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bstract

he complete subsolidus phase diagram of the system Bi2O3–ZnO–Ta2O5, including cubic pyrochlore and monoclinic zirconolite phases, has
een determined at 950–1050 ◦C. Through systematic heat treatment and X-ray diffraction of over 100 compositions, the layout of compatibility
riangles (both 2-phase and 3-phase) and single phase solid solution areas has been determined. Pyrochlore and zirconolite phases have ideal nominal
ompositions Bi1.5Zn1.0Ta1.5O7 and Bi2(Zn1/3Ta2/3)2O7 respectively, but both form solid solution areas. The sintering condition of pyrochlore pellets
as been optimised to obtain high density ceramics with minimal weight loss: optimised condition is 1100 ◦C for pellets covered with sacrificial

owder. Permittivity, ε′ dielectric loss and temperature coefficient of capacitance, TCC, of single phase materials were measured using impedance
pectroscopy; ε′ and TCC show little variation with composition but the losses are higher for Zn-deficient compositions.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Pyrochlore phases have many potential application areas due
o their wide spectrum of electrical, magnetic, optical and cat-
lytic properties. These properties are normally controlled by
onic size, polarisability and electronic configuration parameters
nd sometimes by the preparation and fabrication conditions.
yrochlores can be used as solid electrolytes, oxygen electrodes,
nd catalysts and in active or passive electronic applications
uch as high permittivity ceramics, thermistors, gas sensors,
witching elements, thick film resistors and materials for screen
rinting.1,2 They play a role in nuclear waste disposal and can be
sed as semiconductor electrodes for solar energy conversion.3

Pyrochlore and zirconolite-related phases in the

i2O3–ZnO–Ta2O5/Nb2O5 (referred to as BZT and BZN)

ystems have attracted considerable interest recently due to
heir favourable combination of electrical properties, coupled

∗ Corresponding author. Tel.: +60 341079802; fax: +60 341079803.
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ith low firing temperatures, for capacitor and high-frequency
lter applications. Historically, development of microwave
ielectrics has focused on materials with high quality factor, Q
defined as the reciprocal of dielectric loss) with Q > 10,000.
owever, device manufacturers have more recently emphasised

ompatibility with low resistivity metals during processing
nd considered the use of lower Q dielectrics, Q ≈ 200. This
hange in material needs has led to the development of several
ew classes of high frequency dielectric ceramics. Ceramics
ased on BZN and BZT ternary systems containing pyrochlore
nd zirconolite two-phase mixtures are promising dielectrics
ecause of their suitable Q values and also their TCC can be
ompositionally controlled to achieve a low value.4,5

BZN pyrochlore has a high permittivity, ε′, of ∼150 and
low dielectric loss, with tan δ ∼0.0005 at 1 MHz, but a

arge negative TCC, ∼−500 ppm/◦C. BZT pyrochlore has
′ ∼71 and tan δ < 0.005 at 1 MHz.5–10 In both systems,
he pyrochlore phase occupies a solid solution area on the

hase diagram,11–13 but little information is available on
ossible composition-dependence of the electrical properties.
ing et al.14 studied the dielectric properties of a series of

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.012
mailto:khawcc@utar.edu.my
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Fig. 1. (a) Overall phase diagram of the Bi2O3–ZnO–Ta2O5 ternary system; numbers in each compatibility triangle refer to the number of phases. (b) Expanded
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yrochlore area with x and y as variables in the formula, Bi1.5+y/2Zn1.0−x/2Ta1.5

hown.

ompositions in the Bi2O3–NiO–ZnO–Nb2O5 system con-
isting of xBi3(Ni2Nb)O9 + (1 − x)Bi2(ZnNb2(1+δ))yO3+6y+5δy

nd found that compositional changes significantly alter the
ielectric properties. Several approaches were used in their
tudy: (1) with fixed x = 0.265, varying y (0.8 ≤ y ≤ 1.1) and

