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Abstract

Bi;,ZnSb;,0, pyrochlore was prepared both by
conventional solid-state reaction of mixed oxides and
by a coprecipitation method, and the reaction sequence
to pyrochlore via both methods was investigated. In the
mixed oxide powder pyrochlore is formed above 700°C
with the appearance of 24Bi,0;2Zn0 (BiwZnO,;)
compound at about 550°C due to the heterogeneity
of the powder compact. Coprecipitated powder reacts
directly to give pyrochlore at around 550°C without
Sformation of any additional compound due to the
atomic-scale mixing In the Bi;, ,,Zn; , Sb;;_ 0, .
pyrochlore system with zinc concentration between
x = 01 and x = 1-2, Zn incorporation to replace Bi
and Sb led to formation of spinel and Bi-rich liquid
along with pyrochlore of undefined composition.
© 1996 Elsevier Science Limited.

1 Introduction

The crystal structure of the mineral pyrochlore,
(Ca,Na),(Nb,Ta),(OH,F)-, was first determined by
von Gaertner' to belong to the space group Fd3m
(No. 227 in Volume 1 of the International Tables of
X-ray Crystallography). Since then a large number
of compounds have been discovered with this type
of crystal structure, including many with potentially
useful electrical properties. Interest in electrical
pyrochlores has been high since Cook and Jaffe?
discovered that Cd,Nb,O, was ferroelectric with a
peak dielectric constant of about 1200.

The crystal structure of pyrochlore may be
regarded as an anion-deficient fluorite structure in
which the cations form a face-centred cubic array
and the anions assume an ordered arrangement in
the tetrahedral interstices of the cation array.? As
well as being a fluorite derivative, the crystal structure
of pyrochlore has been described as two interpene-
trating cristobalite-like networks® and as a network
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of BX, octahedra (where B is a sixfold coordinated
cation and X is an anion) linked corner to corner
with the A cations filling the interstices.* These differ-
ent descriptions arise because the cation coordination
polyhedra change shape with the value of the anion
positional parameter, x. The general formula for
pyrochlore compounds is A,B,X; (whereas fluorite
would be A,B,X;) with large A-type cations in eight-
fold coordination, smaller B-type cations in sixfold
coordination and X-type anions. Two different anion
positions occur so that the general formula can be
written A,B,X,Z, with the X anions having two A
and two B near neighbours and the Z anion having
only A near neighbours. As the mineral formula indi-
cates, multiple cation/anion replacements are possible.

Pyrochlores can be classified according to the ion
sites and valency as normal A3'B3*X,, A3'B3X,,
types or, by removing combinations of A and Z ions,
a variety of defect pyrochlores occur with non-
stoichiometry on cation or anion sites. Defect
pyrochlores have the general formula A, B,XcZ,
(0 <x<1and0<y<1) giing, for example,
AB,X,, A,B,X(Z, ,. However, an enormous range
of ions of various valencies can be substituted into
the pyrochlore structure so that it is difficult to fully
classify them. For example, the pyrochlore of interest
in the present work is believed to be Bij'sZn?*Sby%0,.°

Normal A3*B3*X;-type pyrochlores are the most
common due to the many suitable A and B cations.
An excellent review of the pyrochlore structure is
given by Subramanian et al.®

Pyrochlore compounds have many potential appli-
cations due to their electrical, dielectric, magnetic,
optical and catalytic properties. For example, R,Zr,
O, (R = rare earth) pyrochlores have possible applica-
tions as fluorescence centre hosts, high-temperature
heating elements and oxidation catalysts. Bi,Ru,0,
pyrochlore, suitably modified by solid solution with
Cd,Nb,0O,, has been suggested as a thermistor mate-
rial and Gdy(Zr,Ti,_)O; is a prospective solid oxide
fuel cell electrolyte. While these applications are for
ceramics where the pyrochlore is the major phase,
they may also occur in the microstructure as a second
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phase, where frequently they degrade the desired
electrical behaviour. For example, many Pb(A B,_,)
O, perovskite relaxor ferroelectrics such as PbMg, 5
Nb,;0; (PMN) contain pyrochlore as an unwanted
intermediate polymorph. The transformation to the
desired perovskite crystal structure is slow and the
two polymorphs coexist with the non-ferroelectric
pyrochlore dramatically reducing the dielectric
constant.

