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bstract

n the present work, the upper limit of x in Ba6−3xNd8+2xTi18O54 ceramics was determined by investigating the phase constitution as the function of

omposition and process conditions. For the compositions of x ≤ 0.75, the new tungsten bronze structure is stable and the single phase structure is
asy to be obtained. While, the new tungsten bronze structure becomes unstable for compositions of x = 0.8, 0.9 and 1.0, where the new tungsten
ronze major phase is generally detected together with some secondary phases. The excellent microwave dielectric characteristics are not only
btained at x = 0.67 but also obtained at 0.8 and 0.9.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramics with compositions in the vicinity of BaLn2Ti4O12
Ln: rare earth) solid solution in the BaO–Ln2O3–TiO2
ystem have attracted much scientific and commercial inter-
sts as important high-ε microwave dielectric materials.1–12

olton1 first investigated the BaO–Ln2O3–TiO2 system,
nd about 10 years later, Kolar et al.2,3 reported the
ernary phases BaNd2Ti3O10 and BaNd2Ti5O14, which have

temperature-stable high dielectric constant, ε, and low
ielectric loss. At almost the same time, Razogon et al.4

eported the compound BaNd2Ti4O12, and another com-
ound, Ba3.75Pr9.5Ti18O54, was reported by Matveeva et al.5

ince then, several groups have investigated the microwave
ielectric properties and the modification of ceramics in the
aO–Nd2O3–TiO2 system,6–22 and many efforts also have
een made to deal with the crystal-chemistry issues in the
resent system.6,7,10,11 Now, the most acceptable formula for
he solid solution phase with a TiO2-rich composition in the
aO–Ln2O3–TiO2 system is Ba6−3xLn8+2xTi18O54, but the
ange of x is still questionable.6–12 The extent of solubil-
ty x is reduced with decreasing lanthanon ionic radii.9,11.For
he largest La-containing analogue, the solid solution extends
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rom x = 0 to 1, while for Nd and Sm analogues, sev-
ral different range of x have been reported by different
roups.6,7

In the present paper, the upper limit of x in Ba6−3xNd8+2x-
i18O54 is determined by the means of XRD analysis, and the
ffects of process conditions upon the phase constitution are
lso discussed. Moreover, the special attention is paid upon the
icrowave dielectric characteristics for the compositions out of

he upper limit.

. Experimental procedure

Ba6−3xNd8+2xTi18O54 (x = 0.5, 0.67, 0.75, 0.8, 0.9 and 1.0)
eramics were prepared by a solid-state reaction process where
eagent-grade BaCO3 (99.93%), Nd2O3 (99.9%) and TiO2
99.5%) powders were adopted as the raw materials. The
eighed raw materials were mixed by ball milling with zirconia
edia in distilled water for 24 h, and the mixtures were heated

t 1200 ◦C in air for 3 h after drying. The calcined powders,
ith 6 wt% of PVA added, were pressed into disks measur-

ng 12 mm in diameter and 2–6 mm high and then sintered at
350 ◦C in air for 3 h. After cooling from the sintering tempera-
ure to 1100 ◦C at a rate of 1 ◦C/min, the ceramics were naturally

ooled inside the furnace. To investigate the effects of dynamic
onditions upon the solid solution limit, some of the ceramics
ith x = 0.75, 0.8, 0.9 and 1.0 were quenched from the sintering

emperature.
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The crystal phases of the calcined powders and the sin-
ered ceramics after crushing and grinding were determined
y powder X-ray diffraction (XRD) analysis, using Cu K�
adiation. The XRD data for Rietveld analysis were collected
ver the range of 2θ = 10–130◦ with a step size of 0.02◦ and
count time of 2 s. The FULLPROF program was used for
ietveld structural refinement23. Microwave dielectric charac-

eristics were evaluated at 4–5 GHz using the resonator method
f Hakki and Coleman.24 Because Q factor generally varies
nversely with the frequency in the microwave region, the
roduct of Qf was used to evaluate the dielectric loss instead
f Q.