(−0.05 ≤ δ ≤ 0.05), ε′ increased and TCC decreased with
ncrease of y and δ while there was little variation of dielectric
oss with tan δ < 0.005 for most compositions; (2) with fixed
= 0.265, y = 0.8 and varying δ (−0.05 ≤ δ ≤ 0.05), ε′ increased
nd TCC decreased with increase of δ whereas dielectric
osses were almost constant; (3) with fixed y = 0.8, δ = 0 and
arying x (0 ≤ x ≤ 1), ε′ and tan δ decreased initially and then
ncreased when x = 0.5 and 0.265, respectively, but no system-
tic variation of TCC with x was found. Wang et al.15 showed
hat for xBi1.5Zn0.5(Zn0.5Nb1.5)O7 + (1−x)Bi3/4Nb1/4O7/4
0.05 ≤ x ≤ 0.35) ceramics biphasic mixtures of
i2(Zn1/3Nb2/3)2O7 (� phase) and Bi3/4Nb1/4O7/4, a dis-

orted cubic fluorite (F), were obtained for x = 0.05–0.3. The
ermittivity and dielectric loss of �–F ceramics decreased with
whereas TCC values appeared to increase with x.7,14 The

irconolite phases of nominal stoichiometry, Bi2Zn2/3Nb4/3O7
nd Bi2(Zn1/3Ta2/3)2O7, appear to have variable composition
hat, as yet, has not been well characterised. BZT zirconolite has
′ = ∼61, tan δ < 0.001 and TCC = +60 ppm/◦C at 1 MHz.6,12

ZN zirconolite has, ε′ = ∼80, tan δ = 0.0001 and TCC
+200 ppm/◦C.7,15,16 Of particular interest for applications

equiring temperature stability of electrical characteristics is

o make composites of the pyrochlore and zirconolite phases
nd adjust their relative amounts so that the net TCC is close to
ero.

g
f
e

7−x/2−y/2. (c) Expanded zirconolite area with mol% of Bi2O3, ZnO and Ta2O5

The components of the Bi2O3–ZnO–Ta2O5/Nb2O5 systems
re two unreactive oxides, Ta2O5/Nb2O5 and ZnO, together
ith one volatile, reactive oxide Bi2O3. In order to prepare

amples and obtain phases or phase mixtures that represent
hermodynamic equilibrium, it is necessary to find appropri-
te heat treatment conditions such that the temperature is high
nough for Ta2O5/Nb2O5 and ZnO to react, but not too high
hat volatilisation of Bi2O3 occurs before it can be combined
hemically.

The subsolidus phase diagram of the system
i2O3–ZnO–Ta2O5 in the region of the cubic pyrochlore
hase has been reported previously.13 The pyrochlore forms a
ompositional or solid solution area in the phase diagram, rather
imilar in size and location to that in the Nb2O5 system,11 but
n this case including the ideal composition Bi1.5Zn1.0Ta1.5O7,
arked as point ‘P’ in Fig. 1(b). A phase diagram containing

yrochlore and zirconolite, Bi2Zn2/3Nb4/3O7, phases in the
ZN system was presented previously by ourselves11,17,18 and
anderah et al.,12 and the two diagrams showed reasonably
ood agreement.

The only previous attempt to investigate the phase diagram
or the BZT system was a detailed study of the join between
he stoichiometric compositions of pyrochlore (�) and zircono-
ite (�).8 This join was represented by the general formula
Bi3xZn2−3x)(ZnxTa2−x)O7 (0.5 ≤ x ≤ 0.67). The crystal struc-
ure gradually transformed from � to � with decreasing x. There
as a (� + �) coexisting two phase region between the two sin-

le phase end-member regions. Clear evidence was obtained
or a limited range of cubic pyrochlore solid solutions8; how-
ver, since there was also evidence that Bi2O3 volatilisation
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ccurred, the true locus of the solid solutions was unclear and
ndeed, may have departed from the line connecting pyrochlore
nd zirconolite compositions. Such a conclusion would be fully
onsistent with the results reported previously,13 since the Bi-
ich edge of the solid solution area does not coincide with
he pyrochlore–zirconolite join. Hence, compositions on the
yrochlore–zirconolite join, which were initially biphasic, could
ecome single-phase by loss of Bi2O3, which would take them
o compositions coinciding with the edge of the pyrochlore solid
olution area.