ZnO varistors are composed of ZnO grains, Bi,O4-
containing grain boundaries responsible for the non-
linear response, and intergranular phases such as
Bi;,ZnSb,,0,; (BZS) pyrochlore and Zn,Sb,0,,
spinel.” In the pure ZnO-Bi,0,-Sb,0; system
pyrochlore forms above 650°C and melts at 1280°C.
Inada® found that pyrochlore forms and disappears
on heating [reaction(1)] but may be reproduced on
slow cooling [reaction (2)]:

. 950-1050°C
4B13/2ZnSb3/207 + 17Zn0 _—
3Zn,Sb,0,, + 3Bi,0, ()
950-850°
3Zn,Sb,0,, + 3Bi,0, ¢
4Bi;,ZnSb,,0, + 17ZnO Q)

The pyrochlore is undesirable in ZnO varistor systems
since it ties up some of the Bi,O, that would otherwise
migrate to grain boundaries and provide the non-
linear response and also because the ZnO-pyrochlore
interphase boundaries do not show a non-linear
response.’

If the «-spinel polymorph is stabilized by adding
e.g. Co, Mn and Cr, which dissolve in the bismuth
oxide liquid and appear in the spinel crystal struc-
ture,” reaction (2) will not occur. The amount of
pyrochlore formed on slow cooling, therefore,
depends on the additives present and can be reduced
to low levels in commercial systems.

Bi;,ZnSb,,0, has been fabricated from solid-state
reaction of mixed oxide powders and via powder
produced by a coprecipitation method. Thermal
analysis and X-ray diffraction have been used to
investigate the reaction sequence and the micro-
structural evolution has been determined using
electron microscopy. Moreover, the effect of Zn
replacing Bi and Sb in the Bi;,ZnSb,,0; pyro-
chlore phase has been examined.

2 Experimental

Bi,,ZnSb;,,0, pyrochlore powder was prepared both
by solid-state reaction of bismuth oxide (Bi,Os,
>99-9%), zinc oxide (ZnO, >99-9%) and antimony
oxide (Sb,0;, >99%) powders,* which were wet-

mixed and milled in ethanol for 4 h using zirconia
balls before drying, and by a coprecipitation route
involving preparation of cation solutions from
antimony chloride (SbCl;, >99-5%), zinc chloride
(ZnCl,, >98%) and bismuth oxide (Bi,O;, >99-9%).
Figure 1 shows block diagrams of the main steps
in the processing routes via mixed oxide [Fig. 1(a)]
and coprecipitation [Fig. 1(b)]. In the coprecipita-
tion route the starting materials were dissolved in
HCI/H,O by using excess acid and poured into
KOH solution to give a pH of >12, which is neces-
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Fig. 1. The processing route for (a) mixed oxide powder and
(b) coprecipitated powder.
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* All chemicals were supplied by Aldrich Chemical Company Ltd, Dorset, UK.
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sary to precipitate the pyrochlore powder. Bismuth
and antimony metal salts could be precipitated at
low pH values of between 1 and 2 with KOH."!%!!
Both of these hydroxides are weak bases and the salts
of these metals are hydrolysed by water, yielding
insoluble salts such as BiOCl and SbOCL.'? Conse-
quently, on preparing pyrochlore solution, excess
acid is used to stabilize the solution of Bi and
Sb.!213 However, zinc chloride could be precipitated
with KOH at high pH values of around 10, giving
zinc hydroxide.”!! Precipitates were removed from
the solution by centrifuge and washed several times
with distilled water. Wet-mixed oxide and coprecip-
itated powders were dried at 130°C for 24 h. Both
dried mixed oxide and coprecipitated powders were
calcined for 4 h at 700°C. After calcination the copre-
cipitated powder was ball-milled for 4 h in ethanol
to break up the agglomerates. Chemical analysis
of the natant solution remaining after precipitation
was performed by inductively coupled plasma
atomic emission spectrometry (ICP-AES).

