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Abstract. Co-modification of BasNdTizTa;03 dielectrics ceramics was investigated through Pb substitution for
Ba and introducing Bis Ti3O;, secondary phase. The dielectric constant increased from 150 to 283, the temperature
coefficient of the dielectric constant decreased from —2500 ppm/°C to —1279 ppm/°C, and the dielectric loss
decreased to 0.0007 at 1 MHz. Meanwhile, the bi-phase ceramics were investigated to achieve temperature stable
ceramics with high dielectric constant and low dielectric loss. As the composition x varied from 0.4 to 0.7 for
(1 — x)(Bag gPbg2)sNdTizTa;030/xBisTizOy,, the temperature coefficient of the dielectric constant changed from

negative to zero to positive.
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1. Introduction

New ferroelectric compounds in tungsten-bronze fam-
ilies, such as barium sodium niobate (BKN) [1], potas-
sium lanthanum niobate (KLN) [2], barium strontium
niobate (BSN) [3] have attracted much scientific and
commercial interest because of their wide potential ap-
plication. The tungsten-bronze compounds consist of a
complex array of sharing corner distorted BOg octahe-
drain such a way that three different types of interstices
(A, B and C) are available for cation substitutions in
the general formula (A;) 4(A;) 2(C) 4(B1) 2(B3) 3039
[4]. It has been found that their physical properties can
be improved by a large variety of ionic substitutions at
the above-mentioned sites.

Recently, Chen et al. have proposed some promis-
ing candidates for high dielectric constant (¢ > 100)
dielectric ceramics with tungsten-bronze structure in
the BaO-Nd,03-TiO,-Ta,Os quaternary system [5, 6].
In the system, BayNd,;Ti;TagO3p ceramics has been
modified through Bi, Sr and Ti substitutions for Nd,
Ba and Ta respectively, and the BasNd,TisTagOs0/
(Lap 9Big.1)2Ti,O7 bi-phase system has also been in-
vestigated [7-10]. The temperature coefficient of
the dielectric constant has been suppressed effec-

tively by such ways. However, BasNdTizTa; 03¢ with
higher dielectric constant and lower dielectric loss
has not received enough attention due to its relatively
larger temperature coefficient of the dielectric constant
(e = —2500 ppm/°C at 10 kHz) [5]. Meanwhile, it was
reported that the layer structure compound BisTiz O,
has a high dielectric constant of 180, and a large pos-
itive temperature coefficient of the dielectric constant:
650 ppm/°C [11].

The capacitive volumetric efficiency can be in-
creased and the corresponding dimensionality of a
dielectric component can be significantly decreased
through incorporating a high dielectric constant ma-
terial. Temperature stability of the dielectric properties
is a necessary requirement for many consumer appli-
cations such as mobile communications, automotive
components, and portable electric devices [12].

Usually, PbO, Bi,03 or BiyTizO,; is added to im-
prove temperature stability and to decrease sintering
temperature. Kolar et al. [13] reported that small ad-
ditions of Bi,03 or BisTizOy, could improve the di-
electric properties of BaNd,TisO4 and BaNd,Ti4 O,
ceramics. Wu et al. [14] and Zheng et al. [15] re-
ported BiyTizO, modified Bag_3,Ndg,,Ti;3Os4 and
BasNdTiszTa; O3 ceramics, respectively.
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In the present work, BasNdTi; Ta; O30 ceramics have
been modified through Pb substitution for Ba and the
(Ba, Pb)sNdTizTa;030/BisTiz O, bi-phase system is
examined.

