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Abstract

Phase evolution and localization during sintering of
spherical Bi-Ti-doped czinc oxide powders were
studied by X-ray diffraction and transmission electron
microscopy. Several minor phases were identified on
quenched ceramics; a phase, either amorphous or
crvstalline, stable at a wide range of compositions,
originating from solidification of the melt phase
during quenching, was detected. Sintering processes
were discussed: depending on the Ti content, densific-
ation, liquid-phase occurrence and grain growth are
quite different.

Die Lokalisierung und die Entwicklung der Phasen-
bildung beim Sintern sphdrischer Bi-Ti-dotierter
Zinkoxid-Pulver wurden mittels Rontgenbeugung und
Transmissionselek tronenmikroskopie untersucht. Im
abgeschreckten Zustand konnten mehrere sekunddre
Phasen in den Keramiken identifiziert werden. Es
konnte die Existenz einer Phase ermittelt werden, die
in einem weiten Zusammensetzungsbereich und
entweder in amorpher oder in kristalliner Struktur
vorliegt. Diese Phase entsteht durch die Erstarrung
der fliissigen Phase beim Abschrecken. Die einzelnen
Vorginge beim Sintern wurden diskutiert. Ent-
sprechend dem Ti-Gehalt sind das Verdichtungsver-
halten, der Anteil fliissiger Phase und das Kornwach-
stum sehr verschieden.

L'évolution et la localisation des phases lors du
frittage de poudres sphériques d'oxyde de zinc dopées
au Bi et au Ti ont été étudiées par diffraction des

ravons X et par microscopie électronique a trans-
mission. Plusieurs phases minoritaires ont été
identifiées sur les céramiques trempées; une phase,
rencontrée a ['état amorphe et a l'état cristalliseé,
stable dans un large domaine de composition et
provenant de la solidification de la phase liquide lors
de la trempe a été détectée. Les processus de frittage
ont 61é discutés: selon la teneur en titane, la
densification, l'apparition de la phase liquide et le
grossissement des grains sont trés différents.

1 Introduction

Zinc oxide ceramics with small amounts of other
metal oxides exhibit non-ohmic characteristics.! For
low voltage applications, very large grains are
required; such ceramics are made by liquid-phase
sintering. Bismuth oxide is generally added as
melting phase.

Trontelj et al.* have reported that in the micro-
structure of TiO,-containing materials, large grains
(100-200 um) are observed in a matrix of much
smaller grains. They have also shown that the aver-
age grain size increases up to 1 mol% of TiO, and
decreases with larger additions; they inferred that Ti
ions rapidly distribute in the molten Bi,O; phase
and increase the chemical reaction of Bi,O, toward
ZnO particles, thereby accelerating the coarsening of
the microstructure; they identified several minor
phases such as Zn,TiO, spinel, Bi,Ti;O,, and
Bi,0; in these systems.® No solubility of TiO, in
ZnO could be detected in ceramics obtained by
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sintering of ZnO-Bi,0;-TiO, or ZnO-Bi,,TiO,,
mixtures.* Studies on formation reactions of
ceramics prepared by mixing powders of ZnO and
Bi,Ti;O,, led Makovec & Trontelj® to propose a
reaction between these two compounds which
occurs above 1040°C, resulting in a spinel phase
Zn,TiO, and a Bi,0;-rich melt; the addition of
Bi,Ti;O,, enhances grain growth, as in the case
when TiO, and Bi,0; are separately added to the
composition. Kiseleva er al.® detected Zn,Ti;Oy,
Zn,TiO, and Bi,Ti;O,, and have not detected any
reaction between ZnO and Bi,Ti;O,, but only
melting of Bi,Ti;O,, approaching 1200°C; they
inferred a two-step liquid sintering: below 1200°C,
due to Bi,O;, which is retained by gradual reaction
with TiO,, and above 1200°C, by melting of
Bi,Ti;O,,. For Sung & Kim,’ the effect of 0-5 mol%
TiO, added to the system ZnO-Bi,O;—MnO on the
enhancement of grain growth in ceramics sintered
between 900 and 1200°C appeared only in the
sample sintered at 1200°C. Note that all these
previously mentioned studies were conducted on
ceramics prepared by the usual technology (oxide
mixtures).

