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Abstract

High capacitance temperature stability (the capacitance is within + 15% of room temperature capacitance) in an ultra-broad temperature range
of —55 °C to 300 °C has been achieved by synthesizing multicomponent BaTiO3-based ceramics consisting of BaTiO3, Nag sBig sTiO3, Nb,Os,
CeO,, glass and MgO. Significantly, MgO addition plays a decisive role in achieving the ultra-broad temperature stability and acquiring an
appropriate microstructure. Doping different amounts of MgO can alter the temperature dependence of dielectric constant markedly, especially in
a high temperature range of 200 °C-300 °C. The maximum capacitance variation rate is reduced from —60% to only 10% by doping appropriate
content of MgO. In terms of the microstructure, MgO additive can suppress the formation of Ti-rich phase and sheet grains, which are detrimental
to the capacitance temperature stability. The sample with 1.5 wt% MgO has superior dielectric and electrical properties at room temperature

(e,=1675, tan §=1.452%, and py=>5 x 10'* Q cm).
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

High and stable dielectric constants over a broad temperature
are significant for BaTiOs-based ceramics, due to their use in
multi-layer ceramic capacitors (MLCCs). Electronic Industries
Alliance (EIA) X7R and X8R specifications (X7R: from — 55 to
125 °C, the capacitance is within + 15% of room temperature
capacitance; X8R: from — 55 to 150 °C, the capacitance is within
+ 15% of room temperature capacitance) were established to meet
requirements for different applications [1-4]. However, X7R, X8R
or even X9R (from —55 to 200 °C, the capacitance is within
=+ 15% of room temperature capacitance) [5—-9] materials cannot
satisfy the application requirements of MLCCs in harsh condi-
tions, such as oil drilling, aerospace and automotive environment
[10-13]. For example, the working temperature in the cylinder is
200-300 °C [10]. So it is of great need to develop ultra-broad
temperature stable materials for a wider application. We pre-
viously reported that BaTiO;—NajsBiysTiO3—Nb,Os—MgO-rare
earth oxide system acquired X9R characteristics, and found that
the multicomponent BaTiO;-based system was promising for the
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capacitance temperature stability in an ultra-broad temperature
range of —55 °C to 300 °C [9,14]. MgO is an important additive
in BaTiO3-based ceramics, and many studies have shown that
MgO additive can help satisfy X7R and X8R specifications by
promoting the core—shell structure or suppressing grain growth
[15—-19]. While, there is no relative investigations about the effect
of MgO on ultra-broad temperature stable ceramics, especially the
effect on the dielectric properties in a high temperature range of
200 °C-300 °C.

In this study, we prepared multicomponent BaTiO3-based
ceramics to achieve the ultra-broad temperature stability (from
—55 to 300 °C, the capacitance is within =+ 15% of room
temperature capacitance). Furthermore, we investigated the
effects of different MgO contents on the dielectric properties
and microstructure of multicomponent BaTiOjz-based cera-
mics, and discussed the decisive role of MgO addition in
achieving the ultra-broad temperature stability.

2. Experimental procedures

The experimental procedure of multicomponent BaTiOs-
based ceramics is depicted in Fig. 1. The purity of starting
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materials is higher than 99%. Nag sBiy sTiO; (NBT) powders
were synthesized by using reagent-grade oxide or carbonate
powders of Na,COj3;, Bi,O5 and TiO,. The starting materials
were mixed by ball-milling for 4 h using zirconia milling
media in deionized water, followed by drying, then calcined at
800 °C to synthesize NBT. Precursor was composed of
BaTiO; (400 nm average grain size, Guoci Co. Ltd., China),
synthesized NBT and Nb,Os powders with the mole ratio of
BT:NBT:Nb,O5=85:15:2. The powders were mixed by ball-
milling for 4 h, and then calcined at 1000 °C for 2 h. The glass
powders were synthesized by 23.55 wt% Bi,O3, 19.85 wt%
TiO,, 2430 wt% ZnO and 32.30 wt% B,0Os. In the final
preparation of samples, 25 g precursor, 0.10 g CeO,, 1.25¢g
glass powders and various amounts of MgO (0.0, 1.0, 1.5 and
2.0 wt%) were mixed by 2 h ball-milling. After drying, mixed
powders were added in 7 wt% binder wax, and then pressed
into discs with 20 mm in diameter and 1 mm in thickness.
Samples were sintered at 1130 °C for 1 h.

Dielectric loss and capacitance were measured by use of a
capacitance meter (HP4278A) at 1 kHz, with temperature
range of —55°C to 300 °C. The capacitance variation rate
(AC/Cy +c) is calculated by using the equation AC/Cyg-c=
(C—Cs0+c)/Cy oc x 100%, where Cy - is the capacitance at
20 °C, and C is the capacitance of either temperature in the
range of —55°C to 300 °C. The frequency characteristics
were measured between 200 Hz and 1 MHz, using a TH2828S
automatic component analyzer. Insulation resistance was
measured using a high resistance meter (Agilent 4339B) at
room temperature. Crystal structure of the samples was
identified at room temperature using an X-ray diffractometer
(D8-Focus, Bruker AXS GmbH, Germany). Microstructure of
the ceramic samples was observed by field emission scanning
electron microscopy (FE-SEM, S-4800, Hitachi, Ltd., Japan).
Element distribution of different areas was analyzed by energy
dispersive spectrometry (EDS).