. Results and discussion

The powders calcined at 1200 ◦C in air for 3 h indicate the
a6−3xNd8+2xTi18O54 tungsten bronze structure in the entire
omposition range of x = 0.5–1.0, however, minor amount of
a4Ti13O30 and Nd2Ti2O7 secondary phases are observed for
= 0.5 and 1.0, respectively (Fig. 1). It should be noted here that

he composition of x = 0.5 has been reported generally to form
he single phase structure, and the appearance of Ba4Ti13O30
econdary phase here might due to the lower calcining tempera-
ure and it is expected to vanish at a higher temperature or after
intering. Actually, there is no secondary phase is observed for
he sintered ceramics with x = 0.5. As shown in Fig. 2, the varia-
ion of lattice parameters a, b, c and V with x indicates the obvious

nformation on the structure change. That is, the non-monotonic
ariation of these parameters at x = 0.75 gives the evidence
or the upper limit of x in Ba6−3xNd8+2xTi18O54 solid solu-
ion.

(
B
a
X

Fig. 2. Lattice parameters of Ba6−3xNd8+2xTi1
ig. 1. XRD patterns of Ba6−3xNd8+2xTi18O54 powders calcined at 1200 ◦C in
ir for 3 h: (a) x = 0.5, (b) x = 0.67, (c) x = 0.75, (d) x = 0.8, (e) x = 0.9 and (f)
= 1.0.

Fig. 3 gives the results of high resolution XRD patterns of
a6−3xNd8+2xTi18O54 with x = 0.75 and 0.8. The XRD data for
= 0.75 are indexed as the orthorhombic Ba6−3xNd8+2xTi18O54

ungsten bronze single phase in the space group Pbnm, where
= 12.1899(4) Å, b = 22.3174(7) Å and c = 7.6862(2) Å (see
able 1). While, the situation for x = 0.8 is very similar, but
.42(10) wt% of TiO2 secondary phase is detected and the
attice parameters for the tungsten bronze phase are slightly dif-
erent: a = 12.1917(3) Å, b = 22.3128(5) Å and c = 7.6872(2) Å

Table 1). The atom positions and thermal parameter in
a3.75Nd9.5Ti18O54 (x = 0.75) and Ba3.6Nd9.6Ti18O54 (x = 0.8)
re listed in Tables 2 and 3, respectively. Fig. 4 gives the
RD patterns of the quenched samples of Ba6−3xNd8+2xTi18O54

8O54 calcined powders as functions of x.
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Table 1
Experimental parameters for X-ray powder diffraction of Ba6−3xNd8+2xTi18O54 ceramics

x = 0.75 x = 0.8a

Unit cell (space group Pbnm, 62) a = 12.1899(4) Å a = 12.1917(3) Å
b = 22.3174(7) Å b = 22.3128(5) Å
c = 7.6862(2) Å c = 7.6872(2) Å
Volume = 2091.00(11) Å3 Volume = 2091.16(9) Å3

Minimum 2θ 10 10
Maximum 2θ 130 130
Total refined variables 103 103
Number of reflections 3963 3961
Profile function Pseudo-Voigt, 0.899(7) Pseudo-Voigt, 0.857(7)
Gaussian U, V, W 0.228(9), −0.096(7), 0.036(1) 0.204(9), −0.087(7), 0.037(1)
Asymmetry corrections (P1, P2) 0.057(5), 0.0354(8) 0.057(4), 0.0383(9)
Zero shift (◦) −0.069(2) −0.065(1)
Rp (profile) 4.58 4.62
Rwp (weighted profile) 6.09 6.13
RB (Bragg) 3.95 3.54
RF 2.81 2.74
R
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educed χ2 1.77

a 6.42(10) wt% secondary phase TiO2 (P42/mnm, a = 4.5926(2) Å and c = 2.9
ense ceramics with compositions of x = 0.75, 0.8, 0.9 and
.0. The tungsten bronze single phase structure is observed for
= 0.75, the TiO2 secondary phase is detected for x = 0.8, the
d4Ti9O24 secondary phase is detected for x = 1.0, and both the

T
T
s
t

able 2
inal atomic positions and thermal parameter of Ba3.75Nd9.5Ti18O54 ceramics

tom Wyckoff position x y

i1 4a 0 0
i2 8d 0.1996(5) 0.4350(2)
i3 8d 0.3914(5) 0.1094(3)
i4 8d 0.1170(5) 0.1626(2)
i5 8d 0.3348(4) 0.2598(2)
a1 4c 0.0913(5) 0.30317(1
a2 4c 0.5883(5) 0.1872(2)
d1 4c 0.2013(5) 0.0498(2)
d2 4c 0.7031(5) 0.4514(3)
d3 4c 1.0073(5) 0.4918(2)
d4 4c 0.4006(4) 0.3796(2)
d5 4c 0.9092(4) 0.1211(2)

