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Abstract The effects of (Naj 5Big5)TiO3 (NBT) and MgO
addition on the dielectric properties and microstructures of
BaTiO; (BT) ceramics were investigated. NBT was first
added to Nb,Os-doped BT system. As NBT content increa-
ses from 0 to 0.2 mol, the Curie temperature of the systems
shifts to high temperatures and dielectric constant peak
at T, is suppressed evidently. The variation of capacity
(ACICsg oc (%)) of the system at 200 °C decreases with
increasing NBT content from 0.1 to 0.2 mol, but that of —55
and 125 °C increases monotonously. The stable temperature
characteristics of the dielectric properties improved by NBT
doping would be connected with the distortion and defor-
mation of the structure induced by substitution of Na* and
Bi*T into Ba sites. MgO was employed to further flatten the
AC/Cyg oc—T curve. It is very helpful for this ceramic system
to satisfy the requirement of EIA-X9R specification on
AC/C»q ¢ and still keep a satisfied dielectric constant. The
addition of MgO improved effectively the temperature sta-
bility of the dielectric properties. Changes of the crystalline
structure and microstructure induced by MgO doping might
contribute to these improvements.

Introduction

Since the discovery of the high dielectric properties of
BaTiOj; ceramics, many investigators have tried to modify
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this compound in order to achieve stable capacitors with
satisfactory operational capacity. Many BaTiO3-based X7R
multilayer ceramic capacitors (MLCCs) have been widely
used for miniaturization of electronic components attrib-
uted to their temperature-stable dielectric behavior
(AC/C» oc less than +15%) over the temperature range
from —55 to 125 °C [1-4]. Subsequently, MLCCs have
been used under very harsh conditions, such as in the
engine electronic control unit (ECU), anti-lock brake sys-
tem (ABS), and the modules are subjected to high tem-
perature approximately above 130 °C when working in an
engine room. Some ceramic systems based on BaTiO;
satisfying the X8R specification (TCC < £15% from —55
to 150 °C) have also been developed [5-7]. In recent years,
MLCCs, which only satisfy the X8R specification, are not
good enough to be employed for electronic devices sub-
jected to temperature higher than 150 °C. Therefore,
attention should be given to the EIA-X9R specification, in
which the variation of capacity is within £15% of room
temperature capacitance in the range of —55 to 200 °C.
Owning to its excellent performance for making X7R and
X8R ceramics, BaTiO3 ceramics is preferred for X9R
ceramics synthesis. However, it is difficult for BaTiO3 to
satisfy the X9R specification. As it is well known, BaTiO;
has a tetragonal structure at room temperature and changes
to a cubic structure on heating. The temperature of the
phase transition from tetragonal to cubic is called Curie
temperature (7). When BaTiOj; is heated over the Tc, it
undergoes a phase transformation from ferroelectric state
to a paraelectric state, which is accompanied by a sharp
variation of capacitance. Therefore, many additives have
been added to BaTiO; to modify the temperature—capaci-
tance characteristics. It has been proposed to shift the Curie
point to higher temperatures by replacing Ba sites with
smaller ionic radius elements to improve the temperature
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stability of ceramics consisting BaTiO3 as the main com-
ponent [8].

(Nag 5Bip5)TiOs; (NBT) is an attractive ferroelectric
material, which has strong ferroelectricity at room tem-
perature and relatively high Curie temperature, T, =
320 °C [9]. NBT is considered to be a suitable material to
improve the electrical properties of BaTiO3z-based ceramics
[10-13]. In this article, Nb,Os-doped (1 — x)BaTiO;—
x(Nag 5sBig 5)TiO3 solid solution have been synthesized.
MgO additive was employed to further enhance the tem-
perature stability of dielectric properties to meet for EIA-
XO9R specification and structural and dielectric properties
of the BT-based X9R ceramics were characterized and
analyzed.

Experimental
Sample preparation

BaTiO; and NBT powders were individually synthesized
by conventional solid-state method from reagent-grade
oxide powders: BaCOj3, TiO, and Na,CO;, Bi,O3, TiO,,
respectively. The raw materials were mixed according to
the chemical formula by ball milling. The mixtures were
dried and calcined at 900 and 1,000 °C for 2 h, respec-
tively. Powders of BT, Nb,Os and different amount of
NBT were mixed in deionized water by ball milling and
then calcined at 900 °C for 2 h. After calcinations, MgO
was added and the mixture was ball-milled for 24 h, dried
and granulated with PVA as a binder. Then the granulated
powders were pressed into disks and the disks were sin-
tered at 1,150 °C for 2 h in air.