One objective of the present paper has been to determine
he complete subsolidus phase diagram of the BZT system. A
econd objective was to optimise processing conditions to avoid
oss of Bi2O3 by volatilisation, prepare single phase products
nd obtain ceramics of low porosity for property measurements.

. Materials and methods

Bi Zn tantalate materials were prepared by solid-state reac-
ion of mixtures of Bi2O3 (99.9%, Aldrich), ZnO (99%, Merck),
nd Ta2O5 (99.993%, Alfa-Aesar); Bi2O3 was dried at 300 ◦C
or 1–2 h, while ZnO and Ta2O5 were dried at 600 ◦C for
–3 h before weighing. Compositions (3–4 g total) were mixed
ith acetone in an agate mortar, dried, and fired in Pt foil
oats at 750–1050 ◦C for 2 days, with intermediate regrinding.
eight-loss checks showed no significant loss and therefore,

o volatilisation of the starting materials. The samples were
nalysed by X-ray powder diffraction (XRD) with a Shimadzu
iffractometer XRD 6000, CuK� radiation in the 2θ range
0–70◦ at 2◦/min. Data for cell parameter determination were
ollected at a scan rate of 0.1◦/min.

To determine the equilibrium phase diagram of the BZT sys-
em, samples of more than 100 different compositions were
eated in a step-wise cycle, with lower temperature stages used
o ensure initial reaction of the Bi2O3. Ta2O5 is less reactive than
b2O5 and it was found that BZT samples generally required
eating at 50–100 ◦C higher than corresponding BZN samples
n order to achieve a comparable level of reaction. Thus, from
he results of heating for various times and at temperatures in
he range 800–1100 ◦C, it was found that a phase-pure cubic
yrochlore phase was formed after heating BZT compositions
or 48 h at 1050 ◦C whereas 950 ◦C was sufficient for BZN.
irconolite, with higher bismuth content than pyrochlore was

ully formed at lower temperatures, ∼950 ◦C in the BZT sys-
em; this shows that appropriate reaction temperatures were also
omposition-dependent.

A complete subsolidus phase diagram of the system
i2O3–ZnO–Ta2O5 was constructed, by ensuring that the sam-
les had reached equilibrium: samples were heated until there
ere no further changes in the phase/phase assemblages, either

t the same temperature, or on subsequently raising the temper-
ture by 25–50 ◦C. The synthesis temperature required to reach
quilibrium was found, by trial and error, to gradually decrease

◦ ◦
rom ∼1050 C in low Bi regions towards ∼750 C in Bi-rich
egions.

Electrical properties were determined by impedance spec-
roscopy using a Hewlett-Packard Impedance Analyser HP

b
d
c
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192A in the frequency range 5 Hz to 13 MHz. Pellets were
old-pressed and sintered overnight at 1025–1100 ◦C; in some
ases, they were covered with sacrificial powder of the same
omposition. Weight-loss checks showed a slight loss on firing at
1100 ◦C. Gold paste/platinum paste electrodes were fired on at

00–800 ◦C; In–Ga liquid alloy electrodes were applied at room
emperature. Impedance measurements were made from room
emperature (∼30 ◦C) to 850 ◦C in incremental steps of 50 ◦C on
heating cycle with 30 min equilibration time before each mea-

urement. The samples were then left overnight at ∼800 ◦C and
cooling cycle performed the next day. Impedance data were

ormalised by the geometric factor of the samples and were
orrected for the blank capacitance of the jig.

