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Abstract

ZnO-pyrochlore mixtures were produced with diff-
erent Bi,O; and Sb,0; contents but maintaining
the Sb/Bi ratio = 1, which is the molar ratio in
Bi;,ZnSb,,,0, pyrochlore. Increased cooling rates
and sintering temperatures reduced the amount of
pyrochlore formed. Pyrochlore retards densification
rates by retaining Bi,O; and forming a skeletal net-
work. Microstructures of quenched and slow-cooled
samples were similar consisting of ZnO, spinel and
a third phase. In the former this was Bi-rich inter-
granular phase(s) whereas it was pyrochlore in the
latter. Although pyrochlore does not have a direct
effect on the ZnO grain growth above 1050°C, it
limits grain growth below this temperature. © 1997
Elsevier Science Limited.

1 Introduction

The cubic pyrochlore structure! belongs to the
space group Fd3m (No. 227) and has the general
ideal formula of A,B,X,Z where A and B are
cations and X and Z are anions.

A Bi,0;-ZnO-Sb,0; pyrochlore phase is signifi-
cant in microstructural evolution in ZnO varistor
systems. Two chemical formulae have been
proposed for this BZS pyrochlore. Wong? defined
it as an oxygen-deficient pyrochlore with the
formula Bi,(Zn,;Sb,;)O, while Inada** suggested
its chemical composition was Bi;,ZnSb;,0,. How-
ever, Kim et al.’ produced the former composition
and found three phases coexisting in the
microstructure suggesting that it was not the
correct pyrochlore formula. Ceramics produced
using both stoichiometries and examined by
X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM) and Transmission Electron
Microscopy (TEM) confirmed the composition as
Bi;,ZnSb;,0,.57

Nonohmic zinc oxide (ZnQO) ceramics are
widely used as varistors for voltage stabilization
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or transient surge suppression in electronic circuits
and electric power systems.® ZnO varistors are
composed of ZnO grains, Bi,O;-containing grain
boundaries responsible for the nonlinear response,
and intergranular phases such as Zn,Sb,0,, spinel
and sometimes Bi,;,ZnSb,,0; pyrochlore (BZS)
whose formation strongly depends on the kind of
additives used.** For example, if the a-spinel
polymorph is stabilized by adding e.g. oxides of
Cr, Co and Mn the amount of pyrochlore formed
during slow cooling is minimized or eliminated.
Since the phases formed in ZnO varistors consist
mainly of the three oxides of ZnO-Bi,0;-Sb,0,
(ZBS), this ternary system plays a fundamentally
important role in the microstructural formation,
densification and grain growth.

Although this system has been studied exten-
sively, the Sb/Bi ratio is generally kept below or
above 1 because Sb/Bi = 1 corresponds to the
pyrochlore composition so that at this ratio high
levels of pyrochlore form in the microstructure. In
the pure ZBS system BZS pyrochlore forms above
650°C and melts at 1280°C. Inada* found that the
pyrochlore phase forms and disappears on heating,
but in some cases is reproduced on slow cooling
dependent on the kind of additive. This pyro-
chlore phase, if it forms, is the first to crystallize
from the intergranular Bi,O;-rich liquid upon
cooling from the sintering temperature.’

Although BZS pyrochlore plays no role in the
nonohmic behaviour, since it is not a continuous
intergranular layer,* it is undesirable in ZnO varis-
tors because: (a) it retards densification because of
a decreasing effect of the Bi-rich liquid phase on
heating. Furthermore, on cooling, spinel and Bi,0,
react to form BZS pyrochlore which decreases the
B1,0; level which is responsible for the nonlinear
current voltage response of the grain boundaries,
(b) it influences the growth of ZnO grains: report-
edly pyrochlore has a restraining effect on ZnO
grain growth at low temperatures,'® (c) ZnO-
pyrochlore interfaces do not show varistor
behaviour'' and (d) the breakdown field for bulk
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ceramics decreases as the amount of pyrochlore in
the microstructure is increased.'?

Consequently, in the present work the ZnO-
Bi,0,-Sb,0; (ZBS) system was studied for differ-
ent Bi,O; and Sb,0; contents but keeping the
ratio of Sb/Bi always = 1 which corresponds to
the atomic ratio in the pyrochlore, Bi;,ZnSb,,0,,
Bi:Zn:Sb = 3:2:3. Phase analysis of quenched and
slow-cooled samples was made by XRD and the
resulting microstructures investigated in the SEM
and TEM. The densification behaviour and grain
size were examined as a function of sintering
temperature and additive content.