Measurements

X-ray diffraction (XRD) analyses were carried out for
phase identification with Cu K, radiation. The surface
microstructure of sintered ceramics was observed with
scanning electronic microscope (SEM). The chemical
composition analyses of the samples were conducted with
an energy dispersive spectrometer (EDS). After samples
were fired at 800 °C with silver paste on both sides,
dielectric measurements of the samples were performed
by using LCR meter (HP4278A) at 1 Hz in the temper-
ature range from —55 to 200 °C. The dielectric constant
(¢;) and the variation of capacity (AC/Csg oc (%)) were
calculated from the measured capacitance. Insulation
resistance was measured using a high resistance meter
(Super-High Resistance Meter Model ZC36) at room
temperature.
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Results and discussions

Effect of NBT content on Nb,Os-doped (1 — x)
BaTiO3—x(Nag 5Big 5)TiO3 systems (abbreviated
as (1 — x)BT—xNBT systems)

The XRD patterns of (1 — x)BT-xNBT (x = 0, 0.1, 0.15,
0.2) sintered at 1,150 °C in Fig. 1 show a clear perovskite
phase. It indicates that all the (1 — x)BT-xNBT ceramics
were perovskite structure and the crystal structure was
influenced by NBT addition. As it can be seen, diffraction
peaks shift gradually toward high degree with increasing
NBT content, indicating that interplanar distance decrea-
ses. XRD revealed that the crystal structure was influenced
by NBT addition. This can be explained by distortion and
deformation of the structure, which took place when Bi**
and Na™ ions were substituted into Ba sites, because the
ionic radii of Bi*™ and Na™ are smaller than that of Ba®". It
should also be noted that the diffraction peaks of systems
split, which means the substitution into Ba sites induce
deformation and distortion of crystal lattice structure.
These characteristics indicate a gradual change in crystal-
line structure and microstructure with NBT concentration.

Dielectric properties of (1 — x)BT—xNBT as a function
of the NBT content are summarized in Table 1. All the
ceramics have relatively low dielectric loss, tand. The
value increases with increasing NBT content from 0.1 to
0.2 mol and the minimum value of the dielectric loss was
obtained with 0.1 mol NBT addition. The insulation
resistance of the systems was also enhanced noticeably by
NBT doping, the overall insulation resistance NBT-doped
ceramics were higher than 10'* Q cm comparing with
6.5 x 10" Q cm of undoped BT ceramics.
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Fig. 1 X-ray diffraction patterns of (1 — x)BT-xNBT (x = 0.1, 0.15,
0.2) systems
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Table 1 Dielectric properties of (1 — x)BT-xNBT samples

x (mol) Dielectric Temperature coefficient of capacitance (AC/Cyq ¢ (%)) Dielectric Insulation resistance
constant (&) loss (tand) (py 102 Q cm)
—55 °C (%) 125 °C (%) 200 °C (%)
0 2,456 —16.28 27.27 —39.85 0.0153 6.5
0.1 1,292 —11.81 10.20 —25.10 0.014 27.8
0.15 1,294 —22.63 27.09 —17.42 0.0198 19.5
0.2 1,111 —26.25 30.32 —4.98 0.022 57.6

Variation of capacity, AC/Cyy -c (%), changes with
NBT content evidently. As it can be seen in Table 1,
addition of 0.1 mol NBT effectively improved AC/Cyg oc
(%) at —55 and 150 °C, and variation of capacity is within
+15% in the range of —55 to 150 °C; when the NBT
content increased from 0.1 to 0.2 mol, (AC/Cyg oc)_s5 °c
and (AC/Caoec)150 oc increase significantly. AC/Csg oc of
200 °C decreased gradually with NBT content increasing
from 0.1 to 0.2 mol. This indicates that addition of NBT to
the system effectively improve temperature stability of
capacitance at high temperature. The improvement was
attributed to a combination of Curie temperature (7¢)
shifting with NBT content and lattice distortion induced by
substitution of Ba*" by Na™ and Bi*".

It can be evidently seen that the dielectric constant of the
ceramics was also affected to a large extent by NBT
addition. Room temperature dielectric constant decreases
obviously from 2,456 for BT ceramics to 1,292 for 0.1 mol
NBT-doped ceramics. As the NBT content increased from
0.1 to 0.2 mol, room temperature dielectric constant
decreased gradually. This is because that the pure NBT has
low permittivity and structure lattice distortion induced by
the substitution, which decreases polarization of the
ceramics. The temperature dependence of the dielectric
constant with the NBT content is summarized in Fig. 2.