1 4c 0.095(3) 0.1437(12

2 4c 0.558(2) 0.3100(14

3 8d 0.4064(14) 0.1964(8)

4 8d 0.6778(12) 0.2649(7)

5 4c 0.314(3) 0.2877(15

6 4c 0.850(3) 0.2223(15

7 8d 0.3621(14) 0.0177(7)

8 4c 0.234(2) 0.4509(15

9 4c 0.677(2) 0.0679(14

10 8d 0.2428(15) 0.1132(7)

11 4c 0.504(4) 0.4798(12

12 8d 0.0551(16) 0.0754(8)

13 8d 0.7662(13) 0.1361(7)

14 8d 0.8559(14) 0.0188(7)

15 8d 0.0492(14) 0.4011(8)

16 8d 0.4466(15) 0.3165(8)

17 4c 0.419(3) 0.1026(13

18 4c 0.889(3) 0.4106(15
1.81

) Å) is detected.
iO2 and Nd4Ti9O24 secondary phases are detected for x = 0.9.
he situations for the slowly cooled samples are almost the
ame as those for the quenched ones. These results conclude
hat the stability of Ba6−3xNd8+2xTi18O54 solid solution varies

z Uiso (Å2) Occupies

0 0.040(3) 1.0
−0.0111(15) 0.0157(17) 1.0

0.0109(19) 0.042(2) 1.0
−0.0084(15) 0.0117(16) 1.0
−0.0128(16) 0.0210(18) 1.0

9) 0.25000 0.0205(13) 1.0
0.25000 0.0279(16 0.85
0.25000 0.0116(14) 0.819(4)
0.25000 0.0574(19) 1.0
0.25000 0.0232(12) 0.931(4)
0.25000 0.0268(14) 1.0
0.25000 0.0307(15) 1.0

) 0.25000 0.0144(13) 1.0
) 0.25000 0.0144(13) 1.0

0.013(4) 0.0144(13) 1.0
−0.013(4) 0.0144(13) 1.0

) 0.25000 0.0144(13) 1.0
) 0.25000 0.0144(13) 1.0

0.006(5) 0.0144(13) 1.0
) 0.25000 0.0144(13) 1.0
) 0.25000 0.0144(13) 1.0

0.053(3) 0.0144(13) 1.0
) 0.25000 0.0144(13) 1.0

0.072(2) 0.0144(13) 1.0
−0.006(5) 0.0144(13) 1.0

0.008(6) 0.0144(13) 1.0
0.041(3) 0.0144(13) 1.0
0.031(3) 0.0144(13) 1.0

) 0.25000 0.0144(13) 1.0
) 0.25000 0.0144(13) 1.0
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Fig. 3. High resolution X-ray powder diffraction patterns obtained at room
temperature (cross) and calculated (solid line) of Ba6−3xNd8+2xTi18O54 pow-
der. Vertical marks show the position of allowed Bragg reflections for
Ba6−3xNd8+2xTi18O54 (a and b) and TiO2 (b), respectively. A difference curve
is plotted at the bottom of the pattern. (a) x = 0.75 and (b) x = 0.8.

Fig. 4. XRD patterns for Ba6−3xNd8+2xTi18O54 ceramics sintered at 1350 ◦C in
air for 3 h and quenched: (a) x = 0.75, (b) x = 0.8, (c) x = 0.9 and (d) x = 1.0.

Fig. 5. Microwave dielectric characteristics of Ba6−3xNd8+2xTi18O54 ceramics
sintered at 1350 ◦C in air for 3 h and slowly cooled at a rate of 1 ◦C/min: (a) εr

and Qf value as functions of x and (b) τf as functions of x.
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ith x. It is the most stable at x = 0.67, and the stability decreases
s the composition shifts from this point, and the upper limit of
is 0.75.

