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Abstract

0.9BaTiO;-0.1(Bi, sNa, 5)TiO5—x mol% NiNb,Og (x=0, 0.5, 1.0, 1.5, 2.0, 2.5) ceramics were prepared through traditional
solid-state reaction method. The effects of NiNb,Og doping on the dielectric properties and the microstructure of ceram-
ics were investigated systematically. The results showed that the grain size of the ceramics decreased with the increase of
NiNb,Og4 doping amount. Ba,;(Ni,Ti),30¢,, and Nb,O5 were detected in the X-ray diffractions patterns. The Curie point
T, increased slightly with the increase of NiNb,O, doping amount. It was interesting to find that the dielectric constant at
low temperature of the ceramics first increased and then decreased with the increase of NiNb,Og concentration. Dielectric
temperature stability of 0.9BaTiO;—0.1(Bi, sNa, 5)TiO; ceramics greatly depended on NiNb,O4 content. The optimum
dielectric properties meeting the X9R specification were obtained in the composition of 0.9BaTiO;-0.1(Bi, sNa 5)TiO5
with 1.5 mol% NiNb,Oy sintered at 1200 °C, e,=1652 and tané =1.8% at room temperature.

1 Introduction

Recent developments in modern electronic devices have
brought new demands for multilayer ceramic capacitors
(MLCCs) with higher performances. However, one of the
major problems of MLCCs is to raise the upper limit of
operating temperature under the premise of keeping high
temperature-stable dielectric constant and high reliability
[1-3]. Although X8R (=55 to 150 °C, AC/Cy5oc < +15%)
MLCCs have been widely studied and reported in many
research groups [4—6], it is necessary to exploit new ceram-
ics systems which satisfy EIA-X9R specification (— 55 to
200 °C, AC/Cys50c £ +15%) due to the emergence of many
new applications working in the environment with broad-
ened high temperature range [7].

The pure BaTiO; (BT) ceramic has a sharp phase transi-
tion peak at Curie temperature (7,), which seriously dete-
riorates temperature stability. To improve the temperature
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stability, there are mainly two methods: (1) Preparing a solid
solution with higher Curie temperature by doping an effec-
tive Curie temperature shifter in BaTiOs, such as (Bi,, sNaj 5)
TiO; (BNT) [8, 9] or (K sNa, 5)NbO; [10, 11]. For example,
the T of the solid solution 0.9BT-0.1BNT is above 160 °C
[9], much higher than that of pure BT (125 °C); (2) Forming
a fine-grained core—shell structure in the BT-based ceram-
ics [12—14]. The dielectric temperature characteristics of
the ceramics with a core—shell structure could be evaluated
using the Lichtenecker formula [15]:

loge =V, loge, + V loge, (1)
where V, V, and €, ¢, are the volume fraction and the rela-
tive dielectric constant of the ceramics in core and shell,
respectively. At room temperature, the core part is tetrago-
nal ferroelectric phase and the shell part is pseudo-cubic
paraelectric phase. By the way, Curie temperature is the
temperature at which there will be a phase transition from
ferroelectric to paraelectric. The overall dielectric exhibits
an insensitive dielectric response to temperature due to the
diffuse phase transition caused by the core—shell structure
[16]. Therefore the core—shell structure can help to improve
the temperature stability of the dielectric properties.
Considering those two methods mentioned above, many
researchers pay more attentions to the core—shell structure
in 0.9BT-0.1BNT system. Because of the low diffusion
velocity in BT, Nb,Os is the most common dopant used

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-018-9874-6&domain=pdf

17690

Journal of Materials Science: Materials in Electronics (2018) 29:17689-17694

in 0.9BT-0.1BNT system to form the core—shell structure
[17-20]. When Nb,Os is added, Nb>* will substitute for
Ti*t, acting as a donor, and the substitution process will
unexpectedly increase the concentration of defects. The
co-doping of donor and acceptor has been taken to solve
this problem. But another problem is that most kinds of
dopants would decrease T,. For example, it was reported
that the substitution of Ni** for Ti** caused a decrease of T,
in 0.9BT-0.1BNT-Nb,O5 ceramics [21]. Meanwhile, the
addition of Ni** can be achieved by the doping of NiNb,Oq.
Previous research has established that T, of BT-CaZrO,
ceramics can be promoted slightly with the increase of
NiNb,O, doping amount, and the 1.5 wt%-doped sample
showed the optimal dielectric performance meeting the X8R
specification [22]. However, the relative study about BT-
based ceramics doped with NiNb, O is still insufficient.