Doped zinc oxide powders with controlled
morphology obtained by the aqueous coprecipit-
ation method have been prepared in this labora-
tory.® Liquid-phase sintering studies of bismuth—
titanium-doped zinc oxide powders with spherical
morphology have been conducted by dilatometry.®
In systems 1% Bi, y% Ti (% metal atoms), shrinkage
begins at a lower temperature with y =0-6 (825°C)
than with y=1 (950°C), the faster shrink (re-
arrangement stage) being revealed by the derived
curve of relative shrinkage with respect to tempera-
ture occurring respectively at 845°C and 1030°C. The
first composition leads to much larger grains (mean
size 100 um) than the second (mean size 55 um). In
this work, the authors have studied phase evolution
and localization during the densification stage of
sintering, i.e. between 750°C and 1100°C. In this way
the sintering processes of these ceramics have been
analysed in order to explain in particular why the
optimal content of titanium necessary to obtain the
larger grains in the present systems is 0-6%.
Moreover, the sintering processes of bismuth-
titanium-doped zinc oxide powders prepared by
coprecipitation®? are compared with those of oxide
mixtures.® =’

2 Experimental Techniques

2.1 Sample preparation

Powders of doped zinc oxide, prepared by copre-
cipitation and calcination, were made of spherical
grains of mean diameter 5um. Each sphere is

constituted of primary particles of a size ranging
from 50 to 100 nm.®-° The amounts of dope (atomic
percentage of the total amount of metal atoms) were
confirmed by plasma emission spectroscopy. Pow-
ders were mixed with an organic binder and pressed
into disk form (6 mm in diameter, 1-5 mm thick) by
applying a uniaxial pressure of 200 MPa.

Two series of specimens were prepared with the
following atomic percentages of metals atoms:

Series A: 98:4% Zn 06%Ti 1% Bi
Series B: 98:0%Zn 1%Ti 1%Bi

Thermal treatments were performed in atmospheric
air using a tubular furnace. Specimens were heated
at a rate of 7°C/min to the desired temperature
(between 750°C and 1100°C) and then quenched
immediately in salted ice-cold water.

2.2 Characterization

X-Ray diffraction experiments were performed on a
powder automatic diffractometer Siemens with
filtered Co K, radiation (A =0-17 902 nm) collimated
by Solers slit.

For transmission electron microscopy (TEM)
observation and microanalysis, the specimens were
cut with a wire-saw into 100-um slices, then
mechanically ground down to 50 um and finally
thinned by ion-milling. They were observed with a
JEOL 200 CX electron microscope operated at
200kV (TEM-SCAN service of the University Paul
Sabatier, Toulouse, France). Thin film X-ray spec-
troscopy was performed on the same electron
microscope fitted with an energy-dispersive lithium-
drifted silicon detector, a standard STEM attach-
ment and an EDAX spectrum analyser unit. Semi-
quantitative analysis with an accuracy of about
2-3% is available by this technique. The minimum
electron probe diameter was about 10-20 nm. The
oxygen content could not be measured.

Observations by scanning electron microscopy
(SEM) of etched polished ceramics surfaces were
conducted to reveal grain sizes with greater accuracy
than by TEM.

3 Experimental Results

3.1 X-Ray diffraction results

A portion of the X-ray diffraction diagrams are
shown in Fig. 1(a) (series A) and in Fig. 1(b)(series B).
They were performed on ceramics quenched from
750°C, 850°C, 1000°C and 1100°C for samples
belonging to series A, and from 750°C, 900°C,
1030°C and 1100°C for those from series B.
Moreover, in both cases, diagrams of oxide powder,
prepared by calcination of a precursor at 600°C, were
also recorded. Note that 850°C and 1030°C are, for
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Fig. 1. X-Ray diffraction powder patterns. (a) Sample A: initial
oxide powder and ceramic quenched from 750°C, 850°C, 1000°C
and 1100°C; (b) sample B: oxide powder and ceramic quenched
from 750°C, 900°C, 1030°C and 1100°C. (@) f-Bi,O;, (O) y-
Bi,O,, (x) Bi,Ti;O,, (A) 2-Zn,TiO,, (®) unidentified phase.

samples of series A and B, the temperatures of faster
shrinkage as revealed by the previous dilatometric
study.’

It is first worth noting that an X-ray diffraction
pattern for a pure ZnO powder was conducted with
the same apparatus conditions: in addition to the
normal lines of the hexagonal structure, extra lines
appeared. They fit to the diffraction of the Co K,
radiation (4 =0-16 207 nm) by the hexagonal lattice.
Effectively, in spite of the utilization of an appropri-
ate filter (Fe filter in this work), residual K, radiation
can appear.'® These extra lines must be taken into
account, especially the three lines at 26=33-5°
26 =363" and 26 =38-2° in the diagrams (Fig. 1(a)
and (b)).