Figure 2 shows the temperature dependence of the
dielectric constant, ¢, of the ceramics as a function of NBT
content. It is found that the overall dielectric constant was
decreased evidently by doping with NBT. Curie tempera-
ture [14], T, of ceramics increases as NBT content
increases and 7T, attains the maximum value of 140 °C
when the addition of NBT is 0.2 mol, which are similar to
the result obtained by Lanfang Gao [12]. It was also
noticed that incorporation of NBT to BT ceramics effec-
tively depressed the Curie peaks compared with compara-
tively obvious Curie peaks of undoped one. Besides, the
shape of the &~T curves near the Curie point becomes
broad with increasing NBT content. The origin of such
behavior might be in connection with the substitution of
Ba’" by Na™ and Bi*" to the perovskite cell. As both the
ionic radii of Na™ and Bi** are smaller than that of Ba®",
this substitution to Ba sites of perovskite cell would cause
distortion of grain lattices, which would change the dipolar
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Fig. 2 Temperature dependence of the dielectric constant for
(1 — x)BT—xNBT (x = 0, 0.1, 0.15, 0.2)

moment. In addition, the substitution of Ba’* by Na* and
Bi*" induced the compositional inhomogeneity, which
results in the multiphase character over a relatively wide
temperature range. The combination of lattice distortion
and constituent fluctuations contribute to the improvement
of temperature stability of dielectric properties of the sys-
tem. Therefore, the dielectric peaks were depressed and the
curves were flattened over broad temperature range. The
shapes of curves differ slightly from previous results [12]
because of addition of Nb,Os.

The optimal dielectric properties are obtained for
0.1 mol NBT-doped ceramics, shown in Table 1, which
are: ¢ = 1,292, tand = 0.014, p, = 27.8 x 10"* Q cm,
AC/Cy is —11.81, 10.20, —25.10% at —55, 150, 200 °C,
respectively. It can be concluded that this ceramics have
great potential as EIA-X9R-type ceramics.

Effect of MgO addition on Nb,Os-doped
0.9BaTiO3-0.1(Nag 5Big 5)TiO5 system (abbreviated as
0.9BT-0.INBT system)

In order to further enhance the temperature stability of
capacitance, MgO was added to 0.9BT-0.INBT system.
Table 2 summarizes the dielectric properties of MgO-
doped 0.9BT-0.INBT ceramics. The overall dielectric
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Table 2 Dielectric properties of MgO-doped 0.9BT-0.1NBT ceramics

x (mol%) Dielectric Temperature coefficient of capacitance (AC/Cyq oc (%)) Dielectric Insulation
constant (&) N N N loss (tand) resistance
—55 °C (%) 125 °C (%) 200 °C (%) (py 1012 Q cm)
0.5 1,008 —10.93 26.31 —20.82 0.0150 1.73
1 1,000 —6.3 10.1 —23.13 0.0120 6.1
1.5 1,100 —1.8 1.8 —5.69 0.0147 1.89
2 1,462 —4.51 16.08 20.98 0.0398 0.34

constant of MgO-doped systems were higher than 1,000,
varies between 1,000 and 1,462. For the samples doped
with 0.5, 1, 1.5 mol% MgO, dielectric loss value is less
than 15% and the insulation resistance is higher than
10" Q cm. As it can also be seen in Table 2, AC/Csq oc of
all the samples shows remarkable improvement except that
of the ceramic with 0.2 mol% MgO. AC/Cyq -c (%) of the
samples at —55, 150, and 200 °C decrease obviously as
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Fig. 3 AC/C5g ocT curves of 0.9BT-0.INBT ceramics as a function
of MgO content

MgO content increases from 0.5 to 1 mol%. On the con-
trary, as MgO content increases up to 2 mol%, insulation
resistance decreases, AC/C,y-c and dielectric loss
increase. These characteristics indicate that addition of
proper amount of MgO improves the temperature stability
of capacitance noticeably while keep dielectric loss and
insulation resistance satisfied. Specially, the 1.5 mol%
MgO-doped 0.9BT-0.1INBT ceramics was found to satisfy
the EIA-XO9R characteristic specification. The dielectric
properties are: & = 1100, tand = 0.0147, p, = 1.89 x
102 Q cm, AC/Csg oc is —1.8, 1.8, and —5.69% at —55,
125, and 200 °C, respectively.

AC/Cyg oc—T curves of 0.9BT-0.INBT ceramics as a
function of MgO content are presented in Fig. 3. It is found
that the curves of AC/C,g -«—T vary obviously with the
content of MgO. They reveal that MgO influences signifi-
cantly on the variation of capacity of the systems. The AC/
Cyo oc—T curves were flattened and peaks were broadened
noticeably for MgO content x from 0.5 to 1.5. Especially
for sample with 1.5 mol% MgO doping, (AC/Csg +c)_ss°c
and (AC/Csg )00 °c are —1.8 and —5.69%, respectively.
Therefore, 0.9BaTiO3-0.1(NagsBig5)TiO3 ceramics with
1.5 mol% MgO exhibited satisfied variation of capacity.
Whereas, when x increased up to 2 mol%, the temperature
stability of capacitance worsened, AC/C,q -c increased
obviously at high temperature, AC/C, -c Was larger than
20% at 200 °C.