2. Experiments

All the samples were synthesized by conventional
solid-state reaction methods from high-purity pow-
ders of BaCO3(>99.93%), PbO(>99%), Bi,O3-
(>99%), Nd,03(>99%), TiO2(>99.8%) and TayOs-
(>99.99%). The raw powders were weighed accord-
ing to the batch formula (Ba;_,Pb,)sNdTizTa;030,
(1 — X)(Baolgpbo_z)5NdTi3Ta7O30/XBi4Ti3012, and
ground in ethanol with ZrO, balls for 24 h. Then
the powder mixtures were dried and calcined at
1100°C for (Ba;_,Pb,);NdTi3Ta;03y in air for
3 h, and the mixed powders of (1 — x)(BaggPbg,)-
5NdTi3;Ta;039/xBisTi301, were calcined at 800°C
for one hour first in order to prevent PbO and Bi,O;
volatilizing, then elevated to 1000°C for 3 hours. The
powders were then reground for one day and dried,
then mixed with organic binder of 5 wt% polyvinyl
alcohol (PVA). The powders were pressed into pellets
with a cylindrical shape of 12 mm in diameter and
2 to 4 mm in thickness at a pressure of 98 MPa.
The disks of (Ba;_,Pb,)sNdTizTa;037 were sintered
in the temperature range from 1350°C to 1450°C
in air for 3 h, and the disks of (1 — x)(BaygPbg,)-
5NdTi3Ta;039/xBi4Ti301,  were sintered in the
temperature range of 1100°C to 1200°C for 2 h.

The bulk density of the sintered samples was mea-
sured by the dimensional method. The microstructures
were characterized by X-ray diffraction (XRD) using
Cu K, radiation and scanning electron microscopy
(SEM). The dielectric properties at room temperature
were characterized by an LCR meter (HP4285A) from
100 KHz to 10 MHz. The temperature coefficient of the
dielectric constant was measured at | MHz by another
LCR meter (HP4284A) equipped with a thermostat in
the temperature range from room temperature to 85°C.

3. Results and Discussions
3.1. Pb Substitution for Ba
Compared with the end-member of BasNdTi3;Ta;03,

the densification temperature of (Ba;_,Pb,)sNdTiz-
Ta;03p ceramics decreased. The sintering character-
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Fig. 1. Densities of (Baj_Pb,)sNdTi3Ta;03p ceramics with vari-
ous sintering temperatures for 3 h.

istics of (Ba;_,Pb,)sNdTi;Ta;O3( ceramics are shown
in Fig. 1. The disks cracked during sintering when x
was more than 0.5. This is probably because of the
change of structure. This is confirmed by SEM obser-
vation. As shown in Fig. 2, the grain morphology of
(Bag.4Pbg g)- sNdTizTa;030 ceramics is different from
that of the end-members. With increasing Pb content,
the grain shape became plate-like, but there was only
one kind of grain observed.

The peaks and intensities of XRD patterns of all
the present ceramics are both corresponding to the
BasNdTi;Ta;03p phase. This agrees with the results
of SEM observation. The crystal parameters are calcu-
lated from XRD data of the main peaks and refined with
the least-squares method, and the results are shown in
Table 1 and Fig. 3. When x is 0.05, the a, b axes be-
come shorter, and the ¢ axis does not change. Then the

Table 1. Variation of crystal parameters and theoretical densities of
(Baj_,Pb,)sNdTizTayO3¢ ceramics.

X o' 005 025 040 05 0.6

a(10710m) 12,4826 12.4424 12.4497 12.4640 12.4596 12.4406
b(10710m)  12.4826 12.4424 12.4497 12.4640 12.4596 12.4406
c(107%m) 39295 3.9295 39128 3.9140 3.9116 3.9330
10'2¢/a 0.9955 0.9987 0.9939 0.9930 0.9928 0.9997
(0®) (gfem®) 738 748  7.69 781 792  8.00

“ py is the theoretical density.
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Fig. 2. SEM micrographs of (Baj_,Pb,)sNdTi3zTa;030 ceramics sintered at 1400°C in air for 3 h (a) x = 0.05, (b) x = 0.25, (c) x = 0.40,
(d) x = 0.50, (e) x = 0.60 (sintered at 1375°C).
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Fig. 3. Variation of the unit cell parameters of (Baj_Pb,)sNdTi3-
Ta703¢ dense ceramics.

a, b axes increase slightly until x = 0.4, then decrease
slightly. But the ¢ axis becomes shorter when x is more
than 0.05, however, the ¢ axis increase rapidly as x is
more than 0.5. This change of unit cell parameters is
due to the smaller Pb?>* ions substitution for the larger
Ba’* ions and Pb volatilization during sintering.