3.1.1 Series A samples
It is shown that four phases are generally detected

(Fig. 1(a)):

(1)  ZnO (with the above-mentioned extra lines).

(1) p-Bi,05. This bismuth oxide, which has a
quadratic  structure (a = 1-095nm,
¢=0-563nm'"), only appears up to 750°C in
a very small proportion. Note that, at the
same quenching temperature, y-Bi,0; (cubic
centred a=10245nm,"? d,,,=0324nm)
could be present.

(1) Bi,Ti;0,,. This phase has an orthorhombic
structure  (¢=0-5449nm, bH=3-2815nm,
¢=0-5410nm"3), the most intense line being
(117) for 26 =3507°. It is readily apparent
that the Bi,Ti,0,, content is at a maximum
at temperatures close to 850-1000°C.

(iv) An unidentified phase, poorly crystallized. It
appears particularly at the higher quenching
temperatures. The main interplanar dis-
tances corresponding to these phases are
d, =03155+00006nm and d,=02997+
(0-0006 nm, the latter being the most intense.

3.1.2 Series B samples

Four phases are generally present (Fig. 1(b)): ZnO,
Bi,Ti1;0,,, 2-Zn,TiO, and an unidentified phase.
No bismuth oxide is observed, even for the powder
or at low quenching temperatures. The ortho-
rhombic Bi, Ti;O,, is not detected for 1100°C-
quenched samples and the maximal content of this
compound is for 900°C quenching. However, a new
phase is identified: «-Zn,TiO,, with cubic spinel
structure a=0-84 602 nm;'* the most intense lines
(311) (d, =0-2552nm), (220) (d, =0-2995nm) and
(440) (d5 = 0-1495 nm) are clearly visible, particularly
at high temperature. This phase seems to be present
as soon as 750°C is reached and its content increases
with quenching temperature. The unidentified
phase, present only at 1100°C as before, is the same
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as in series A, since the interplanar distances are
similar:  d;, =03155+00006nm, d,=02996+
0-0006 nm, 4, being superposed onto the a-Zn,TiO,
(220) line; this phase could also be present in smaller
quantity at 1030°C (d, = 0-3001 £+ 0-0006 nm) but the
absence of the d; line does not allow that to be
asserted.

3.2 TEM observations

TEM observations have been achieved after quench-
ing at two or three selected characteristic tem-
peratures on each series of samples.

3.2.1 Series A samples
3.2.1.1 Quenched from 900°C. Three phases are
identified by electron diffraction:

(1) ZnO with grain size ranging from 0-2 to 2 um.
Each grain was extremely rich in lattice
defects such as nearly straight or loop
dislocations (Fig. 2) which probably result
from quenching. ZnO was also observed as
amorphous or nanocrystallized zones giving
broad electron diffraction rings.

(i) Bi,Ti;O,, (Fig. 3) was present as plate-like
inclusions 0-5-1 um in length and 0-1-0-3 ym
in width. This compound is clearly identified
by the electron diffraction patterns (Fig. 4). It
is located on ZnO grain boundaries (cf. Figs 2
and 3) with the (001) plane parallel to the
plate axis. High-resolution electron micro-
scopy (HREM) allows the imaging of the
lattice fringes belonging to the (002) planes
(d=1-64nm). As can be seen in Fig. 5, some
stacking faults in the (001) planes are
present in these compounds. The EDX micro-
analysis leads to an atomic ratio Bi/Ti=
1-30 + 0-03 which fits perfectly with the
Bi,Ti;0,, formula but the presence of Zn
atoms in the lattice cannot be excluded.

Fig. 2. Transmission electron micrograph. Bright field sample

A quenched from 900°C. ZnO grains (1) with lattice defects, rods

of Bi,Ti,O;, (2) and 9-Bi,O, grains (3) at multiple grain
junctions.

Fig. 3. Transmission electron micrograph. Bright field sample
A quenched from 900°C. Rod of Bi Ti;O,, and an unidentified
intergranular phase (—).

(ili) Occasional grains of y-Bi,O; (cubic centred
a=10245nm'?). Selected area electron
diffraction pattern areas agree with this
structure (Fig. 6), which forms from the §-
phase by cooling from 800°C according to
the literature.'® This phase was present on
ZnO multiple grain junctions (Fig. 2).
Moreover, note on Fig. 3 the occasional
presence of an intergranular non-identified
phase.

(a)

<~ 008
006
+-004
#000

<131,

L _‘.‘ _
* 1315450
A ..
2112
(b)
Fig. 4. (a) Transmission electron diffraction pattern of a
Bi,Ti,0,, rod. (b) Interpretation. (@) Reflections of Bi, Ti;0,,
oriented with [3T0) parallel to the electron beam. The (002)
forbidden spot is excited by multiple reflection. (A) Reflections
of the ZnO matrix.