In this paper, 0.9BT-0.1BNT-x mol% NiNb,O ceram-
ics were prepared through solid-state reaction method and
the effects of NiNb,O on the microstructure and dielectric
properties of 0.9BT-0.1BNT ceramics were studied.

2 Experimental procedure

BT-BNT-NiNb,O ceramic samples were prepared through
traditional solid-state reaction method. NiNb,Og and BNT
powders were pre-synthesized using reagent grade NiO,
Nb,Os, Na,CO;, Bi,05, and TiO, as raw materials, and cal-
cined at 1000 °C for 2 h and 900 °C for 2 h [19, 23], respec-
tively. BaTiO; powder with an average size of 300 nm was
mixed with the obtained BNT at a molar ratio of 9:1, then
calcined at 1050 °C for 8 h to obtain the 0.9BT-0.1BNT
solid solution [18]. Subsequently, various amounts of
NiNb,Oq (0, 1.0, 1.5, 2.0, 2.5 mol%) were added into the
solid solution of 0.9BT-0.1BNT, and then ball-milled with
the deionized water for 6 h. After dried, the powders were
pressed into discs with 15 mm in diameter and 1 mm in
height under the pressure of 4 MPa [22]. These discs were
sintered at 1200-1250 °C for 3 h in air with a heating rate
of 5 °C/min [18, 24].

The phase structures of the specimens were detected by
the X-ray diffraction (XRD) analysis (XRD, Rigaku D/max
2550 PC, Tokyo, Japan, with Cu Ka radiation generated at
40 kV and 40 mA). According to the work of the predeces-
sors [25-28], XRD patterns of samples were obtained in
Bragg—Brentano (6-20) geometry. The microstructures of
ceramics were observed by scanning electron microscopy
(SEM, MERLIN Compact, Germany). The average grain
sizes were analyzed using the NanoMeasurer software. For
the dielectric properties measurements, silver electrode paste
was coated on the opposing surfaces of the sintered samples
and sintered at 850 °C for 30 min for deoxidization. The
dielectric properties were measured from — 55 to 200 °C (at
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a heating rate of 3 °C/min) using LCR meter (HP4278A, HP,
USA) at 1 kHz and oscillation level of 1.0 V.