Na,CO;3, Bi,04
and TiO, powder

BaTio, NBT Nb,05
owder owder owder

Bi,0; , TiO,, ZnO
and B,0; powder

Precursor powder | | CeO,, MgO powder | IGlass powder

| Mixed ceramic powder |

| Sintered ceramic pellet |

Fig. 1. Flow chart for the fabrication of the multicomponent BaTiO3-based
ceramics.

3. Results and discussion

Fig. 2 shows the temperature dependence of dielectric constant
for samples with various amounts of MgO. The curve of the
sample without MgO presents an obvious dielectric constant
peak at about 125 °C, just as pure BaTiO;. For the sample with
1.0 wt% MgO, the peak at 125 °C is suppressed, and meanwhile,
the dielectric constant is markedly enhanced at lower tempera-
ture. With the continued increasing MgO content, the curve
shape changes greatly. In the case of 1.5 wt% and 2.0 wt%
MgO, there are two dielectric constant peaks at about —20 °C
and 250 °C. The change is beneficial to the improvement of
temperature stability, especially in the high-temperature range
(150 °C-300 °C). The effect of MgO addition on the temperature
stability of samples can be also described well by the tempera-
ture dependence of capacitance variation rate, as shown in Fig. 3.
For the sample with 0.0 wt% and 1.0 wt% MgO, the capacitance
variation rate is relatively large in the high-temperature range
(150 °C-300 °C). The maximum capacitance variation rate of the
sample with 1.0 wt% MgO is even up to —60%. When MgO
doping content reaches to 1.5 wt%, the temperature stability is
improved dramatically, especially in the high-temperature range.
The maximum capacitance variation rate is down to only about
10%, which can satisfy the ultra-broad temperature stability
specification well. While, the capacitance variation rate is beyond
15% in the temperature from 200 °C to 300 °C for the sample
with 2.0 wt% MgO. Therefore, appropriate amount of MgO
addition enables BaTiO;-based ceramics to satisfy the ultra-
broad temperature stability. The dielectric loss curves of different
samples over the broad temperature range of —55 C to 300 °C
are shown in Fig. 4. Dielectric loss data of samples with 1.5 wt%
and 2.0 wt% MgO differ from those of samples with 0.0 wt%
and 1.0 wt% MgO. The curves of samples with 0.0 wt% and
1.0 wt% MgO are relatively flat; while, a distinct dielectric loss
peak around 200 °C is observed in the samples with 1.5 wt% and
2.0 wt% MgO. Leakage conductivity has an important effect on
dielectric loss in high temperature [6]. In our multicomponent
system, the leakage conductivity is supposed to be produced by
migration of oxygen vacancies [20]. Zhang et al. reported that
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Fig. 2. Temperature dependence of dielectric constant for samples with
various amounts of MgO.
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Ca-doped BaTiO; had higher grain conductivity at modest
temperatures compared to undoped BaTiO; ceramics and
significantly lower activation energies associated with the bulk
conduction mechanism, ~0.4-0.6 eV compared to ~1.40 eV for
undoped BaTiO; [21]. Accordingly, it is speculated that the
incorporation of Mg will also have a profound effect on bulk
conduction mechanism, i.e., lowering the activation energy.

C/C20°C

Insulation resistivity of samples with different Mg doping
contents is shown in Table 1. Insulation resistivity decreases
gradually with the increasing of Mg doping, which means that
the incorporation of Mg increase the conductivity of samples. It
is reasonable to predict that the conductivity of samples with Mg
doping will increase with increasing temperature because high
temperature will promote the motion of oxygen vacancies.
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Fig. 3. Temperature dependence of capacitance variation rate based on Cog -
for samples with various amounts of MgO.
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Fig. 4. Temperature dependence of dielectric loss for samples with various
amounts of MgO.

Table 1
Dielectric and electrical properties of the samples.
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Fig. 5. Frequency dependence of dielectric constant for samples with various
amounts of MgO.
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Fig. 6. Frequency dependence of dielectric loss for samples with various
amounts of MgO.

MgO content (mol%) g at 20 °C tan § at 20 °C (%) AC/Cyg oc (%) Insulation resistivity ( 10" Q cm)
—-55°C 300 °C

0.0 1405 1.354 —16.1 —554 6.1

1.0 1497 0.743 —-94 —59.4 1.8

1.5 1675 1.452 -33 6.4 0.5

2.0 1753 1.929 —-23 16.6 0.4
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The dependence of dielectric constant on frequency is
shown in Fig. 5. The dielectric constant increases with
increasing MgO content in the frequency range from 200 Hz
to 1 MHz. For the samples with different amounts of MgO, the
variation of dielectric constant with frequency is similar:
dielectric constant decreases gradually with increasing fre-
quency. The higher dielectric constant at lower frequencies is
due to the contribution of all different types of polarizations
(i.e. electronic, ionic, dipolar, interfacial, etc.) [22]. While,
only electronic and ionic polarization is dominated at higher
frequencies. Fig. 6 shows the dependence of dielectric loss on
frequency. The values of samples with 0.0 wt% and 1.0 wt%
MgO increase with increasing frequency; while, the values of
samples with 1.5 wt% and 2.0 wt% MgO decrease first and
then increase with increasing frequency.
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Fig. 7. XRD patterns of samples with various amounts of MgO.