The phase development in dried but uncalcined
powders was examined using differential thermal
analysis (DTA) and thermogravimetric analysis
(TGA) at a heating rate of 10 K min™ in air. In
addition, pellets 10 mm diameter X ~1 mm thick
were uniaxially pressed at 250 MPa from uncalcined
powder, heated at a rate of 300 K h™' and air-
quenched at 50°C intervals between 350 and 800°C
to determine the possible reaction sequence. The
resultant powders and heat-treated pellets were then
analysed by X-ray diffraction (XRD) with a Philips
diffractometer using Cuk, radiation from 26 = 10
to 85° at a speed of 1° min'. The lattice parameter
of the pure pyrochlore phase based on XRD was
determined using a least-squares method and an
internal gold standard over a high-angle region
and at a low speed of 0-25° min™',

An extensive study of the Biy, .,Zn,, Sbs, .,
O,_, pyrochlore system was made by changing the
zinc concentration from x = 0-1 to x = 1-2. As
indicated by the formula, as the Zn concentration
increases, Bi and Sb decrease to accommodate the
Zn cations into the Bi and Sb sites to make a sub-
stitutional solid solution. These compounds were
sintered at between 1035 and 1200°C for 4 h after
calcining at 700°C for 4 h. Changes in the XRD
pattern and the lattice constant were determined
to indicate the range of Zn content in the pyro-
chlore structure and the lattice distortion associ-
ated with its incorporation.

Dense, polycrystalline ceramic pellets were fabri-
cated from the calcined powders by uniaxial pressing
at 250 MPa and firing for 4 h in air at 700-1200°C.
The resulting microstructures in polished samples

were examined using scanning electron microscopy
(SEM, Camscan series 2) and transmission electron
microscopy (TEM; Jeol 200CX operated at 200 kV).
SEM samples were thermally etched at ~1050°C in
air for around 10 min. Energy-dispersive spec-
troscopy (EDS) was performed using a LINK AN
10000 system with a Be-window detector. Pellet
density was determined with a mercury densitometer.

3 Results and Discussion

3.1 Powder characterization
Chemical analysis of the natant solution (Table 1)
after precipitation and filtering the wet solid showed
that 99-2% of the starting materials was precipitated
at a pH value of about 12. After drying the copre-
cipitated powder at 130°C, the white precipitate
became yellowish probably due to the decomposition
of Bi(OH), at around 100°C.!° Although the decom-
position temperature of bismuth hydroxide is around
415°C,' it starts to lose water to form BiO(OH),
and subsequently Bi,O; when heated to 100°C.'°
Figure 2(a) shows the TG-DTA curves of the
mixed oxides of 3Bi,0;-3Sb,0,*4ZnO prepared
via the solid-state reaction. The exothermic peak
at approximately 550°C is thought to be due to
oxidation of antimony oxide as the TG shows a
weight gain around this temperature. Carnelley and
Walker!® showed that pure Sb,O; undergoes a weight
gain between 400 and 600°C due to oxidation. In
addition, Kim et al.,'® report that pure Sb,0; shows
a sharp exothermic peak due to oxidation of Sb,0O,
at about 530°C and also that in ZnO doped with
20 mol% Sb,0;, this exothermic peak occurs at a
lower temperature. In addition to this peak, two
smaller exothermic peaks were observed at temper-
atures of between 500—-600°C and 700-800°C. The
cause of these two peaks was determined by XRD
on samples heated to temperatures either side of each
peak using identical conditions as for the thermal
analyses. The former peak was due to the formation
of 24Bi,0,.Zn0 (BigZn0,;, JCPDS card no. 26-230)
and the latter was because of formation of pyro-
chlore. The DTA curve fell in an endothermic
direction indicating that melting occurred above
850°C, probably due to unreacted Bi,O; (m.p. 8§25°C).