The dielectric properties of dense (Ba;_,Pb,)-
5NdTi3Ta;03p ceramics are shown in Figs. 4 and 5.
The dielectric constant increases with increasing Pb
content. This would be explained by Clausius-Mossotii
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Fig. 4. Dielectric constant and dielectric loss of (Ba;—, Pb,)sNdTiz-
Ta703¢ ceramics sintered at 1400°C for 3 h.
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Fig. 5. Temperature coefficient of dielectric constant of (Baj_Pb,)-
5NdTizTa;030 ceramics sintered at 1400°C for 3 h.

formula [16]:

3V 4+ 8may,
£= o ey
3V —4na,
where V is the volume of unit cell, «,, is the polarity
of the unit cell. The smaller Pb?>*(1.49 x 10~'° m) ions
substitution for the larger Ba?*(1.61 x 10~'°m) ions
[17] results in the decrease of unit cell volume, as shown
in Table 1, and the polarizability Ba>*(6.40 x 1073 m?)
is smaller than that of Pb?>T(6.58 x 103" m?3) [18],
so the dielectric constant increases with increasing
Pb content. Meanwhile, the significant polarization
contribution can be attributed to cations (Pb>* and
Ba?t) at the A,-sites. It is known that for lead-free
oxygen octahedral compounds, the displacement of
cations at the B-site from the oxygen plane is the ma-
jor contribution to the macroscopic polarization. How-
ever, substantial polarization contribution can be at-
tributed to the displacements of Pb>* and Ba’* ions
at the Aj,-sites, as they are of similar magnitude as
that of the cations at the B-site. Therefore, the di-
electric constant increases rapidly with Pb substitution
for Ba.
The temperature coefficient of the dielectric con-
stant was improved as expected. The change can be
explained by the AKJ equation [19]:

Te = kAZ? )



Co-Modification of BasNdTi;Ta;Os, Dielectric Ceramics 199

where T¢ is the Curie temperature, k is a con-
stant and Az; is the atomic displacement. Accord-
ing to the AKJ equation, the Curie temperature of
(Ba;_,Pb,)sNdTi;Ta;03 shifts to lower temperature
with atomic displacement Az; at the B-sites turns
small because smaller Pb?>* ions substitute for larger
Ba’* ions. However, the atomic displacement Az; at
the A,-site becomes larger, which makes the Curie
temperature higher. So the temperature coefficient
of the present ceramics changes with the combi-
nation effects. Moreover, the Curie temperature of
BasNdTizTa;03p ceramics is below room tempera-
ture. So the temperature coefficient of the dielectric
constant of (Ba;_,Pb,)sNdTi3;Ta;03y ceramics is im-
proved when small content of Pb substitutes for Ba.
7. is improved significantly from —2500 ppm/°C to
—1279 ppm/°C at x = 0.05. Meanwhile, the dielectric
loss of the present ceramics was on the order of 1074,

3.2. (]—x) (Bao,ngo,g)NdTigTa7030/xBi4Ti3012
System

The XRD patterns in Fig. 6 point to a two phases
structure in all compositions, i.e. BasNdTi3Ta;03
and BisTi;O, phases. However, some weak peaks
of Pb,Ti,O¢ phase are presented for the composition
x =0.5. With increasing BisTizO;, content, the ma-
jor phase varies from the BasNdTizTa;O30 phase to
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Fig. 6. XRD patterns of (1 — x)(BaggPbg2)sNdTi3zTa;030/xBis-
TizO;, dense ceramics sintered at 1165°C in air for 2 h (a) x =
0.40 (sintered at 1180°C), (b) x = 0.45, (c) x = 0.50, (d) x = 0.55,
(e) x = 0.60, (f) x =0.70.

Table 2. Phase constitution of (1 — x)(Bag gPbp2)sNdTi3Ta;039/
xBiqTizO1, dense ceramics.