Phase evolution during sintering of Bi-Ti-doped zinc¢ oxide 537

Fig. 5. High-resolution clectron micrograph of a Bi,Ti;O,,
rod. The lattice fringes belong to (002) planes (dy, = 1:64 nm).

3.2.1.2 Quenched from 1100°C. Two phases were
mainly observed: ZnO and an unidentified inter-
granular phase (Fig. 7). No B1,Ti;0,, was detected.
The ZnO grains (grain size ranging from 4 to 80 um)
contain the usual lattice defects resulting from
quenching. The amorphous or nanocrystalline state
is also observed in some grains (Fig. 8). The
unidentified phase was analysed and had the
following mean atomic composition (cations only):
Zn: 35-45at.%, Bi: 35-45at.%, Ti: 18-22 at.%. The
crystal structure of this ternary oxide remains

(b)

Fig. 6. (a) Transmission electron diffraction pattern of a ;-

Bi,O, grain. (b) Interpretation. (@) Reflections of ;-Bi,0,

oriented with [1T0] parallel to the electron beam. (A)
Reflections of the ZnO matrix.

Fig. 7. Transmission clectron micrograph. Bright ficld sample
A quenched from 1100 C. ZnO grains with dislocations.

Unidentified intergranular phase (1).

unknown. This compound was generally amorph-
ous, giving only two broad diffraction rings,
corresponding to d, =03004+ 0-010nm and d, =
0-168 + 0-005 nm. Occasionally crystallized grains of
the phase give spot diffraction patterns; the main
interplanar distances measured on these are: 0-380 +
0-009 nm, 0-275 + 0-008 nm and 0-225 + 0-007 nm.

3.2.2 Series B samples

3.2.2.1 Quenched from 900°C. In this sample, two
phases were observed: ZnO grains (grain size
ranging from 0-1 to 15 um) with dislocations and
small rods (length = 0-5-1 um) of Bi,T1,0,, (Fig. 9).
No other intergranular phase was observed. All Bi
and Ti atoms seem to be localized in the Bi,T1;0,,.

3.2.2.2 Quenched from 1030°C. Besides the two
phases already mentioned (ZnO and Bi,Ti;0,,), an
unknown intergranular phase was observed (Fig.
10). ZnO appears both in the crystalline and the
amorphous state. The grain size ranges from 0-5 to
5 um. Numerous lattice defects were present. Some
Bi,Ti;0,, rods (0-1-0-2 um in width, about 1 um in
length), located on ZnO grain boundaries were

Fig. 8. Transmission electron micrograph. Dark field (operative
reflection: part of a ZnO ring) sample A quenched from 1100°C.
Nanocrystallized ZnO (grain size = 10-20 nm).
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Fig. 9. Transmission electron micrograph. Bright field sample B
quenched from 900°C. Grains of ZnO and rods (—) of
Bi,Ti,0,,.

identified both by electron diffraction and microana-
lysis. The unidentified phase is always crystalline but
the authors did not succeed in identifying its crystal
structure. The main interplanar distances were:
0-402 + 0-010 nm, 0-380+0:010nm, 0-315+

0-010nm, 0291+0-:008nm, 0-268 + 0-008 nm,
0-2454+ 0007 nm, 0201 +0-006 nm and 0171 +

0-005nm. This oxide phase has a wide range of
atomic composition: Bi: 45-55at.%, Zn:
20-30at.%, Ti: 20-25 at.%.

3.2.2.3 Quenched from 1100°C. Three phases were
present: ZnQ, the unidentified phase (Fig. 11) and
the spinel cubic phase «-Zn,TiO, (Fig. 12(a) and (b)).
ZnO was always rich in lattice defects and presented
some grains in the amorphous state. The grain size
ranged from 2 to 20 yum. The unknown intergranular
phase was crystalline and had a very wide atomic
composition range (Bi: 35-50at.%, Zn: 45-60 at.%,
Ti: 2-5at.%). It looks as though this phase has the
same structure as in the preceding sample, since
several of the interplanar distances were similar:
0530+ 0015nm, 0-395+0-010nm, 0375+
0-010nm, 0318 +0-009nm, 0-295+ 0-008 nm,
0-280 + 0-:008 nm and 0-185 + 0-006 nm. On multiple

Fig. 10. Transmission electron micrograph. Bright field sample
B quenched from 1030°C. Unidentified intergranular precipitate