Table 1. ICP-AES chemical analysis of solutions after precipi-
tation at pH 12.

Element Amount (ug ml) Accuracy (ug mi)
Zn 9 2
Bi <1 -

57 3

*Antimony 11 oxide oxidizes to antimony v oxide and enables formation of the Bi,,ZnSb;,0; pyrochlore formula.
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Figure 2(b) shows the TG-DTA curves of the
coprecipitated mixture. No weight loss was observed
since any possible hydroxides present were removed
upon drying at 130°C for 24 h. The exothermic
peak at about 400°C was considered to be due to the
formation of antimony 1v oxide (Sb,0,). Another
exotherm at 570°C is due to the crystallization of
pyrochlore directly from the coprecipitated powders.
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Fig. 2. Thermogravimetric and differential thermal analysis

of (a) mixed oxide and (b) coprecipitated powder having an

atomic ratio of Bi:Zn:Sb = 3:2:3. Note that DTA figures in
(a) and (b) have different scales.

Subsequently, the DTA curve fell in an endothermic
direction, after approximately 1000°C.

XRD analysis of the calcined mixed oxide powder
[Fig. 3(a)] not only revealed pyrochlore but also
B-Bi,0;, Sb,0,, ZnO and Bi,Zn0O,; (BZ). However,
XRD of the calcined coprecipitated powder [Fig. 3(b)]
showed only single phase pyrochlore due to the
higher reactivity of the coprecipitated powder. SEM
images of these powders (Fig. 4) reveal that after
calcination they consist of fine (sub micrometre)
ultimate particles although in both cases the powders
are highly agglomerated due to the calcination pro-
cess. In addition, coprecipitated powders [Fig. 4(b)]
have spherical and uniform particle shape.

3.2 Reaction sequence

XRD of crushed pellets of uncalcined powder
[Fig. 5(a)] revealed no reaction of the mixed oxides
up to ~550°C, with the appearance of 24Bi,0,.ZnO
(BZ) being detected [reaction (3)] above 550°C. The
formation of this compound produced the exother-
mic peak in the DTA [Fig. 2(a)]. At higher tempera-
ture, 700°C, the amount of BZ increased. This phase
must arise because of poor mixing (heterogeneity)
of the mixed oxide powders so that locally regions
rich in Bi,O,4 can react with ZnO to give BZ. Sub-
sequently, at temperatures between 700 and 750°C,
the BZS pyrochlore compound started to form
from the reaction of BZ with the antimony oxide and
unreacted ZnO and Bi,O, [reaction (4)] or BZS
compound may simply occur as in reaction (5) by
reaction of the oxides after decomposition of BZ.
Finally, nearly pure pyrochlore phase was observed
at around 800°C, consistent with the DTA exotherm
at 700-800°C [Fig. 2(a)].

X >550°C .
24B]203 + ZnO _— B1482n073 (3)

Bi,sZnO; + 6Bi,0, + 30Sb,0,+ 39Zn0 +

700-750°C
1502 _— 40Bi3/22nsb3/207 (4)

3Bi,0, + 3Sb,0,+ 4ZnO +
500-550°C
3120, —————

While intermediate reactions lead to pyrochlore
formation in the mixed oxide powder, coprecipi-
tated powder reacts directly to form pyrochlore at
around 550°C without forming any intermediate
compounds [reaction (5)] [Fig. 5(b)]. The forma-
tion of pyrochlore from coprecipitated powder
gave an exothermic DTA peak at about 570°C
[Fig. 2(b)]. The low formation temperature of
pyrochlore in the coprecipitated powder can be
attributed to the homogeneity of the coprecipi-
tated powder [Fig. 4(b)]. Atomic-scale mixing of
the components is considered to be attained in

4Biy,ZnSb;,0, &)
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coprecipitation. Consequently, the improved homo-
geneity and enhanced reactivity will decrease the
diffusion path and encourage the reaction of BZS
pyrochlore at lower temperatures.