Fig. 4 SEM micrographs of the ceramics as function of MgO content: a x = 0.5 mol%; b x = 1.0 mol%; ¢ x = 2.0 mol%
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These changes might result from that MgO doping,
which changed the crystalline structure and microstructure
of 0.9BT-0.INBT ceramics. The diffusion rate of Mg*"
into core is low. With small amount of MgO doping, Mg*"
does not dissolve deeply into the perovskite cells easily,
but rather tends to stay in the grain boundary region of BT,
leading to formation of solid solution. The existence of the
solid solution in the grain boundaries yields a huge stress,
which is considered to be related to temperature stability of
capacitance. When too much MgO was added to the
ceramics, the inhomogeneous distribution of MgO led to a
substantially localized penetration of Mg ions into the core

Fig. 5 SEM-EDS analyses of
0.5 mol% MgO-doped ceramics

area [15]. This would lead to the change of the crystalline
structure, which results in deterioration of temperature
stability.

Figure 4 shows the SEM micrographs of the ceramics
with different content of MgO. As it is seen in Fig. 4a,
there are many pores in grain boundaries and plenty of
precipitations on the surface of 0.5 mol% MgO-doped
sample. The chemical composition analyses data by SEM—
EDS of this sample were shown in Fig. 5. It confirmed that
O element and Ti element were main components of the
precipitation on the surface. The precipitation decreases
with x increasing and merely no precipitation was observed

weight atomic ratio
clement  percentage

(wt. %) (at. %)
Mg K 0.53 0.99
TiK 28.66 27.13
NbL 14.72 7.18
BaL 34.27 11.31
oK 14.64 41.50

Fig. 6 SEM photos of ceramics as function of MgO content: a x = 0.5 mol%; b x = 1.0 mol%; ¢ x = 1.5 mol%; d x = 2.0 mol%
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on the surface of ceramics with 2 mol% MgO, which
means that the addition of MgO inhibits the elements
precipitating effectively.

Figure 6 shows the SEM micrographs of ceramics as a
function of MgO content. All these micrographs were taken
at the same magnification. From Fig. 6a, b, it can be seen
that the sample has agglomeration to certain extent. Fine
grains were observed for samples with lower MgO content
(x = 0.5, 1.0). This is because Mg>" ions are probably
segregating at grain boundaries, which would inhibit the
grain growth [16]. However, there is remarkable grain
growth after 1.5 mol% MgO doping and clear grain
boundary forms. When x increased to 2.0, grains of the
sample (Fig. 6d) grew exaggeratedly, which resulted in
abnormal increase in permittivity and deterioration of
dielectric loss and temperature coefficient of capacitance,
exhibited in Table 2. These changes in microstructures of
specimens with MgO content could be responsible for
dielectric properties shown in Fig. 3 and Table 2. It can be
concluded that MgO addition changes the microstructure of
0.9BT-0.INBT system and this change leads to the
enhancement of dielectric properties, which matches with
the rule of X9R ceramics.

Conclusions

1. NbyOs-doped (1 — x)BT-xNBT (x = 0, 0.1, 0.15, 0.2)
ceramics has been synthesized by conventional solid-
state reaction method. Dielectric properties of BT
ceramics was affected noticeably by NBT doping.
NBT content influences significantly on the variation
of capacity. The improvement of temperature stability
of capacitance was attributed to the lattices distortion
and structure deformation induced by substitution of
Na* and Bi*" into Ba sites.

2. MgO was employed to further enhance the capacitance
temperature stability to match the rule of X9R

@ Springer

ceramics. Addition of proper amount of MgO
improves the temperature stability of capacitance
effectively while it keeps other dielectric parameters
satisfied. AC/C,g -c of the ceramics was improved
with MgO content from 0.5 to 1.5 mol%, but worsened
when x increased up to 2 mol%.

3. 1.5 mol% MgO-doped 0.9BT-0.INBT ceramics was
found to satisfy the EIA-X9R characteristic specifica-
tion. The dielectric properties are: &, = 1,100, tand =
0.0147, p, = 1.89 x 10" Q cm, AC/Cyg oc is —1.8,
1.8, and —5.69% at —55, 125, and 200 °C, respectively.
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