. Results and discussion

.1. The Bi2O3–ZnO–Ta2O5 subsolidus phase diagram

The occurrence of phases along the three binary edges
re reported in ICDD data and the literature: Bi2O3–Ta2O5,19

i2O3–ZnO20,21 and ZnO–Ta2O5. However, little or no infor-
ation is available on the stability of the phases and the phase

iagrams of these binary systems. Through careful heat treat-
ent and X-ray analysis of >100 compositions, the layout of

ompatibility triangles (both 2-phase and 3-phase) and single
hase solid solution areas in the ternary BZT system was deter-
ined. A selection of results is summarised in Table 1 . These
ere used to construct the phase diagram shown in Fig. 1.
In our previous study on the BZT system,13 only a par-

ial subsolidus phase diagram in the region of the pyrochlore
olid solution area was reported. This area is essentially trape-
oidal in shape, for which two of the four edges are parallel
nd correspond to ZnO contents of 25 ± 0.5% and 21 ± 0.5%,
ig. 1(b). This area is similar in size and location to that of

he Nb2O5 system, but in this case, it includes the ideal nom-
nal composition P, Bi1.5Zn1.0Ta1.5O7. The constancy of the
nO content for these two limiting edges is a strong indica-

or that one of the component mechanisms that should be used
n describing the solid solution area is substitution of Bi for Ta
t a constant Zn content. This mechanism, of course, requires
dditional changes to preserve charge balance and it is presumed
hat the oxygen content adjusts so as to maintain electroneutral-
ty. There are two compositional variables, therefore, the Bi/Ta
atio and ZnO content, in which Zn2+ and O2− vacancies are
reated in Zn-deficient compositions. The solid solution, con-
rmed by density measurements, can be described using the
eneral formula Bi1.5+y/2Zn1.0−x/2Ta1.5−y/2O7−x/2−y/2.

A complete subsolidus phase diagram including solid solu-
ion areas of the zirconolite and pyrochlore phases is shown in
ig. 1(a). One corner, Z, of the zirconolite area, Fig. 1(c), rep-
esents the nominal stoichiometric formula Bi2(Zn1/3Ta2/3)2O7.
ndexed X-ray powder diffraction data for Bi2(Zn1/3Ta2/3)2O7
re given in Table 2.
We speculate that the zirconolite solid solution area can also
e described in terms of the same two mechanisms used to
escribe the pyrochlore solid solutions i.e.: (i) variation of ZnO
ontent and (ii) variation in Bi/Ta ratio. However, the shape of
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Table 1
Results of phases present in compositions prepared in the Bi2O3–ZnO–Ta2O5 ternary system.

Symbol Cation ratio Phases present at 1050 ◦C, 48 h

Bi Zn Ta

68 45.00 21.00 34.00 P + ZnO + Z
67 42.00 22.40 35.60 P + ZnO + Z
94 40.00 30.00 30.00 P + ZnO + Z
97 46.50 13.50 40.00 P + BiTaO4 + Z
39 42.50 20.00 37.50 P + BiTaO4 + Z
50 41.90 20.60 37.50 P + BiTaO4 + Z
18 35.00 25.00 40.00 P + ZnTa2O6 + BiTa7O19

9 33.00 25.00 42.00 P + ZnTa2O6 + BiTa7O19

13 32.00 25.00 43.00 P + ZnTa2O6 + BiTa7O19

26 32.50 27.50 40.00 P + ZnTa2O6 + Zn3Ta2O8

19 30.00 27.00 43.00 P + ZnTa2O6 + Zn3Ta2O8

91 10.00 40.00 50.00 P + ZnTa2O6 + Zn3Ta2O8

27 36.50 26.00 37.50 P + ZnO + Zn3Ta2O8

30 34.00 28.50 37.50 P + ZnO + Zn3Ta2O8

92 10.00 60.00 30.00 P + ZnO + Zn3Ta2O8

44 37.50 20.00 42.50 P + BiTaO4 + BiTa7O19

47 37.50 18.75 43.75 P + BiTaO4 + BiTa7O19

61 37.20 20.00 42.80 P + BiTaO4 + BiTa7O19

75 36.00 20.00 44.00 P + BiTa7O19

69 34.00 20.00 46.00 P + BiTa7O19

70 32.00 20.60 47.40 P + BiTa7O19

98 42.00 18.50 39.50 P + BiTaO4

41 40.00 20.00 40.00 P + BiTaO4

84 37.50 20.60 41.90 P + BiTaO4

17 35.50 29.00 35.50 P + ZnO
20 34.50 31.00 34.50 P + ZnO
65 40.00 23.00 37.00 P + Z
66 43.60 20.40 36.00 P + Z
57 35.00 25.40 39.60 P + ZnTa2O6