2 Experimental

ZnO-Bi,;,ZnSb,,0, pyrochlore mixtures were
made from powders prepared using conventional
ceramic processing techniques. Three different mix-
tures were prepared:

I. 90 wt% ZnO and 10 wt% BZS pyrochlore
II. 85 wt% ZnO and 15 wt% BZS pyrochlore
III. 75 wt% ZnO and 25 wt% BZS pyrochlore

Hereafter these mixtures are designated as VPI,
VP2 and VP3 respectively. The total weight% and
mol% of each individual oxide for the three
mixtures are given in Table 1. To prepare the mix-
tures, zinc oxide (ZnO, >99-9%), bismuth oxide
(Bi,0;, >99-9%) and antimony oxide (Sb,0;,
>99%) (Aldrich Chemical Company Ltd, Gilling-
ham, Dorset, UK) were weighed according to the
compositions given in Table 1 and wet-mixed in
ethanol for 4 h using zirconia balls in a plastic
container. After drying the resulting slurry at
130°C for 24 h, powders were calcined 4 h at
700°C to form pyrochlore and prevent the
volatilization of Bi,O; during sintering. After
grinding the calcined powder in a mechanical
agate mortar and pestle, it was uniaxially pressed
at 150 MPa into pellets approximately 10 mm in
diameter and 2 mm in thickness. These pellets
were then heated in air at 300 K/h to a desired
temperature between 900 and 1200°C and soaked
for 1 h. Two different cooling cycles were followed

Table 1. Batch compositions of three different ZnO-
pyrochlore mixtures with weight percentages of each oxide
and their equivalent mol percentages

Mixture Fraction ZnO Bi,0; Sb,0;
VP1 wt% 91-25 538 3:37
mol% 97-98 1-01 1-01
VP2 wt% 86-88 8-07 505
mol% 96-85 1-57 1-57
VP3 wt%o 78-13 1345 842
mol% 94-33 2-84 2-84

after firing. Some samples were air-quenched from
the firing temperature and others were cooled
slowly at a rate of 300 K/h.

Heat treated pellets were analysed by XRD with
a Philips diffractometer using Cu Ka radiation
from 10 to 85° 20 at speed of 1°/min. XRD analy-
ses of calcined powder and pellets, made from cal-
cined powder heated to 900°C and quenched
without holding, were performed to verify that
only ZnO and pyrochlore exist before densifi-
cation of the pellets started. The phases present in
air-quenched and furnace-cooled samples were
analysed by XRD of crushed sintered pellets. The
relative amounts of spinel B-Zn,Sb,0,,, (Isp),
pyrochlore Bi,,ZnSb;,0,, (Ipg) and bismuth oxide
B-Bi,0;, (Igp), were calculated using:

I Ip
Igp = y Ipg =
(s + Ip) (p + L)
Iy
and [gp = 1
T (1)

where [ is the total peak height of (022), (311),
(113) and (464) of B-Zn,Sby0,,, I, of (440) and
(622) of Bi;,ZnSb;,0; and Iy of (221) and (402)
of B-Bi,0;. The relative amounts of pyrochlore,
spinel and bismuth oxide have previously been
calculated using X-ray peak height ratios.*>!213

The microstructures of the sintered pellets were
investigated on thermally etched and unetched
samples using SEM (Jeol 6400) and TEM (Jeol
200CX operated at 200 kV). Energy Dispersive
Spectroscopy (EDS) was performed using LINK
AN10000 and eXL systems on the SEM and TEM
(Philips 420T, operated at 120 kV) respectively.
The theoretical densities of the ZnO-pyrochlore
mixtures were calculated using the rule of mix-
tures for the weight percentages of the starting
oxides'* and grain sizes of sintered air-quenched
pellets were measured directly from photomicro-
graphs of the etched samples by the linear inter-
cept technique described by Mendelson."* Given
the complex phase equilibria in these pellets the
error in the density determinations may be large.
Consequently, these measurements are used pri-
marily for comparative purposes. Thermal etching
was done for 10 min at = [050°C.