3 Results and discussions
3.1 XRD analysis

Figure 1 shows the XRD patterns of the ceramic samples
with different amount of NiNb,O. The desired perovskite
phase was observed in all samples, and two kinds of second-
ary phases including Ba,;(Ni,Ti),3O¢¢.« and Nb,O5 were
detected with the increase of NiNb,O4 doping amount.
Ba;;(Ni,Ti),30¢,, appeared when the NiNb,O4 doping
amount was greater than 2.0 mol%, and the relative concen-
tration increased with the increase of NiNb,Og4 addition. It
is reported that the valence of Ni in Ba,(Ni,Ti),30¢q, is
+3 [21], which indicates the transformation of some Ni**
to Ni** during the sintering of the ceramics. The appear-
ance of Ni>* suppress the solubility of Nb>* in the lattice,
therefore we can find the phase of Nb,Oj5 in the XRD pat-
terns when x =2.5. For BT, there are two adjacent diffraction
peaks around 46°: (002) and (200). As it can be seen from
the inset of Fig. 1, the two peaks (002) and (200) are split
in the un-doped 0.9BT-0.1BNT ceramic. They gradually
merged together by increasing the concentration of NiNb,Oy
to 1.5 mol%. However, slightly split was found with the fur-
ther increase of the concentration. In addition, it is found
that the diffraction peaks shift towards lower degree when
x was changed from 0O to 1.5. However, the shift cannot be
observed when x >2.0. These results were attributed to the
difference in radius of doping ions and substituted ions.
The extrapolated ionic radius of Ni** (0.56 A) is smaller
than that of Ti** (0.605 A), and the radii of Ni2* (0.69 A)
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Fig. 1 XRD patterns of samples with various amounts of NiNb,O¢
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and Nb>* (0.64 A) are bigger than that of Ti**. When the
doping amount of NiNb,Oy is less than 2.0 mol%, with the
increase of NiNb,Og substitution, the diffraction peaks shift
towards lower degree, which indicated that small amount
of NiNb,Og¢ doping could increase the unit cell volume
because of the bigger radii of Ni** and Nb>* than that of
Ti**. The substitution also suppressed the polarization of
Ti—O octahedral, as a result, the lattice gradually changed
from tetragonal to pseudo-cubic, and (002) and (200) gradu-
ally merged together. When the doping amount of NiNb,Oy
is greater than 2.0 mol%, since there isn’t any obvious shift
of the diffraction peaks with the increase of NiNb,Oy doping
amount, the substitution for Ti** must include some smaller
ions, which should be Ni*>*. The substitution of Ni>* for Ti**
will lead to a decrease in unit cell volume and strengthen-
ing of polarization, which can offset the influence of Ni**
and Nb>", thus the shift of diffraction peaks was not obvi-
ous, and the lattice gradually changed from pseudo-cubic
to tetragonal.

3.2 SEM analysis

Surface morphologies of the 0.9BT-0.1BNT—x mol%
NiNb,O4 samples are shown in Fig. 2. From Fig. 2 we can
see that all the samples are highly densified. Moreover, the
coexistence of smaller grains and larger grains is confirmed,
and the number of smaller grains increased with the doping
amount of NiNb,Oy. Figure 3 shows the effect of NiNb,Og
content on the average grain size of ceramics, from which we
can know that the average grain sizes of ceramics doped with
NiNb,Og4 are much smaller than that of un-doped BT-BNT
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Fig.3 Average grain sizes of samples with various amounts of
NiNb,O¢

ceramic. However, there are some flake-like grains formed
when x >2.0. Here we just show the flake-like grains in
0.9BT-0.1BNT-2.5 mol% NiNb,O,4 sample in Fig. 4a to
observe the appearance of them. As shown in Fig. 4b, the
EDS result of the flake-like grain indicated that it is com-
posed of four elements, Ba, Ti, Ni and O, which corresponds
to the Ba;;(Ni,Ti),50¢¢,, phase in XRD patterns.

3.3 Dielectric properties

The temperature dependences of dielectric properties of
0.9BT-0.1BNT-x mol% NiNb,O, ceramics (x=0.5, 1.0,

Fig.2 SEM of 0.9BT-0.1BNT—x mol% NiNb,O ceramics: a x=0,b x=0.5,cx=1.0,d x=1.5,e x=2.0,fx=2.5
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Fig.4 a SEM images of 0.9BT-0.1BNT-2.5 mol% NiNb,O, ceramic. b EDS result of the flake-like grain in 0.9BT-0.1BNT-2.5 mol%
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Fig.5 Temperature dependence of a dielectric constant and dielectric
loss; b capacitance change (TCC=AC/C,s-c) at 1 kHz for NiNb,Og
doped BT-BNT ceramic samples
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1.5, 2.0, 2.5) are displayed in Fig. 5, from which we can
see that with the increase of NiNb,Og content, two dielec-
tric constant peaks appeared, as marked by the two arrows.
The high temperature peak and the low temperature peak
are corresponding to the core phase and the shell phase,
respectively, indicating the existence of core—shell structure
[29]. However, the low temperature peak was hard to be
observed when the doping level was 0.5 mol%, 2 mol% and
2.5 mol%. When doped level was 0.5 mol%, the NiNb,Og
doping amount is too low so that the volume fraction of
shell region is very small. Therefore the low temperature
peak is hard to be observed. With the increase of NiNb,O,
content, the two peaks were broadened due to the diffuse
phase transition behaviors, and the peak of shell region is
gradually obscured by the low temperature tail of the Curie
peak. So it is hard to be observed either when x is greater
than 1.5. In addition, the dielectric constant peak of core
phase T shifted towards the higher temperature with the
increase of doping amount of NiNb,Oy, just as shown as
dash line in Fig. 5. Given that the ceramics doped with 0 and
0.5 mol% NiNb,O, do not meet the requirements of X9R
specification, AC/C,s.c of these two samples are not shown
in Fig. 5b for clarity. Table 1 gives the dielectric proper-
ties of 0.9BT-0.1BNT—x mol% NiNb,O, ceramics, from
which it can be known that all the dielectric loss detected
are below 5%, and the temperature dependence of the sam-
ples changed with NiNb,O4 doping amount accordingly. It
should be noted that 0.9BT—0.1BNT-1.5 mol% NiNb,Og
sample presents the most flattened temperature dependency,
satisfying the X9R specification, and the dielectric proper-
ties are €, = 1652, tand=1.8%.