The microwave dielectric characteristics of Ba6−3xNd8+2x-
i18O54 ceramics are shown in Fig. 5 as the functions of com-
osition x in a wide range of 0.5–1.0. The dielectric constant
aries in the range between 82 and 88 for x = 0.5–0.9, but a
ower dielectric constant of 73 is obtained for x = 1.0. In addi-
ion to the maximum at 0.67 as usually reported, alternative peak
f Qf value over 10,000 GHz is obtained at x = 0.8–0.9, and this
alue is much higher than those reported previously.7 Moreover,
lower Qf value is indicated for x = 0.75, and this agrees with the
ata by Ohsato6 and the data for as-sintered samples reported by
egas etal.7 There is a variation tendency of τf with composition

imilar to that of dielectric constant, and the minimum values
f τf are obtained for x = 0.67 and 1.0. The high Qf value at
= 0.67 can be interpreted by the lowest crystal distortion inner
tress, and the high Qf (>10,000 GHz) value combined with high
ielectric constant at x = 0.8–0.9 which exceed the upper limit of
is a very interesting finding, and the detailed structure origin

nd physical nature are worth investigating further. The possible
eason for the high Qf value for these compositions is the release
f inner stress due to the separation of secondary phases from

he solid solution.
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Table 3
Final atomic positions and thermal parameter of Ba3.6Nd9.6Ti18O54 ceramics

Atom Wyckoff position x y z Uiso (Å2) Occupies

Ti1 4a 0 0 0 0.031(3) 1.0
Ti2 8d 0.2003(5) 0.4339(2) 0.0065(17) 0.0192(16) 1.0
Ti3 8d 0.3961(5) 0.1085(2) 0.0026(16) 0.0318(17) 1.0
Ti4 8d 0.1187(5) 0.1618(2) −0.0039(19) 0.0327(19) 1.0
Ti5 8d 0.3361(4) 0.2593(2) 0.0085(19) 0.0254(17) 1.0
Ba1 4c 0.0877(5) 0.30194(19) 0.25000 0.0234(16) 0.947(7)
Ba2 4c 0.5936(5) 0.18758(18) 0.25000 0.0128(16) 0.853(7)
Nd1 4c 0.1999(5) 0.0486(2) 0.25000 0.0231(19) 0.894(8)
Nd2 4c 0.7054(5) 0.4503(3) 0.25000 0.059(2) 0.992(8)
Nd3 4c 1.0043(7) 0.4938(3) 0.25000 0.0365(13) 0.914(4)
Nd4 4c 0.4018(6) 0.3794(2) 0.25000 0.0439(17) 1.0
Nd5 4c 0.9060(5) 0.1210(2) 0.25000 0.0204(12) 1.0
O1 4c 0.070(3) 0.1687(13) 0.25000 0.0151(13) 1.0
O2 4c 0.590(3) 0.3539(12) 0.25000 0.0151(13) 1.0
O3 8d 0.4234(14) 0.1943(9) 0.027(3) 0.0151(13) 1.0
O4 8d 0.6763(13) 0.2638(8) −0.028(3) 0.0151(13) 1.0
O5 4c 0.320(3) 0.2822(17) 0.25000 0.0151(13) 1.0
O6 4c 0.848(3) 0.2219(17) 0.25000 0.0151(13) 1.0
O7 8d 0.3730(15) 0.0189(7) −0.032(3) 0.0151(13) 1.0
O8 4c 0.238(2) 0.4525(14) 0.25000 0.0151(13) 1.0
O9 4c 0.675(2) 0.0601(14) 0.25000 0.0151(13) 1.0
O10 8d 0.2571(15) 0.1135(7) 0.047(3) 0.0151(13) 1.0
O11 4c 0.497(3) 0.4791(12) 0.25000 0.0151(13) 1.0
O12 8d 0.0425(15) 0.0728(7) 0.042(3) 0.0151(13) 1.0
O13 8d 0.7659(15) 0.1352(8) 0.046(3) 0.0151(13) 1.0
O14 8d 0.8537(13) 0.0180(7) 0.014(5) 0.0151(13) 1.0
O15 8d 0.0592(14) 0.4034(8) 0.044(3) 0.0151(13) 1.0
O 69(8)
O 30(14
O 60(15

4

t
a
a
s
o
N
e
o

A

F
N
n

R
1

1

16 8d 0.4462(15) 0.31

17 4c 0.427(2) 0.10

18 4c 0.882(3) 0.40

. Conclusions

The upper limit of x in Ba6−3xNd8+2xTi18O54 solid solu-
ion was determined as 0.75. For compositions of x = 0.8, 0.9
nd 1.0, the new tungsten bronze major phase was gener-
lly detected together with some secondary phases. The TiO2
econdary phase was detected for x = 0.8, the Nd4Ti9O24 sec-
ndary phase was detected for x = 1.0, and both the TiO2 and
d4Ti9O24 secondary phases were detected for x = 0.9. The

xcellent microwave dielectric characteristics were not only
btained at x = 0.67 but also obtained at 0.8 and 0.9.
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