3 Results and Discussion

3.1 XRD of calcined powder

Although XRD analysis of calcined loose powder
revealed some unreacted Bi,O; in addition to
pyrochlore, ZnO and Sb,0, (Fig. [(2)), no Bi,O,
was found and only ZnO and pyrochlore were
observed in crushed pellets made from calcined
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powder which had been quenched from 900°C
without holding (Fig. 1(b)). This confirms that all
the Bi,0; and Sb,0; formed pyrochlore before sig-
nificant densification of the pellets occurred.

3.2 Effect of cooling rate on the formation of
phases

XRD analysis of quenched pellets revealed that
below 1000°C only ZnO and pyrochlore were
present in all three mixtures so that the added
Bi,O, and Sb,0; reacted with ZnO to form pyro-
chlore and no significant amounts of spinel or
crystalline bismuth oxide were observed. However,
traces of spinel (B) and bismuth oxide (B8) were
found at 1000°C which became more significant
going from VP1 to VP3. In Figs 2(a) and (b) the
amounts of spinel or bismuth oxide relative to the
pyrochlore phase are plotted against sintering tem-
perature. There is no significant transformation of
pyrochlore until 1000°C but above 1000°C there is
a sharp increase in the relative amounts of spinel
and bismuth oxide as a result of reaction below.*

2 Bi;Zn,Sb,0,, + 17 ZnO

2XI00C, 3 7n,8b,0,, (B) + 3 Bi,O; (liquid)  (2)
Above 1050°C only a trace of pyrochlore was
observed while none was detected in samples
quenched from 1200°C in all mixtures in agreement
with Kim er al® Figure 2 indicates that above

8000 1
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1050°C there 1s little change in the relative amounts
of spinel and Bi,O; compared to the increase
between 1000 and 1050°C consistent with the trans-
formation temperature of pyrochlore (950-1050°C).*

In slow-cooled samples of these mixtures sin-
tered between 1050 and 1200°C XRD analysis
reveals mainly ZnO and pyrochlore with traces of
Bi,O; and spinel. Figure 3 shows the relation
between pyrochlore/spinel (Fig. 3(a)) and pyro-
chlore/bismuth oxide (Fig. 3(b)) peak ratio and
sintering temperature. Generally, with increased
sintering temperature, the amount of pyrochlore
relative to the spinel or bismuth oxide decreases
after cooling as observed by Olsson and Dunlop.'¢
The re-formation of pyrochlore during slow cool-
ing is due to the following reaction:*

3 Zn,Sb,0y, (B) + 3 Bi,O, (liquid)

slow cooling
_(20;8519)_) 2 Bian25b3014 + 17 ZnO (3)

It is suggested that the reason for the decrease in
the amount of pyrochlore with increased sintering
temperature is that at high temperatures spinel
has undergone more grain growth which slows the
reaction with Bi,O,-rich liquid so that less pyro-
chlore forms during slow cooling.!”

As observed by others*!'2!® these results reveal
that cooling rate has a pronounced effect on the
pyrochlore formation. Although quenched samples
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Fig. 1. XRD of (a) calcined loose powder of VP3 after 4 h at 700°C and (b) crushed pellet of VP3 made from calcined powder and
quenched from 900°C without holding. P = Bi;,ZnSb;,0;, Z = ZnO, B = Bi,0; and S = Sb,0,.
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were nearly free of pyrochlore above 1050°C, slow
cooling led to formation of pyrochlore and as the
sintering temperature increased the amount of
pyrochlore decreased. This behaviour is thought
to arise due to the slowing down of reaction (3)
with increased cooling rate.
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Fig. 2. Relative amount of (A) spinel and (B) bismuth oxide
in quenched samples of VP1, VP2 and VP3 mixtures sintered
at different temperatures for 1 h.