3.3 Characterization of BZS pyrochlore

Bi;,ZnSb;,0, is isostructural with the pyrochlore
type having general formula A,B,0;. Its XRD peak
data are listed in Table 2. Based on these results,

8000

Bi,,ZnSb;,0, was determined to have a cubic
pyrochlore structure with the lattice parameter a,
= 10-442 £ 0-001 A. Inada" found a, for BZS
pyrochlore to be 10-45 A. Since XRD of BZS
pyrochlore did not show any superlattice reflections,
the cations are randomly distributed over the A
and/or B sites in the A,B,X; pyrochlore structure.

Pellet densities after holding for 4 h at 700-1200°C
are shown in Fig. 6. Densities of the coprecipitated

7000 + P

8

b

10 20

A

Degrees 2-Theta

Intensity

Degrees 2-Theta

Fig. 3. XRD of calcined (a) mixed oxide and (b) coprecipitated powder. Calcination was for 4 h at 700°C. P = Pyrochlore,
BZ = Bi482n073, S= Sb204, B= B'Bi203 and Z = ZnO.

(@

(b)

Fig. 4. SEM micrographs of (a) mixed oxide powder calcined at 700°C for 4 h and (b) coprecipitated powder calcined at 700°C
for 4 h showing aggregated submicrometre primary particles.
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powder pellets are generally higher since the starting
powder has a lower ultimate particle size and
more spherical particles, giving better packing.
However, at the highest sintering temperature
(1200°C) pellets from both powder types gave more
than 90% of theoretical density, which is calculated
as 7-86 g cm™ from the X-ray results for a compo-
sition of Bi;,ZnSb;,0;. At 1200°C the incomplete
density of the pellets may be caused by the powder
agglomerates (Fig. 4) and/or Bi,O; and/or Sb,O,
volatilization since some weight loss was observed
around this temperature in both powders (Fig. 2).
Liquid-phase sintering is probable (Fig. 2), with
melting occurring above 850°C for mixed oxide
and 1000°C for coprecipitated powders. In addition,
the sharp increase in density (Fig. 6) after approx-
imately 1000°C suggests the occurrence of a
liquid.

While SEM images of the dense pellets indi-
cated only single pyrochlore phase [Figs 7(a) and
7(b)], TEM revealed occasional second phases at

. P a

P
e [ F
P PP RP

A‘J\AJJ\ \J\LW‘\-AM_—..__.._J\_ — 750
BZ

Intensity

P b

Intensity

g

~ 550

JW s
20 ] © L] L] 70 w0

20

Fig. 5. XRD analysis of powders made from crushed pellets

derived from (a) mixed oxide and (b) coprecipitation after

air-quenching from different temperatures to determine the

possible reaction sequence in both methods. P = Pyrochlore,
BZ = BiZn0,3;, B = Bi,0;.

triple junctions consistent with liquid formation.
Pellets made from coprecipitated powders have
finer grains than those from mixed oxide. The sec-
ond phases observed in the mixed oxide were
generally crystalline and analysed as Bi,O; by
EDS [Fig. 8(a)l, while in coprecipitated pellets
these second phases were amorphous [Fig. 8(b)].
EDS analysis of the amorphous phase revealed Bi
and a trace of K, a contaminant from the KOH
used for precipitation which could flux the Bi,O;
and cause it to remain amorphous. No signifi-
cant glassy phase was observed at the grain bound-
aries in both pellets, suggesting that any liquid is
transient. '8

Table 2. Powder XRD of Bi;,ZnSb,,0, pyrochlore

d(A4) v, hkl
6:042 5 111
3-699 1 220
3154 2 311
3-02 100 222
2:616 24 400
2-401 4 331
2-134 1 422
2-015 2 511
1-851 26 440
1-769 1 531
1-744 1 600
1-655 1 620
1-578 22 622
1-511 8 444
1-466 1 551
1-363 1 731
1-309 2 800
1-234 1 822
1-201 6 662
1-17 5 840
8.00
Mixed Oxlide
10O Coprecipitation
o
7.00 —
] 3
6.00 —
'E &
a 4 a
=
= 5.00 -
g o o
o L
o
=
4.00—1 g ® 8 "
a'oo ¥ I 1 I 1 r T I T l ]
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Temperature/°C

