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Abstract

A small amount of NiO may dissolve into BaTiO3 during the co-firing of BaTiO; based dielectrics and Ni internal electrodes. In
the present study, the effect of NiO addition on the microstructure and the electrical properties of BaTiO; is investigated. The
microstructure is observed by scanning electron microscopy and transmission electron microscopy. The formation of eutectic liquid
phase may degrade the relative permittivity at room temperature of undoped BaTiOs. The presence of NiO solute reduces both the
size of BaTiO3 grains and the width of 90° domain. The relative permittivity at room temperature is increased with the decrease of
BaTiO; grain size. The electrical resistivity also increases with the decrease of grain size. It is due to the enhancement of grain
boundary resistivity by the Ni solute. The NiO inclusions can inhibit the grain growth of BaTiO;. However, the relative permittivity
and electrical resistivity of NiO are low; the relative permittivity and electrical resistivity of NiO-doped BaTiO; is thus decreased
with the increase of NiO inclusions. © 1999 Elsevier Science Limited and Techna S.r.l. All rights reserved.
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1. Introduction

The electrical properties of BaTiO5; depend strongly
on its microstructure. For example, the relative permit-
tivity of BaTiO; reaches its highest value as its grain size
is around 1 pm [1]. The high permittivity was related to
the decrease 90° domain amount [2] or to the decrease
of 90° domain width [1]. The electrical resistivity, Curie
temperature and the relative permittivity at Curie tem-
perature of BaTiO; are all affected by its micro-
structure.

The microstructure of BaTiOz can be controlled by
two approaches. One approach uses novel processing
techniques to tailor the microstructure [3,4]. Another
approach uses grain growth inhibitors to prohibit the
grain growth. The second approach has been proved to
be a useful one [5-9]. For example, a small addition of
Dy,03 [5] or Nb,Os [6] or SC,03 [7] or Ta,Os [8] or
ZnO [9] can all prohibit the abnormal grain growth.

BaTiO; and its related compounds are frequently
used as high-permittivity capacitor materials. For multi-
layer ceramic capacitors, Ag—Pd alloys are usually used
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as internal electrodes. Ni is used recently to replace
the Ag-Pd alloys for the cost of the Ag—Pd alloys is
high [10]. Nickel may be oxidized during the powder
processing and the subsequent co-firing with BaTiO;
in a protective atmosphere. A recent study indicated
that a small amount of NiO can dissolve into BaTiO3
as it is fired with NiO at 1100°C in air for 1 min [I1].
It is thus important to investigate the effect of NiO on
the electrical properties of BaTiO;. In the present study,
NiO is mixed intimately with BaTiOz and sintered in
air. The relationships between the microstructure and
electrical properties of the NiO-doped BaTiO; are
investigated.

2. Experimental

Barium titanate powder (no. 216-9, Ferro Co., USA)
and various amount of nickel nitrate (Johnson Matthey
Chem. Co., USA) were tumble milled together in ethyl
alcohol for 4 h. The Ba/Ti ratio of the BaTiO; powder is
0.995 as reported by the manufacturer. The grinding
media used was zirconia balls. The slurry of the powder
mixtures was dried using a rotary evaporator. The dried
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lumps were then crushed and passed through a plastic
sieve. As-sieved powder was calcined in air at 500°C for
1 h. The powder was formed into disks by pressing uni-
axially at 25 MPa. The size of the discs is 10 mm in
diameter and about 5 mm in thickness. Sintering was
performed in air at 1290 to 1370°C for 2 h with a muffle
furnace (Lindberg/Blue Co., USA). The heating and
cooling rates were 3°C/min.

The final density was determined by the water dis-
placement method. The polished specimens were pre-
pared by grinding with SiC particles and polishing with
Al,Oj3 particles. The grain boundary and domain struc-
ture were revealed by etching with a dilute solution of
HCI and HF. The microstructure was observed by
scanning electron microscopy (SEM). The grain size was
determined by using the line intercept method. Samples
for transmission electron microscopy (TEM) observa-
tion were dimpled and ion-milled to form a thin section.
Phase identification was performed by X-ray dif-
fractometry (XRD). The dielectric properties were
measured by a LCZ meter (BP 4272A, Hewlett Packard
Co., USA) with a 1 V signal at 1 k Hz. Silver paste was
applied as electrodes. The testing temperature was var-
ied from room temperature to 165°C. The electrical
resistivity was measured by using a two-probe method
with a constant voltage of 50 volts at room temperature.