3.3 Densification behaviour of ZnO-pyrochlore
mixtures .

The relative percentage densities of samples
quenched from different sintering temperatures are
given in Fig. 4. There is no significant increase in
density until 950°C. Density reached a maximum
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Fig. 3. Amount of pyrochlore relative to (A) spinel and (B)
bismuth oxide in slow-cooled samples of VP1, VP2 and VP3
sintered for 1 h at different temperatures.
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value at 1050°C and then decreased. The density
increase above 950°C is most likely due to for-
mation of Bi,O; liquid (melting temperature of
B1,0; = 825°C) from reaction of pyrochlore with
ZnO (reaction (2)) although XRD analysis of
quenched samples showed only a trace amount of
crystalline Bi,O; due to transformation of pyro-
chlore at 1000°C. In ZnO varistors densification
occurs through a liquid phase which is formed by
eutectic melting at around 750°C in the system
ZnO-Bi,0, for Sb/Bi <1'%? and through reaction
of pyrochlore with ZnO between 950 and 1050°C
for Sb/Bi 21.* Kim et al’® also observed similar
densification behaviour in pellets with Sb/Bi = 1
1.e. a sharp increase after 950°C and then a maxi-
mum at around 1050°C. In the present work the
ratio of Sb/Bi is | and all the available Bi,O, was
consumed to form pyrochlore below 950°C.
Therefore densification started above 950°C instead
of 750°C since there is no free Bi,O, available to
cause densification until this temperature. It can
be concluded that pyrochlore retards densification
of the mixtures by retaining Bi,O;.

At 1000°C the mixtures had notable density
differences with density decreasing from VP1 to
VP3. The reason for this can be explained using
Fig. 5 which gives a measure of the phase content
in each mixture quenched from 1000°C. The
spinel and bismuth oxide contents were nearly
constant for the three mixtures but there was a
significant difference in the amount of pyrochlore.
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Fig. 4. Relative percentage densities of the quenched sam-
ples made from VP1, VP2 and VP3 after 1 h at different
temperatures.

This suggests that pyrochlore plays an important
role in determining the density of these mixtures
at 1000°C and as the amount of pyrochlore
increases, being maximum for VP3, the density of
the mixture decreases, being minimum for VP3.
Since pyrochlore (7-86 g/cm®) has a higher density
than ZnO (5-606 g/cm®) and spinel (6-2 g/cm®) the
presence of pyrochlore might have been expected
to lead to higher densities. The reason why density
is low at 1000°C with high pyrochlore content is
thought to be associated with the skeletal pyro-
chlore grain morphology as illustrated in Fig. 6.
Densification is limited by the pyrochlore network
in much the same way as the presence of a

-8 Pyrochiore
- Spinel
~o—Blsmuth Oxide ]

Intensity (arbitrary units)

1 2 3
Mixture, x (VPx)

Fig. 5. Phase content in different mixtures quenched from
1000°C indicated by plotting the intensity of specific X-ray
peaks for each phase. The total peak heights of (022), (311),
(113) and (464) of spinel, (440) and (622) of pyrochlore and
(221) and (402) of bismuth oxide were used for calculations.

Fig. 6. Backscattered electron SEM image of quenched sam-
ple made from VP2 and sintered at 1000°C for 1 h. Z = ZnO,
P = Pyrochlore and Pr = Pore.
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reinforcing phase inhibits densification in a ceramic
matrix composite.

Above 1050°C the density of the three mixtures
starts to decrease (Fig. 4) because of Bi,O; evap-
oration.?!

3.4 ZnO-pyrochlore mixture microstructures

3.4.1 Quenched samples

The microstructures of samples quenched from a
sintering temperature of 1000°C consisted mainly
of dark grey ZnO grains, white pyrochlore phase
and dark pores (Fig. 6). However, XRD of this
sample revealed traces of spinel and bismuth oxide
so that it is expected that some of the dark
grey/white phase is spinel/bismuth oxide. The
microstructure was porous (~78% dense, Fig. 4)
and ZnO grains were around 1 um in size. The
porosity was due to the pyrochlore phase which
did not react enough to give sufficient Bi,O; liquid
for densification and grain growth by reaction (2).
However, the microstructures of quenched sam-
ples (VP1, VP2 and VP3) sintered at temperatures
of between 1050 and 1200°C consisted of ZnO
grains, intergranular spinel and Bi,Os-rich phases
and particles trapped within ZnO and spinel
grains. A typical example of the phase distribution
in samples quenched > 1050°C is shown schem-
atically in Fig. 7.

