaTiO3-Ni composite were investigated using differ
ent starting powders and various sintering at
mospheres. The results are concluded as follows.

(1) The combination of ultrafine BaTiO3 powder 
and coarse Ni powder is effective to disperse Ni parti
cles in BaTiO3 matrix.

(2) The dielectric constant of BaTiO3-Ni compo
site remarkably increases with an increase in Ni con
tent in accordance with the modified Maxwell formu
la.

(3) An inert atmosphere is required for sintering 
to protect Ni particles from oxidation. BaTiO3-NiO 

composite produced in air has a low dielectric con
stant and a high dielectric loss.

(4) BaTiO3 is reduced in Ar, which causes an in
crease in dielectric loss, whereas BaTiO3-Ni compo
site has a low dielectric loss.

(5) A small amount of NiO may dissolve into 
BaTiO3 even in Ar and work as electron acceptor to 
compensate the charge of oxygen vacancies.

References
1) L. E. Cross, Am. Ceram. Soc., Bull. 63, 586-90 (1984).
2) S. H. Kwan, F. G. Shin and W. L. Tsui, J. Mater. Sci., 19, 

4093-98 (1984).
3) R. E. Newnham, Electronic Ceramics (Japanese), 17 [9], 41-

48 (1986).
4) N. -H. Chan, R. K. Sharma and D. M. Smyth, J. Am. Ceram. 

Soc., 64, 556-62 (1981).
5) A. Yamaji, Y. Enomoto, K. Kinoshita and T. Murakami, J. 

Am. Ceram. Soc., 60, 97-101 (1977).
6) B. Jaffe, W. R. Cook, Jr. and H. Jaffe, "Piezoelectric Ceram

ics", Academic Press (1971) pp. 53-114.
7) H. Ihrig, J. Am. Ceram. Soc., 64, 617-20 (1981).