From Fig. 5 we can see that for the 0.9BT-0.1BNT—x
mol% NiNb,Og samples, the e ~T curves changes in a clock-
wise direction with the increase of NiNb,O4 doping amount
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Table 1 Dielectric properties

of 0.9BT-0.1BNT—x mol% Samples &(25°6) g;’sog) 1.CC) ACGyc (B)

NiNb,Og¢ ceramics at 1 kHz —-55°C 150°C 200°C
0.9BT-0.1BNT 807 34 1700 —198 1447 3098
0.9BT-0.1BNT-0.5 mol% NiNb,0, 1066 3.6 1421  -252 1456 73.4
0.9BT-0.1BNT-1.0 mol% NiNb,0, 1748 3.1 1440  -308 288 109
0.9BT-0.1BNT-1.5 mol% NiNb,0, 1652 1.8 1449  —117 126 -133
0.9BT-0.1BNT-2.0 mol% NiNb,0, 1263 1.9 1477 —-68 207 117
0.9BT-0.1BNT-2.5 mol% NiNb,0, 1022 1.9 1486  -69 221  -95

up to 1.5 mol%. In other words, dielectric constant decreases
at high temperature end, and increases at low temperature
end. This is due to the decrease of volume ratio of core and
the increase of volume ratio of shell in the grain. However,
the curves show an overall decline with the further increase
of NiNb,O, amount, which is related to the grain size and
second phase. It is apparent from Fig. 3 that the average
grain size decreased with the increase of NiNb,O, content,
which is caused by pinning effects [30]. The shell “NiNb,O-
doped BT-BNT” acted as diffusion barrier and prevented
BT-BNT core from grain boundary diffusion/migration and
grain growth. The decreased grain size caused the increase
of the grain boundary area per unit volume. Actually, the
width of grain boundary is not negligible, and it could be
considered fixed [31]. Therefore the volume ratio of the
grain boundary in the ceramics increased with the increase
of NiNb,O¢ content. That is to say, a great deal of non-ferro-
electric phase is introduced in ferroelectric ceramics with the
increase of NiNb,Og4 content, which reduces the dielectric
constant of the entire ceramic system accordingly. The for-
mation of second phase also shows impact on the dielectric
properties. Since Ba;;(Ni,Ti),30¢¢, has similar synthesis
condition as Ba;(Fe,Ti),30¢4,,, Which has a rather low
dielectric constant (< 100) and dielectric loss [32], it is rea-
sonable Ba, ;(Ni,Ti),gO¢q .« has a low dielectric constant too.
The combined effects of grain size and Ba;;(Ni,T1),30¢¢,
result in the decrease of dielectric constant when X is greater
than or equal to 2.0.