Figures 8(a) and (b) reveal the microstructure
of quenched samples of VP2 and VP3 sintered 1 h
at 1200°C with EDS analysis taken from each
phase. Note the rounded morphology of the
grains characteristic of the solution-precipitation
stage of liquid phase sintering. Intragranular par-
ticles exist in both ZnO and spinel grains. In Figs
8(a) and (b) it can be clearly seen that some ZnO
particles with a small amount of Bi,O; were

Zn.Sb,0,,
| Bi,O, | 10pm '

Fig. 7. Schematic representation of typical microstructure
observed in quenched samples of VP1, VP2 and VP3 sintered
1 h at temperatures above 1050°C.

enveloped within spinel grains and some spinel
particles, again with a small amount of Bi-rich
phase, were trapped within ZnO grains. The
spherical shape of these small intragranular
particles suggests that they were trapped during
grain growth.”? Bi,O,-rich phase was distributed
between ZnO and spinel grains. Spinel grains
(submicron to 2 um) were usually located in clus-
ters and occasionally singly between ZnO grains
(Fig. 9). In addition, some spinel particles with
associated pores were also observed within ZnO
grains (Fig. 9).

Microstructures of quenched samples (VP2
1100°C) were also examined in the TEM and
revealed ZnO grains, spinel and Bi-rich phases.
Bi-rich phases were observed at triple junctions
and grain boundaries throughout the microstruc-
ture and were mostly crystalline. Electron diffrac-
tion and EDS analysis of such phases showed that
they comprised Bi,O; with Zn and Sb in solid
solution. Inada*? reported that Bi,O; can dissolve
a large amount of ZnO with a small amount of
Sb,0;. Although XRD analysis of VP2 sintered
1 h at 1100°C indicated a trace of pyrochlore,
none was observed in the region of microstructure
examined in the TEM. However, an unknown
phase was observed generally next to the Bi-rich
phase and EDS analysis showed that it was rich in
Zn, Sb and Bi. This phase may possibly be a
pyrochlore which has a different stoichiometry
from Bi,,ZnSb;,0,.

3.4.2 Slow-cooled samples

Figure 10 is a schematic representation of the
microstructure of a typical sample slow cooled
from a sintering temperature of 1050~1200°C con-
sisting mainly of ZnO with intergranular spinel
and pyrochlore phases. Figures 11(a) and (b) are
backscattered electron images of VP1 sintered at
1200 and 1050°C respectively with EDS of the
pyrochlore while Fig. 12 is of VP3 sintered at
1200°C. These figures show black ZnO grains and
grey/light spinel/pyrochlore phases with some
intragranular particles within ZnO and spinel
grains. The microstructures of slow-cooled sam-
ples were similar to those of quenched samples
except they contained pyrochlore phase instead of
Bi,0;.

TEM of these samples confirms these obser-
vations, e.g. Fig. 13 shows ZnO, pyrochlore
and spinel phases in VP2 sintered 1 h at 1100°C.
The pyrochlore has a similar morphology to the
Bi-rich phase in quenched samples and, as observed
in the SEM, it is distributed between ZnO grains
and/or ZnO-spinel grains since it is formed from
reaction of Bi-rich liquid phase with spinel during
slow cooling. In addition, some Bi-rich crystalline
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Fig. 8. SEM backscattered electron micrographs of unetched quenched samples of (A) VP2 and (B) VP3 sintered at 1200°C for 1 h
indicating three different phases with EDS analysis and some intragranular particles. Z = ZnO, S = Spinel, B = Bi,0..

phase was also observed generally at grain junc-
tions in agreement with XRD of these samples
which indicates crystalline Bi,O;.

3.5 ZnO grain size

Since ZnO grain size directly affects the electrical
properties of ZnO varistors there have been a
number of studies addressing sintering and grain
growth. Kim er al.,* Senda and Bradt,” Dey and
Bradt®® and Hingorani et al.’’ examined the effect
of Bi,0; on the grain growth of ZnO and Kim
et al” and Senda and Bradt® investigated the

ZnO grain size dependence on Sb,O; content.
In the present study the effect of different amounts
of Bi,0;-Sb,0; on the ZnO grain size (keeping the
Sb,0,/Bi,0; ratio always 1) has been examined for
different additive contents. The mol% of each
oxide (Bi,O; and Sb,0;) was varied from 1-01 to
2-84 (Table 1).