123 5.00 10.00 85.00 BiTa7O19 + ZnTa2O6 + Ta2O5

89 5.00 20.00 75.00 BiTa7O19 + ZnTa2O6

Symbol Cation ratio Phases present at 950 ◦C, 48 h

Bi Zn Ta

The following compositions were synthesised at 950 ◦C, 48 h
105 53.50 14.00 32.50 Bi3TaO7 + BiTaO4 + Z
101 52.00 14.67 33.33 Bi3TaO7 + BiTaO4 + Z
121 50.00 19.00 31.00 Bi3TaO7 + ZnO + Z
90 50.00 40.00 10.00 Bi3TaO7 + Bi7.65Zn0.35O11.83 + ZnO

109 52.00 16.00 32.00 Bi3TaO7 + Z
108 49.00 19.00 32.00 Bi3TaO7 + Z
113 50.00 16.00 34.00 BiTaO4 + Z
122 49.50 16.00 34.50 BiTaO4 + Z
117 47.00 20.00 33.00 ZnO + Z

Symbol Cation ratio Phases present at 750 ◦C, 48 h

Bi Zn Ta

Composition synthesised at 750 ◦C, 48 h
124 95.00 2.50 2.50 Bi3TaO7 + Bi7.65Zn0.35O11.83

Symbol Cation ratio x y Phases present at 1050 ◦C, 48 h

Bi Zn Ta

Single phase compositions of pyrochlore (1050 ◦C, 48 h)
P 37.50 25.00 37.50 0.000 0.000 P
4 36.00 25.00 39.00 0.000 −0.120 P
31 37.50 23.75 38.75 0.131 −0.049 P
32 38.75 23.75 37.50 0.131 0.049 P
33 38.50 23.00 38.50 0.200 0.000 P
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Table 1 (Continued )

Symbol Cation ratio x y Phases present at 1050 ◦C, 48 h

Bi Zn Ta

37 39.00 22.00 39.00 0.300 0.000 P
52 40.00 22.00 38.00 0.308 0.077 P
53 38.00 22.00 40.00 0.308 −0.077 P
38 41.25 21.25 37.50 0.381 0.144 P
43 37.50 21.25 41.25 0.381 −0.144 P
40 39.50 21.00 39.50 0.400 0.000 P
85 37.00 21.00 42.00 0.400 −0.200 P
86 41.50 21.00 37.50 0.400 0.160 P

Symbol Cation ratio Phases present at 950 ◦C, 48 h

Bi Zn Ta

Single phase compositions of zirconolite (950 ◦C, 48 h)
Z 50.00 16.67 33.33 Z
102 48.00 18.67 33.33 Z
107 49.00 17.00 34.00 Z
110 48.50 19.00 32.50 Z
1
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through a mechanism of either vapour phase-assisted or liquid
phase-assisted matter transport.
12 47.00 19.00
18 48.00 20.00

he area is not as well-defined as for the BZT pyrochlore or for
he analogous BZN zirconolite.17,18

.2. Electrical property measurements

BZT pyrochlore materials are dielectrics that have very
ow conductivity. Preliminary electrical property measurements
howed that it was not possible to measure their conductivity
elow 600 ◦C.22 Nevertheless, it has been possible to measure
heir permittivity at high frequencies at room temperature and
bove.

It was of interest to determine whether the bulk permittiv-
ty of the pyrochlore solid solution varies with composition
nd whether the permittivity increases or decreases with tem-
erature. However, the permittivity was found to depend on
ample processing or sintering conditions and hence it was nec-
ssary first to optimise the sintering conditions before systematic
tudies of composition dependence could be carried out. Investi-
ations on possible variables that may contribute to permittivity
ata were therefore carried out.