Fig. 6. Density of mixed oxide and coprecipitated pellets
held for 4 h at temperature.
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3.4 Zn cation incorporation into the BZS
pyrochlore

XRD of Zn-doped samples is shown in Fig. 9 for
Biy, ,»Zn,,,Sby, 20, pyrochlore for x from 0-1 to
1-2. During incorporation of the Zn cation into
the pyrochlore structure the spinel phase with the for-
mula Zn,Sb,0,, (beta spinel, JCPDS card no.
36-1445) forms and increases with greater Zn con-
centration. Figure 10 shows the relative peak inten-
sities of the spinel (311) reflection, corresponding
to a 3-577 A d-spacing, and the BZS pyrochlore (4 00)
reflection, which corresponds to a d-spacing of
approximately 2-60 A, as a function of excess Zn
concentration, x- This gives a semi-quantitative

measure of the spinel-to-pyrochlore ratio'® and reveals
that as the amount of Zn doping increases, the
spinel percentage also increases. Consequently, it
appears that increasing Zn concentration to replace
Bi and Sb in the BZS pyrochlore was unsuccessful.
Instead, spinel and Bi,0; liquid formed along with
pyrochlore of undefined composition.

The microstructure of the Zn-doped compound,
after quenching from the sintering temperature, where
x = 1-2 (Fig. 11), revealed not only pyrochlore and
spinel phases, but also some Bi-rich phase present.
This is consistent with reaction (1) where BZS
pyrochlore in ZnO varistors takes the ZnO from the
bulk matrix and transforms to spinel and liquid

(b)

Fig. 7. (a) Sintered mixed oxide pellet after 4 h at 1200°C showing only large (5-20 wm) single-phase grains. (b) Coprecipitated
pellet after 4 h at 1200°C showing pyrochlore phase and finer (3-10 wm) grain structure.

INTENSI
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=

Bi

0 Esergy, keV 15

Bi

INTENSITY

Bi
Bi Bi

0 Energy, keV 15

Fig. 8. (a) Bright-field (BF) TEM image of sintered mixed oxide pellet after 4 h at 1200°C showing crystalline second phase at
grain junction. EDS analysis suggests the second phase is Bi,O; (O is not detected). (b) TEM micrograph of coprecipitated pellet
after 4 h at 1200°C showing glassy phase at triple junctions. EDS analysis reveals K as well as Bi.
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Bi,0,.% Inada® showed that BZS pyrochlore reacts
easily with ZnO to produce spinel and Bi,0, liquid.
SEM of this compound revealed large black (10—
50 pum) spinel grains in the grey/white pyrochlore/
Bi-rich phase matrix. Well developed faceted spinel
grains indicative of crystallization from a liquid phase
can be seen in the pyrochlore matrix [Fig. 11(a)].
In addition, spinel grains were frequently observed
containing pyrochlore and Bi-rich phases [Fig. 11(b)}.

TEM examination of Zn-doped samples sintered
for 4 h at 1035°C reveals a range of grain sizes
and additional intergranular phases (Figs 12 and
13). The TEM reveals the small pyrochlore grains
(1-2 pm), large spinel grains (15-35 um from

P P= Pyrochlore
P Sp= Spinel
P
P
.
g MIMJ SPSPP { x=12
*\-L.,_-.A—&.JJ J)J J.L,A,_A_JJ LN_‘.LJ MM\——JUL— x=0.8
I I Y W N S J,__)\__LL x=0.6
| S |, W S U(___A_ML *=0.1
20

Fig. 9. XRD of Biy;,_.»Zn,,Sb;;, ,»0; , compositions sintered
at 1200°C for x = 0:1 and 0-6, and sintered at 1035°C for
x = 0-8 and 1-2. Sp = spinel, P = pyrochlore.