The ZnO grain size in samples quenched from
1000°C was approximately 1 um. Analysis of
these samples by XRD and SEM (Fig. 6) revealed
that these specimens contained considerably more
pyrochlore than specimens sintered at and above
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1050°C and this substantially decreased the
volume fraction of Bi,O; liquid phase at 1000°C.
Two possible explanations for the small grain size
at 1000°C are (a) lack of enough liquid phase
since pyrochlore retains Bi,O, and (b) pyrochlore
particles might reduce grain boundary mobility
since they form a skeletal structure of inclusion
particles (Fig. 6). Kim ef al?* and Senda and
Bradt® obtained significant ZnO grain growth
at 1000°C with excess Bi,O;. Another potential
reason for the small ZnO grain size at 1000°C
might simply be because at this temperature there
is not enough atom mobility to cause grain
growth, However, Senda and Bradt® measured
grain growth of pure ZnO sintered 1 h at 900 and
1030°C and found grain sizes around 3 um
and 7 um respectively indicating atom mobility
is sufficient at these temperatures. In addition,
Gupta and Coble?” found a grain size of around
7 pm for the pure ZnO sintered 2 h at 1000°C.

Fig. 9. Backscattered electron image of a thermally etched VP1

sample sintered at 1050°C for 1 h indicating single spinel

particles at grain boundaries and spherical pores and spinel

particles within ZnO grains. Z = ZnO, S = Spinel and Pr =
Pore.

Zn.8b,0,,
D Biafzanme? Fﬂum—l

Fig. 10. Schematic representation of microstructure of slow-
cooled samples from 1050, 1100 and 1200°C.

INTENSITY

1= 2 10,040 KkeU

20.3 >

Fig. 11. Backscattered electron images of unetched slow-
cooled VP1 sintered at (A) 1200°C and (B) 1050°C for 1 h
showing the rod-like shape of spinel and indicating pyro-
chlore phase between the ZnO and ZnO-spinel grains with
EDS analysis frem pyrochlore. Z = ZnO, S = Spinel and
P = Pyrochlore.

Eig. 12. SEM micrograph of unetched slow-cooled VP3
sintered 1 h at 1200°C revealing greater spinel content than
Fig. 11. Z = ZnO, S = Spinel and P = Pyrachlore.
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Figure 14 shows the microstructures of quenched of ZnO in acids and bases.’®’' Although thermal
samples of different mixtures sintered 1 h at etching may affect the grain growth of ZnO
1100°C. All samples were thermally etched for slightly, it is not believed to be significant.’!
grain size measurement since chemical etching The ZnO grain size is plotted against sintering
in this system is difficult due to the high solubility temperature (Fig. 15(a)) and mixture number

£ &
2 Z 2
z 2 ®
Fe
z |z
fou o 6
9.803 kel 20.0 > 59.803 kel 20.0 >
Bi c
bl
=
[7,]
:
’J 9.803 kel 20.0 >

Fig. 13. TEM micrograph of slow-cooled VP2 sample sintered 1 h at 1100°C indicating intergranular pyrochlore phase between ZnQO
and spinel grains with EDS analysis from (A} ZnO (Z), (B) Spinel (S) and (C) Pyrochlore (P). Fe, Cu and Co peaps are artefacts
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(Fig. 15(b)) in quenched samples and the average
grain size is listed in Table 2. The average grain
size consistently increases with sintering tempera-
ture and decreases from VP1 to VP3. The decrease
in ZnO grain size with composition is related to
the amount of liquid phase and spinel phase
formed within the microstructure. Kim et al’
found that at 1200°C ZnO grain size decreases
with increasing total additive content (0-75-3
mol% Bi,0;+Sb,0;) for Sb/Bi = 1 and they
attributed this behaviour to the increase in the
volume fraction of Zn,Sb,0O,, and liquid Bi,O; in
intergranular regions. In the present study,
two mechanisms might be responsible for the
decreased grain size with additive contents
(B1,0;+S8b,05): (a) spinel particles which are effec-
tive by a particle drag mechanism and (b) increase
in the thickness of the Bi,O;-rich liquid layer

Fig. 14. SEM micrographs of quenched samples made from (A)
VPI, (B) VP2 and (C) VP3 and sintered for 1 h at 1100°C.

which increases the diffusion distance and lowers
the rate of ZnO grain growth.