X BasNdTizTa;039 (%) BisTizO12 (%)
0.40 86.2 13.58

0.45 82.6 17.4

0.50 80.0 20.0

0.55 53.5 46.5

0.60 49.2 50.8

0.70 37.5 62.5

the BisTizO;, phase. Regardless, the content of the
Pb,Ti,O¢ phase, and the contents of BasNdTi3;Ta;03
and BiyTi3Oj, were calculated by the following
equations:

Inax(Tungsten
WT — max( g ) . (3)
I'max(tungsten) + Inax (Bismuth)

Wg =1 — Wr. €]

were W is the ratio of phase amount, I, (Tungsten)
and I,x(Bismuth) are the maximal intensity of diffrac-
tion peaks of the tungsten bronze phase and bismuth
phase, respectively. As shown in the Table 2, the phase
constitution deviates from that expected, however, the
change trend of phase constitution is right.

The results of SEM observations for the present bi-
phase ceramics are shown in Fig. 7. Two phases with
different morphologies are apparently observed, and
the micrograph varies from columnar to plate-like, as
confirmed by XRD analyses.

Figures 8 and 9 illustrate the dielectric properties
of the present bi-phase ceramics. The dielectric con-
stant first increases with increasing BisTiz;O;, con-
tent, and then decreases when x is more than 0.6.
The dielectric loss has the similar tendency. That is,
the dielectric loss increases with dielectric constant.
But the dielectric loss becomes larger than that of
(1 — x)BasNdTi3Ta;039/xBis Ti3O; likely due to the
volatilization of Pb and Bi or the shorter sintering time.
The temperature coefficient of the dielectric constant
turns from negative to positive. This change is corre-
sponding to the change of content of the BisTizO;
phase. When the content of the BisTizO;, phase in-
creases, the temperature coefficient of the dielectric
constant becomes more positive, because of the large
positive temperature coefficient of the dielectric con-
stant of Bi4TizOy,. But it does not agree well with the
empirical models for predicting dielectric behavior of
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Fig. 7. SEM micrographs of (1 — x)(Bag gPbg2)sNdTi3Ta;039/xBisTi3012 ceramics sintered at 1165°C in air for 2 h (a) x = 0.40 (sintered at
1180°C), (b) x = 0.45, (c) x = 0.50, (d) x = 0.55, (e) x = 0.60, (f) x = 0.70.
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Fig. 8. Dielectric constant and dielectric loss of (1 — x)(Bag §Pbg2)-
5NdTizTa7030/xBis Ti3O1, ceramics vs composition. Sintering con-
ditions: 1180°C for 2 h for x = 0.40 and 1165°C for 2 h for other
compositions. Sintered at 1165°C (1180°C for x = 0.40) for 2 h.
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Fig. 9. Temperature coefficient of dielectric constant of (1 — x)
(Bag §Pbg 2)5sNdTi3Ta;039— /xBisgTi3O1, ceramics vs composition.
Sintering conditions: 1180°C for 2 h for x = 0.40 and 1165°C for
2 h for other compositions.

mixtures as follows [20]:
Ine = Vilng; + Volney )
=Vt +Wn (6)

where V) and V, are the volume fractions of the two
components, &; and &, are their dielectric constants
while ¢ is the resultant dielectric constant of mixture,
and 7’s are the temperature coefficients. When x is

between 0.5 and 0.55, the temperature coefficient of
the dielectric constant is near zero, and it is negative at
x = 0.5, but positive at x = 0.55, and hence it could be
adjusted to zero.

4. Conclusion

The dielectric properties of BasNdTizTa;03y ceram-
ics were modified through Pb substitution for Ba and
the introduction BisTizO1; secondary phase. The high
dielectric constant (¢ = 150) and low dielectric loss
(tané = 0.0007) were achieved together with sup-
pressed temperature dependence (z, improved from
—2500 ppm/°C to —1279 ppm/°C for (Ba;_,Pb,)-
5NdTi3Ta;030 at x = 0.05). By il‘ltl‘OduCiI‘lg BisTi3 05,
temperature-stable dielectric ceramics with high di-
electric constant (¢ > 180) were obtained when
x = 0.55 for (l - x)(Baolngolz)5NdTi3Ta7O30/x
Bi4TizO1,. However, the dielectric loss associated with
Pb substitution for Ba and the introduction of Bi4 Tiz 0>
was a problem.
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