3. Results and discussion
3.1. Microstructure characterization
The XRD analysis reveals only tetragonal BaTiO;5 in

the doped BaTiOj; containing less than 1 wt% NiO. It is
due to a small amount NiO is dissolved into BaTiO; [11]
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Fig. 1. The relative density of NiO-doped BaTiO; as a function of
NiO content.
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Fig. 2. TEM micrographs of an (a) undoped and a (b) 0.13 wt% NiO-
doped BaTiOj3. The sintering temperature is 1330°C. The liquid phase
is indicated with an arrow.
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Fig. 3. The grain size of NiO-doped BaTiO; as a function of NiO
content.
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and 1 wt% is below the detection limit of the XRD
technique. Cubic NiO is found in the doped BaTiO;
containing more than 1 wt% NiO. A monoclinic phase,
BagTi;049, is found in the specimens sintered at
1370°C. The presence of BagTi;7O49 phase indicates
the presence of eutectic liquid phase during sintering
[12].

The relative density of the NiO-doped BaTiO; is
shown as a function of NiO content in Fig. 1. The
microstructures of undoped BaTiO; and 0.13 wt% NiO-
doped BaTiOj; are shown in a Fig. 2. The liquid phase
can also be observed in the specimens sintered at
1330°C, Fig. 2(a). It is due to the eutectic temperature
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for TiO,-rich region of the BaO-TiO, system is around
1312°C [12]. The presence of the liquid phase enhances
the densification; the density of the specimens sintered
at 1330 and 1370°C is thus higher than that of the
specimens sintered at 1290°C (Fig. 1). Since the amount
of BagTi;04 phase is small, there is no BagTi;;Og4g
phase detected by XRD analysis in the specimens sin-
tered at 1330°C. The NiO second phase inclusions are
presented in the doped BaTiOsz containing more than
0.13 wt% NiO [11]. The presence of second phase
inclusions can inhibit the densification [13]. The density
of the NiO-doped BaTiO; sintered at 1290°C is thus
decreased with the increase of NiO content. To compare
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Fig. 4. The relative permittivity (K) as a function of temperature and NiO content. The specimens are sintered at (a) 1290°C, (b) 1330°C and
(c) 1370°C.
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the electrical properties of NiO-doped BaTiO; in a
relatively narrow density range, only the specimens with
relative density higher than 94% are investigated in the
present study.

The grain size of NiO-doped BaTiOj; is shown as a
function of NiO content in Fig. 3. Both the Ni solute
and NiO second phase can inhibit the grain growth of
BaTiOj;. In summary, specimens with the density rang-
ing from 94 to 99% are obtained in the present study.
The grain size of the specimens varies from 1 to 100 pm.
For most of the specimens, there is a liquid phase
located at the grain boundaries.
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Fig. 5. The relative permittivity at Curie temperature (Km) as a func-
tion of grain size.
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Fig. 6. The relative permittivity at room temperature (Kr) of NiO-
doped BaTiOj; as a function of NiO content.

3.2. Electrical properties—microstructure relationships

The permittivity—temperature curves for the NiO-
doped BaTiO; are shown in Fig. 4. Each point in the
permittivity—temperature curves was obtained by hold-
ing the specimens at each temperature for 9 min. The
Curie temperature decreases with the increase of NiO
content as the NiO content is below the solubility limit.
The decrease can be related to the solution of Ni in
BaTiOs [14,15]. As the NiO content is above the solu-
bility limit, the relative permittivity is less sensitive
to the change of temperature. The flat permittivity—
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Fig. 7. The relative permittivity at room temperature (Kr) as a func-
tion of grain size. The sintering temperature is between 1290 and
1370°C.
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temperature curve indicates that the diffusion phase
transition (DPT) phenomenon exists in the NiO inclu-
sions containing BaTiOs.

The relative permittivity at the Curie temperature,
Km, strongly depends on the size of BaTiO; grains as
observed in Fig. 5. The figure shows that the Km
decreases with the decrease of grain size. Martirena et
al. [16] proposed that the stresses due to phase trans-
formation become more difficult to release as the grain
size decreases. The suppression of Km for the fine-
grained specimens is resulted from the increase of inter-
nal stresses. The presence of non-ferroelectric NiO
phase can also reduce the Km value. The Km is thus
decreased with increasing amount of NiO and with
decreasing of grain size.