Main dielectric and electrical properties of the samples are listed
in Table 1. Dielectric constant at 20 °C increases with the increase
of MgO content. Dielectric loss at 20 °C is all lower than 2.0%.
With increasing MgO content, the dielectric loss (tan §) at 20 °C
decreases first, and then increases. Besides, samples have superior
insulation resistivity (> 10'* Q cm), but the insulation resistivity
decreases gradually with the increasing of MgO content as
discussed above. In brief, the sample with 1.5 wt% MgO is
obtained to satisfy the ultra-broad temperature stability. Particu-
larly, the ceiling working temperature has been greatly enhanced
from 200 °C to 300 °C. Meanwhile, it has superior dielectric and
electrical properties at room temperature: high dielectric constant
(1675), low dielectric loss (1.452%) and high insulation resistivity
(5 x 10" Q cm).

Fig. 7 shows XRD patterns of the multicomponent BaTiOs-
based ceramics with different amounts of MgO. As discussed
above, the sample with 1.5 wt% MgO obtains the optimum
performance. Compared with its pattern, there is a much more
noticeable Ti-rich phase in the pattern of the sample without
MgO, such as BaO(TiO,),. It is found that diffraction peak
intensity of the Ti-rich phase decreases perceptibly with the
increase of MgO content. In particular, the Ti-rich phase is
oblivious in the pattern of the sample with 1.5 wt% MgO.
Many studies have reported that some additives can react with
BaTiO; to form disparate phases, such as BayTi;305,
BagTi;7040 and Ba,TiSi,Og [23-25]. In our multicomponent
BaTiOs-based ceramics, the Ti-rich phase was formed via the
reaction of excess TiO, with BaTiO5. To associate with the
dielectric properties above, the Ti-rich phase is detrimental to
the capacitance temperature stability, especially in the high-
temperature range. It is an appropriate amount (1.5 wt%) of
MgO addition that suppresses the Ti-rich phase effectively and
improves the temperature stability.

Fig. 8. SEM photos of samples with various amounts of MgO

: (a) 0.0 wt%; (b) 1.0 wt%; (c) 1.5 wt%; and (d) 2.0 wt%.
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Atomic percentage
(%)
Normal | Sheet
grain grain
Ba-L 21.15 12.36

Element

Ti-K 24.37 33.12
O-K 47.46 51.51
Na-K 2.59 —
Bi-M 1.81 —_—

Zn-K 2.62 3.01

Fig. 9. Element distribution of two kinds of grains in the sample without MgO.

SEM images of samples with different amounts of MgO are
shown in Fig. 8. There are a lot of sheet grains in the sample
without MgO. However, with the increasing content of MgO,
the sheet grains reduce drastically and even disappear in the
sample with 1.5 wt% and 2.0 wt% MgO. To confirm the
element distribution in different grains, EDS analysis was
carried out and the result is given in Fig. 9. In normal grains,
Ti/Ba ratio is about 1. While, in sheet grains, Ti/Ba ratio is
approximately 3. It can be considered that the sheet grains are
mainly consisting of the Ti-rich phase, as mentioned in the
discussion of XRD patterns. The results fit well with the
change in XRD patterns. Likewise, sheet grains are detrimental
to the ultra-broad temperature stability, and appropriate MgO
content can suppress the formation of sheet grains effectively.

4. Conclusions

Multicomponent BaTiOjz-based ceramics consisting of
BaTiO;, Nag sBip5TiO3, Nby,Os, CeO,, glass and MgO were
synthetized and investigated. In the system, MgO addition
plays a decisive role in achieving the ultra-broad temperature
stability and acquiring an appropriate microstructure. MgO
additive can alter the curve shape of temperature dependence
of dielectric constant greatly: from curves with one dielectric
peak at 125°C to curves with two dielectric peaks at —20 °C
and 250 °C. Capacitance temperature stability is improved
effectively: maximum capacitance variation rate is reduced
from —60% to only 10%. Sample with 1.5 wt% MgO has the
optimum performance: the capacitance variation rate based on
Cy ¢ is within + 15% in the ultra-broad temperature range of
—55°C to 300 °C; meanwhile, it maintains good dielectric
and electrical properties at room temperature-high dielectric
constant (1675), low dielectric loss (1.452%) and high insula-
tion resistivity (5 x 10'* Q cm). Ti-rich phase and sheet grains,
which are detrimental to the capacitance temperature stability,
reduce dramatically with the increasing content of MgO.
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