Pellets of two single phase pyrochlore compositions
i1.5Zn1.0Ta1.5O7 and Bi1.5Zn0.9Ta1.5O6.9 were sintered at tem-
eratures in the range 1025–1125 ◦C, both uncovered and
overed with powder of the same composition. The results,
igs. 2 and 3, show a good correlation between permittivity
nd pellet density but less correlation between permittivity and
eight loss. Increase in permittivity values of both covered and
ncovered pellets occurred in parallel with increase of pellet
ensity; an increase in permittivity was observed irrespective of
he magnitude of the weight loss from covered and uncovered
ellets. Covered pellets generally yielded higher permittivity

alues with much reduced weight loss compared to uncovered
ellets.

This seems to indicate that the mechanism of sintering
nd densification, which probably involves grain growth and

F
(

34.00 Z
32.00 Z

eduction in overall surface area, is facilitated by heating in a
losed environment; in particular, the higher vapour pressure of
ismuth in covered pellets may lead to enhanced densification
ig. 2. Permittivity values of Bi1.5Zn1.0Ta1.5O7 (covered and uncovered) against
a) weight loss (%) and (b) density (%) at 30 ◦C, 1 MHz.
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Table 2
Indexed X-ray diffraction pattern for Bi2(Zn1/3Ta2/3)2O7 zirconolite.

Refined lattice parameters
a: 13.105(3) Å
b: 7.6343(13) Å
c: 12.1816(19) Å
β: 101.210(17)
Volume: 1195.5(3) Å3

h k l I/I0 d (obs)
(Å)

d (calc)
(Å)

Δ (2θ)

0 0 2 6.1 5.9772 5.9746 −0.0065
1 1 1 3.3 5.5260 5.5263 0.0010

−2 0 2 2.6 4.8796 4.8740 −0.0210
−1 1 2 2.8 4.6545 4.6544 −0.0005

2 0 2 3.1 4.0033 4.0050 0.0093
−3 1 1 2.0 3.7506 3.7522 0.0101

0 2 1 3.1 3.6350 3.6361 0.0077
−1 3 1 4.3 3.5648 3.5658 0.0068

3 1 1 2.5 3.4067 3.4057 −0.0080
−2 2 1 4.0 3.2478 3.2482 0.0034

2 2 1 100.0 3.0883 3.0875 −0.0079
0 0 4 31.6 2.9868 2.9873 0.0055

−2 2 3 32.4 2.6655 2.6661 0.0086
4 0 2 15.9 2.6263 2.6254 −0.0118

−4 2 1 1.6 2.4817 2.4820 0.0039
−4 0 4 1.7 2.4373 2.4370 −0.0049

2 2 3 3.4 2.4185 2.4179 −0.0102
−3 1 5 1.9 2.1885 2.1887 0.0039

5 1 2 1.6 2.1228 2.1235 0.0148
0 2 5 1.5 2.0271 2.0256 −0.0355
4 2 3 1.7 1.9646 1.9655 0.0212
0 4 0 8.7 1.9077 1.9086 0.0225

−3 1 6 19.1 1.8962 1.8960 −0.0060
−4 0 6 7.8 1.8630 1.8627 −0.0073

2 2 5 13.4 1.8463 1.8467 0.0105
−7 1 1 1.7 1.8162 1.8168 0.0190
−5 3 2 1.5 1.8016 1.8007 −0.0286
−1 1 7 1.5 1.6928 1.6935 0.0246
−4 4 2 7.7 1.6238 1.6241 0.0132

0 4 4 13.4 1.6088 1.6083 −0.0173
6 2 3 6.5 1.5911 1.5910 −0.0056

−2 2 7 5.8 1.5799 1.5800 0.0053
4 0 6 3.0 1.5624 1.5623 −0.0054
4 4 2 6.6 1.5440 1.5438 −0.0123

m
s
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w
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d
s
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0 0 8 2.5 1.4937
1 1 8 1.4 1.4261