Compared with the pure 0.9BT-0.1BNT, the T of the
0.9BT-0.1BNT-x mol% NiNb,Oq ceramics decreased.
However, the T, show an increasing behavior with the
increase of NiNb,O¢ content. There are three influence
factors on 7T, [33]: (1) the average ionic radium, here we
just discuss Ry s (2) the statistical variance in the dis-
tribution of the radii 62, which can be used to describe the
local strain field. Ry_;,. and 6” can reflect the influence of
lattice mismatch; (3) electrovalence mismatch between the
doped ions and the matrix ions, which can reflect the local
electric field. However, this mechanism is just applicable
when the ion could be considered spherical [34]. The elec-
trovalence mismatch and larger Ry ;. Will lead to a drop
of T,, while larger o2 shows opposite effect. Electrovalence

mismatch such as Ni2* substituting for Ti** may intro-
duce oxygen vacancies, which will increase the phase sta-
bility of cubic phase [35]. For BT-based ceramics, with
the increase of concentration of doping, the Ry e, 62,
and electrovalence mismatch have been changed, which
leads to the change of local strain field and local electric
field. Therefore the diffuse phase transition behavior was
affected, resulting in the change of the T.

When x < 1.5, Ni** and Nb>* cations diffuse into the crys-
tal lattice in the form of (Ni,3>"Nb,,;°")** with an effective
radius of 0.66 A which is larger than that of Ti**, and a
valence of +4 which is identical to Ti**. In this condition,
electrovalence mismatch does not exist, and Ry_;,, and 6>
both increase with the doping amount of NiNb,O,. With
the supporting of the theory mentioned above, the change of
T, reveals that the absence of electrovalence mismatch and
the larger 6> show more impact than Ry ;. and result in the
increase of T,. When x is greater than 2.0, the presence of
Ni** is confirmed according to the former analysis, and the
shift of the diffraction peaks is little. If Ni** and Nb>* still
diffuse into the crystal lattice according to the molar ratio of
1:2, the diffraction peaks should have shifted towards lower
degree because the effective radius of (Ni,;;>*Nb,,; )33+
(0.613 A) is larger than that of Ti**, which is not consistent
with the fact. A possible explanation for this might be that
Ni** and part of Nb>* diffuse into the crystal lattice in the
form of (Ni,,>*Nb,,>")**. The rest of Nb>* appears in the
form of Nb,Os, which has been proved by XRD in Fig. 1.
(Ni, ,>*Nb, ,H)** has an effective radius of 0.60 A, just a
little smaller than that of Ti**, and an identical valence to
Ti**, so that the electrovalence mismatch is absent. Ry .
decreased with the increases of (Ni,;,>*Nb,,,>")*" con-
tent, while 2 has little change. Therefore the substitution
of (Ni,,>*Nb,,,>")** for Ti*" made the T, have a potential
of further increase due to the absence of electrovalence
mismatch and the smaller Ry ;... The collective effect of
(Ni, 3"Nb,,;7)* and (Ni,>*Nb,,,>")** on the ceramics
results in the increase of 7.

The Nb>* as well as Ni** substituting for Ti** in
0.9BT-0.1BNT system leads to the monotonous reduction
of T, but the doping of NiNb,Og4 can promote 7. This may
suggest that we can use ion combinations with the same
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valence and similar radius to Ti** to improve the T, of BT-
based ceramics.

4 Conclusion

The effects of NiNb,Og4 content on microstructures and die-
lectric properties of 0.9BT-0.1BNT ceramics were studied
in this paper. The results show that the doping of NiNb,Oy
can suppress the grain growth. In spite of the facts that
T, of the doped samples are lower than that of un-doped
0.9BT-0.1BNT ceramic, T, shows an increasing behavior
with the increase of NiNb,O content. Dielectric constant
at low temperature first increased and then decreased. The
change of dielectric constant can be related to the cooperat-
ing influence of core—shell structure and grain size. And
the increase of T, can be explained by the change of Ry ..
6% and electrovalence mismatch, which suggested a possi-
ble method to use proper ionic combinations to increase 7.
1.5 mol% NiNb,O,-doped specimen met X9R specifications
and exhibited excellent dielectric properties with a dielec-
tric constant of 1652 and a dielectric loss of 1.8% at room
temperature.
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