Kim et al?” and Senda and Bradt® reported
that Zn,Sb,0,, spinel causes grain growth inhib-
ition in the ZnO-Sb,0; system by a grain bound-
ary particle drag mechanism. However, in the
present work spinel formed along with Bi,0O,
liquid from transformation of pyrochlore by
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Fig. 15. Grain size of ZnO as a function of (a) sintering tem-
perature and (b) total amount of additives (or mixture num-
ber) indicating that grain size increases with sintering
temperature and decreases with total amount of additives.
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Table 2. ZnO grain size in samples quenched from different
sintering temperatures for different compositions

Grain size (um)}

Comp. VP 42 VP3
°C
1050 1873 £ 0-18 16-29 + 0-29 16-22 + 0-37
1100 22-31 £ 0-46 20-01 £ 0-16 18-32 £ 0-70
1200 28:00 £ 0-17 27-50 £ 0-67 22:49 + 0-40

reaction (2). The liquid always exists during sin-
tering which prevents ZnO grains being pinned by
spinel particles so this is not a valid mechanism
for the grain size decrease in this work. Senda and
Bradt® investigated the effect of Bi,O, content
between limits of 0-09 and 0-72 mol% on the grain
growth of ZnO and reported that ZnO grain size
increases with Bi,O; content. However, Dey and
Bradt?® examined the effect of higher Bi,O, con-
tents, 0-54-2-33 mol%, on the ZnO grain growth
and found that ZnO grain size decreases with
increasing Bi,O;. They concluded that during the
liquid phase sintering of ZnO in the presence of
Bi,O; the rate-controlling mechanism of ZnO
grain growth changes from one of phase boundary
reaction at low levels of Bi,O, to one of diffusion
through the liquid phase at higher Bi,O; contents.
In the present work, the mol% of Bi,O; changes
from 1-01 to 2-84 and it is observed that with
increasing Bi,O; content ZnO grain size decreases
and it is thought that the same mechanism sug-
gested by Dey and Bradt® might also be effective
for the decrease in ZnO grain size here. If Zn and
O diffusion through the Bi,Os-rich liquid controls
the ZnO grain growth, then ZnO grain growth
rate is inversely proportional to the thickness of
the layer between the ZnO grains. In other words,
as the Bi,0; mol% increases the amount of liquid
increases and the greater material transport path
decreases the grain growth rate.

In addition, the pyrochlore phase does not
directly affect the ZnO grain size above 1050°C
since it mostly transforms to spinel and Bi,O;-rich
liquid. However, pyrochlore has a restraining
effect on the grain growth of ZnO at low tem-
peratures as suggested by Gupta'® because (a) it
retains Bi,O; and (b) pyrochlore particles in a
skeletal network might reduce grain boundary
mobility. Table 2 and Fig. 15(b) indicate that
higher pyrochlore contents in the mixtures at low
temperatures led to smaller ZnO grain size after
sintering above 1050°C since higher pyrochlore
content results in formation of more Bi,O;-rich
liquid during sintering. Consequently, pyrochlore
indirectly affects the ZnO grain size at high tem-
peratures (>1050°C).

4 Conclusions

(1) Phase analysis of quenched and slow-cooled
samples revealed that cooling rate and sin-
tering temperature have a pronounced effect
on pyrochlore formation. Increasing cooling
rates and sintering temperatures resulted in
less pyrochlore in the microstructure.

(2) Pyrochlore retards densification of the mix-
tures by retaining Bi,O; and by forming
a skeletal network in much the same way as
reinforcing fibres inhibit densification of a
ceramic matrix composite.

(3) The microstructures of quenched and slow-
cooled samples were similar except for the
phase present in addition to the ZnO and
spinel. In quenched samples this comprised
Bi-rich phases whereas in slow-cooled
samples it was pyrochlore.

(4) ZnO grain growth decreases with total
amount of additives (Bi,0,+Sb,0; = 2-02-
568 mol%) and the likely mechanism
responsible for this is an increase in the
thickness of the Bi-rich intergranular layer
so that the diffusion distance for Zn and O
through the liquid is increased.

(5) Pyrochlore has a restraining effect on ZnO
grain size at low temperatures (<1050°C)
because (a) it retains Bi,O,-rich liquid and
(b) pyrochlore particles might reduce grain
boundary mobility. However, pyrochlore
does not have a direct effect on the ZnO
grain growth above 1050°C since it decom-
poses to spinel and B1,0;.
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