These results show that the parameter that appears to be
ost important in controlling permittivity is the sample den-

ity. At the sintering temperature of 1125 ◦C, the density
or Bi1.5Zn1.0Ta1.5O7, 96.41%, was almost the same as at
100 ◦C, 96.35%, but with higher weight loss, 0.34%, com-
ared to that at 1100 ◦C, 0.28%. Similar behaviour was seen for
i1.5Zn0.9Ta1.5O6.9. Hence, the optimised sintering condition
as set at 1100 ◦C and for pellets covered with powder.
The dielectric properties of Bi1.5Zn1.0Ta1.5O7 and pyrochlore

olid solutions were investigated at various frequencies. Fig. 4
hows that between 100 kHz and 1000 kHz, little or no fre-
uency dependence is observed in the range of 100–300 ◦C.

he permittivity values are therefore regarded as intrinsic bulk
alues. Similar behaviour was observed in Bi1.5Zn1.0Sb1.5O7
eramic.23

(
I
5

1.4936 −0.0009
1.4261 0.0023

Using gold electrodes, no significant variation was seen
ith electrode-sample contact area and different measuring

nstruments. However, comparing data with gold, platinum and
ndium-gallium electrodes, gold was found to give higher per-

ittivity values possibly due to its better wettability [Fig. 5(a)
nd (b)]. All the subsequent data reported in this study used gold
lectrodes.

Fig. 6(a) and (b) shows the variation of permittivity and
ielectric loss for various compositions in the pyrochlore solid
olution area using pellets sintered at 1100 ◦C. No clear trend
n variation of permittivity with composition is observed. The
ermittivity of Bi1.5Zn1.0Ta1.5O7 is 58 at room temperature

30 ◦C) and 1 MHz, smaller than the reported value (∼71).5,6,8

n the pyrochlore solid solutions most values were in the range
6–59, but scattered values as high as 69 and as low as 43
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Fig. 4. Permittivity of Bi1.5Zn1.0Ta1.5O7 (covered and uncovered) at different
sintering temperatures measured at (a) 30 ◦C and (b) 300 ◦C in the frequency
range 100 kHz to 1 MHz.
ig. 3. Permittivity values of Bi1.5Zn0.9Ta1.5O6.9 (covered and uncovered)
gainst (a) weight loss (%) and (b) density (%) at 30 ◦C, 1 MHz.

ere obtained; therefore, there is reasonable agreement with the
iterature value. The permittivity values are, in general, higher
han those reported for bismuth zinc antimonate (BZS) (∼32)
ut lower than those of BZN (∼150).7–9,24 The decrease in
ermittivity (Nb > Ta > Sb) could possibly be explained by a
ecrease in the total polarisability or a decrease in the molar
olume.25 For the present materials, and when Ta is substituted
y Sb, there is a decrease in unit cell volume in the sequence
ZN > BZT > BZS. It has been reported that dielectrics with
igh permittivity are based on structures with BO6 octahedra
oined at their apices.25 The B ion, located in the centre of
he octahedra, plays an important role in determining dielec-
ric properties and in particular, a possible correlation between
ighly polarisable octahedra, high permittivity and high TCC
alues. Thus, in pyrochlore dielectrics, it is believed that there is
strong polarisation in NbO6 octahedra resulting in high permit-

ivity but relatively weak polarisation in SbO6 octahedra leading
o lower permittivity.25,26

Although no clear trend for variation of dielectric loss
ith composition is observed in BZT pyrochlore samples, all

our compositions with stoichiometric Zn content, x = 0, have
ower losses than Zn-deficient compositions, suggesting that Zn
acancies may act as a source of dielectric loss. Tan δ values

re in the range (1.5–8.5) × 10−3, comparable to the reported
alue, <5 × 10−3.5,6,12 Tan δ of �-BZT, Bi1.5Zn1.0Ta1.5O7,
s 2.3 × 10−3 at 30 ◦C and 1 MHz. These tan δ values are

Fig. 5. Permittivity of Bi1.5Zn1.0Ta1.5O7 at (a) 1 MHz and (b) 100 kHz using 3
different electrodes.
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ig. 6. Variation of (a) permittivity and (b) dielectric loss (×10 ) and (c) TCC o

omparable to those of BZS: 1 × 10−3, but higher than those
f BZN: 10−4.7,10,24

The temperature coefficient of capacitance (permittivity),
CC, was calculated using the formula:

CC = CT2 − CT1

CT1 (T2 − T1)
(1)

here CT1 is the measured capacitance at T1 (room temperature,
30 ◦C), and CT2 is the measured capacitance at T2, 300 ◦C.7,27

ence, an average value of TCC was calculated for the tem-
erature range 30–300 ◦C. TCC obtained in this study for BZT
yrochlore is −156 ppm/◦C measured at 1 MHz, comparable to
172 ppm/◦C measured at 1 MHz. It is less negative than that of
ZN pyrochlore ∼−500 ppm/◦C7,9,10; but more negative than

hat of BZS pyrochlore ∼−100 ppm/◦C.25 Using the Electronic
ndustries Alliance (EIA) guidelines for temperature coefficients
f NPO (negative positive zero) ceramic capacitor, capacitance
hange is observed over a standard temperature range of −55
o 125 ◦C.10 Thus, in most researches of Bi-based pyrochlore

aterials with interest for applications requiring temperature
tability of electrical characteristics, the change of capacitance

s measured at a fixed frequency (1 MHz) with a LCR meter over
he EIA temperature range, T1 (room temperature, ∼25 ◦C) to
2 (125 ◦C) to calculate TCC. In our study, a broader temper-
ture range was used, as there were insufficient data points in

s
z
c

positions in the pyrochlore solid solution area at room temperature and 1 MHz.

he EIA temperature range, Fig. 5. All the BZT, BZN and BZS
yrochlores have negative values of TCC. The TCC values as a
unction of BZT pyrochlore composition are shown in Fig. 6(c);
here is no obvious correlation of TCC with composition.

The variation of permittivity, dielectric loss and TCC for var-
ous compositions in the zirconolite solid solution area using
ellets sintered at 950 ◦C are shown in Fig. 7(a) and (b).
o clear trend in variation of permittivity is observed. ε′ of
i2(Zn1/3Ta2/3)2O7 is 60 at 30 ◦C and 1 MHz, comparable to

he reported value, ∼61.6,8 ε′ values are, in general, lower than
hose of BZN ceramics, ∼80,7,15,16 consistent with lower polar-
sability of Ta than of Nb. To date, no zirconolite phase has been
ound in the BZS system.

No clear trend for variation of dielectric loss with composi-
ion is observed in BZT zirconolite samples, Fig. 7(b). All the
olid solutions have tan δ in the order of 10−2, except one at the
dge of the area which has tan δ = 3 × 10−3; tan δ of zirconolite
ZT, Bi2(Zn1/3Ta2/3)2O7, is <2.3 × 10−2 at 30 ◦C and 1 MHz.
hese tan δ values are higher than those reported for BZT, 10−3

nd BZN, 10−4.7,15,16

TCC for BZT zirconolite is +75 ppm/◦C measured at 1 MHz,
ig. 6(c), comparable to the reported value, +60 ppm/◦C mea-

ured at 1 MHz.6,8 It is smaller than that of monoclinic
irconolite BZN: ∼+200 ppm/◦C.7,15,16 There is no obvious
orrelation of TCC with composition, Fig. 7(c).
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Fig. 7. Variation of (a) permittivity, (b) dielectric losses (×10−2) an

. Conclusions

The complete subsolidus phase diagram of the system
i2O3–ZnO–Ta2O5 has been determined at 950–1050 ◦C. The
yrochlore solid solutions form a trapezoidal-shaped com-
ositional area, similar in size and location to that of the
b2O5 system, but in this case, it includes the ideal nom-

nal composition Bi1.5ZnTa1.5O7; the area, confirmed by
ensity measurements,13 can be described by the general
ormula Bi1.5+y/2Zn1.0−x/2Ta1.5−y/2O7−x/2−y/2, The zirconolite
hase forms a solid solution area that includes the ideal nomi-
al composition, Bi2(Zn1/3Ta2/3)2O7. Systematic studies have
een carried out to optimise sintering conditions (1100 ◦C)
eading to high density pyrochlore ceramics; little composition-
ependence of permittivity, dielectric loss and TCC is observed,
lthough the dielectric loss appears to be least in samples with
stoichiometric Zn content, x = 0.
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