I(311)/1(400)

b B L R B L B
0.00 0.20 0.40 0.60 080 100 120
X

Fig. 10. Relative peak intensity ratio of spinel (311) to
pyrochlore (400) as a function of excess Zn concentration, x,
in Biy; pZn0,4,Sbyy 1707 4

SEM, Fig. 11) and impure Zn/Sb containing 5-Bi,O;
crystals (indicated by electron diffraction). Inada®
found that Bi-rich liquid phase dissolves a large
amount of Zn but much less Sb. 5-Bi,O; is a high-
temperature polymorph having a cubic structure
and it completely surrounds the pyrochlore grains,
suggesting that when liquid it was fully wetting.

In summary, addition of Zn to Bi,;,ZnSb,,0,
pyrochlore (and lower Bi and Sb) is observed to
encourage it to transform to spinel with associated
formation of Bi,Oj;-rich liquid which crystallizes to
6-Bi,0; on cooling, rather than causing single-
phase pyrochlore formation.

The lattice parameter of BZS pyrochlore increased
with increasing Zn cation content (Fig. 14). Similar
behaviour was reported by Inada,!” who measured
the lattice constant of BZS pyrochlore as a function
of ZnO in the ZnO varistor system, and by Kara-
novic et al.,”® who examined phase transformations
in the system containing a mixture of varistor addi-
tives. The increased pyrochlore lattice parameter
could be due to incorporation of Zn ions into the
pyrochlore structure. The lattice parameter of BZS
pyrochlore increased linearly up to x = 0-6 but
then a sharp increase was observed. The last three
samples were sintered at lower temperatures (1035°C)
than the initial ones (1200°C) since these compounds

Fig. 11. Backscattered electron SEM images of a pellet of

the Biy;, »Zn,,,Sbyy 04, composition sintered at 1035°C

for 4 h where x = 1-2: (a) large faceted spinel grains, (b) grey
and white pyrochlore and Bi-rich phases.
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partially or mostly melt at the higher sintering tem-
perature. This may have caused the sharp increase
because at high temperatures more Bi,O,; evapo-
rates and a higher proportion of the large Bi atom
(radius 1-17 A) at the lower sintering temperature
would increase the lattice parameter.

4 Conclusions

(1) Bi;,ZnSb,;,0,; pyrochlore was prepared
both by conventional solid-state reaction of
mixed oxides and by a coprecipitation
method.

(2) Investigation of the reaction sequence to
pyrochlore via both methods showed that, in
the mixed oxide method, pyrochlore is formed
with the appearance of 24Bi,0;.ZnO com-
pound above 550°C due to powder inhomo-
geneity. However, coprecipitated powder reacts
directly to form pyrochlore at around 550°C
due to atomic-scale mixing.

(3) Incorporation of Zn to replace Bi and Sb
causes pyrochlore-spinel transformation rather
than forming a single pyrochlore phase This is
thought to be due to the reaction of pyrochlore
with ZnO forming spinel and Bi,Os-rich liquid,
as observed in ZnQ varistors. In addition,
Zn incorporation leads to an increased lattice
parameter of BZS pyrochlore.
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Fig. 13. BF TEM image of Zn-doped BZS pyrochlore
(Bi3/2_x,22nl+be3,2_x/207_x, X = 12) Sintered fOI‘ 4 h at 1035°C
showing large spinel grains (Sp) with pyrochlore (P) and

Bi-rich phase (B) with EDS analysis from spinel.
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Fig. 12. BF TEM image of Bi;, ,»Zn,, Sbyy .0, . composition where x = 1-2 sintered at 1035°C for 4 h with EDS analysis
from (a) Bi-rich phase (B) and (b) pyrochlore (P).
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Fig. 14. Variation of the lattice constant with excess Zn concen-

tration, x, in the Biy» ,»Zn, , ,Sbys 1O, compositions sintered

at 1200°C (first five samples) and at 1035°C (the last three
samples) for 4 h.
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