The relative permittivity at room temperature, Kr, is
shown as a function of NiO content in Fig. 6. The Kr of
undoped BaTiOj is decreased as the sintering tempera-
ture is higher than the eutectic temperature (~1312°C).
The formation of eutectic liquid and the precipitation of
Ba¢Ti;;049 phase degrade the Kr. The relative permit-
tivity decreases slightly with the increase of NiO content
as the content is below the solubility limit. However, the
Kr value increases significantly as the NiO content
approaches the solubility limit. The Kr value then
decreases as NiO inclusions are presented. The Kr
values are shown as a function of grain size in Fig. 7.
The Kr shows little dependence on grain size as the
grain size is larger than 20 pm. However, there is an
obvious increase of Kr as the size of grains approaches
2 um. This phenomenon is similar to the results for
BaTiO;. It was related to the decrease of 90° domain
width by Arlt et al. [1]. The size of BaTiO5 grains is
significantly reduced as NiO is added (Fig. 3). Further-
more, the width of the 90° domain in NiO-doped
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Fig. 9. The electrical resistivity of NiO-doped BaTiO; as a function of
NiO content.

BaTiO; is also decreased as Ni is soluble in BaTiO;
(Fig. 2). The increase of Kr (the right-hand side of
Fig. 7 may be resulted from the decrease of 90°
domain width. For the left-hand side of Fig. 7, the
relative permittivity of doped BaTiOs; decreases with
the increase of the amount of non-ferroelectric NiO
inclusions. It is due to the low relative permittivity of
NiO phase.

For most of the specimens, the dissipation factor at
room temperature is less than 2%. The dissipation fac-
tor increases with the increase of porosity. This phe-
nomenon is caused by the adsorption of moisture on the
pore surface [17]. On the other hand, the dissipation
factor increases significantly as NiO content is high. It
may be due to the dissipation factor of non-ferroelectric
NiO phase is high.

The Km/Kr ratio is shown as a function of NiO con-
tent in Fig. 8. The increase of Km/Kr ratio in undoped
BaTiOj; sintered at a temperature higher than 1312°C
may be due to the formation of the eutectic liquid.
However, the Km/Kr ratio drops significantly when NiO
content changes from 0.09 to 0.13 wt%. These values
correspond to the reported solubility limit of NiO in
BaTiOj; [11]. The solubility limit of NiO in BaTiO; has
been determined by measuring the lattice parameter c/a
ratio with a XRD analysis technique [11]. The curves in
Fig. 8 are surprisingly similar to the curves of lattice
parameter c/a ratio. It implies that the Km/Kr ratio
can also be used to determine the solubility limit of NiO
in BaTiO3. The NiO content for dropping the Km/Kr
ratio is increased with the increase of sintering tem-
perature. Fig. 8 suggests that the solubility limit of NiO
in BaTiO; is increased with the increase of sintering
temperature. The figure also shows that the Km/Kr ratio
approaches unity as NiO second phase is presented. The
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low value of Km/Kr ratio is typical for the materials
with diffuse phase transition (DPT).

The electrical resistivity of NiO-doped BaTiOj is
shown as a function of NiO content in Fig. 9. The
resistivity is increased as the NiO content is below
the solubility limit. The resistivity as a function of grain
size is shown in Fig. 10. The right-hand side of the
figure shows the results for BaTiO; and BaTiO; with
Ni solute. The resistivity increases with the decrease of
grain size as the NiO content is below the solubility. In
other words, the resistivity is enhanced as the grain
boundary area is increased. The Ni solute may segre-
gate at the grain boundaries of BaTiO;, the grain
boundary resistivity may thus be increased. The resis-
tivity of doped BaTiO; decreases with the increases
of the amount of NiO inclusions (the left-hand side of
Fig. 10). The reported value for the electrical resistivity
of NiO is relatively low [18]. The presence of NiO sec-
ond phase can thus reduce the resistivity of the doped
B'clTiO3.

4. Conclusions

The relationships between the microstructure and
electrical properties of NiO-doped BaTiO; are in-
vestigated. The solubility limit of NiO in BaTiOj is
around 0.13 wt%. The formation of eutectic liquid
phase and BagT ;04 precipitates degrades the relative
permittivity at room temperature. However, the size
of BaTiO; grains is decreased as NiO is dissolved
into BaTiO;. The relative permittivity at room tem-
perature of the Ni-solute containing BaTiO5 is thus
better than that of the undoped one. The relative
permittivity at the Curie temperature is decreased
instead due to the decrease of grain size. The Ni solute
can also enhance the grain boundary resistivity. The
relative permittivity and resistivity of NiO are low.
The relative permittivity and resistivity of BaTiOj
reach its highest values as NiO content approaches its
solubility limit. Although the existence of NiO inclu-
sions reduces the relative permittivity, their presence
also decreases the temperature sensitivity of the doped
BaTiOs;.
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