(=)

SR TR RS 2, |

Fig. 11. Transmission electron micrograph. Bright field sample
B quenched from 1100°C. Unidentified intergranular phase (1)
forming a wetting layer on a ZnO grain boundary.

grain junctions, submicronic grains either monocry-
stalline (Fig. 12(a)) or nanocrystalline (Fig. 12(b)) were
observed. The main interplanar distances given by
the electron diffraction patterns on nanocrystalline
grains are listed in Table 1, together with the
theoretical lines of «-Zn,TiO,'* and Zn,Ti;04,!*
and with the X-ray powder lines of «-Zn,TiO,
observed in samples B. It is clear that the Zn,Ti;Og
phase is likely to be present in these grains, owing to

(a)

(b)

Fig. 12. Transmission electron micrograph. Bright field sample

B quenched from 1100°C. (a) Monocrystalline grains (—) of

a-Zn,TiO,; (b) nanocrystallized grains of «-Zn,TiO, and
Zn,Ti;04.
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Table 1. Theoretical and observed interplanar distances of 2-Zn,TiO, (cubic spinel « = 0-8402 nm'*)and Zn, Ti, Oy
(cubic a =0-8428 nm'?)

2-Zn,TiO, Zn,TiyO4 A opsorved AN
Lineoretical hki Qheoretical hkl Electron X-Ray
(nm) (nm) diffraction diffraction

— — 0-3441 211 0-340 —
02991 220 0-2980 220 — 02996
0-2551 in 02541 311 0-254 0-2554

- - 0-2253 321 0223 —
01727 422 01721 422 0172 —
0-1496 440 0-1490 440 0-149 01495
0-1430 531 0-1425 531 0-142 —

0-1131 642 0-1126

the experimental evidence of (211) and (321) lines.
However, as these latter lines were not observed by
X-ray powder diffractometry, it can be concluded
that only a few crystallites of Zn, Ti;Og4 were present
in these grains.

Finally, it is noteworthy that EDX microanalysis
on ZnO grains, on both series A and B, did not reveal
the existence of Bi or Ti atoms. Nevertheless, the
detection threshold of these atoms (0-1at.%) is
relatively high. Thus from the quantitative measure-
ments it is not possible to conclude that all the Bi or
Ti atoms are fully localized in the minor phases, and
are not present in the ZnO matrix or at the ZnO
grain boundaries.

4 Discussion

4.1 Phase structures
From the structural point of view, TEM observ-
ations generally confirm the X-ray diffraction results
(cf. Tables 2a and 2b).

Bismuth oxides were observed in the samples of
series A: f-Bi,0;!? (initial powder and after

642 0114 —

quenching at 750°C) and y-Bi, 0, !* (after quenching
at 750°C). These oxides, usually metastable at room
temperature, were probably stabilized by a low
content of Zn and/or Ti atoms, but the accuracy of
the data does not allow the detection of the lattice
constant changes reported in Ref. 16. At 750°C, the
f— 7 transition seems to be favoured. At higher
temperatures, the bismuth oxide was no longer
detected by X-ray diffraction in ceramics A. In fact, a
very small proportion of this oxide is present in the
sample and the Bi-rich melt is badly crystallized after
quenching. However, some occasional grains of y-
Bi,O, located on multiple grain junctions were
observed by TEM at 900°C in ceramics A.

In series B, bismuth oxide was never identified
whatever the quenching temperature, but an overall
content of bismuth oxide lower than the detection
threshold (0-1 mol% Bi,0; for X-ray measure-
ments) cannot be ruled out.

The binary oxide Bi,Ti;O,, is present in all
samples of both series A and B as early as 750°C but
it only acquires a well-crystallized form (narrow X-
ray lines) from 850-900°C. Notice that traces of this
oxide were detected in powder where the overall Ti

Table 2a. Phases detected by X-ray and electron diffraction for series A (Ti = 0-6 at.%)

X-Ray diffraction TEM
Powder f-Bi,0;
750°C f-Bi,O; + 7-Bi,0; + Bi,Ti,0,,
850-900"C Bi,Ti;O,, Bi,Ti,0,, + rare 7-Bi,0;
1000°C Bi,Ti;O,,
1100°C Phase X Phase X

Table 2b. Phases detected by X-ray and electron diffraction for series B (Ti =1 at.%)

X-Ray diffraction TEM
Powder Bi,Ti;O,,
750°C Bi Ti;0,, + 2-Zn,TiO, (traces)
900°C - Bi,Ti;O,, + 2-Zn, TiOQ, (traces) Bi,Ti;0,,
1030°C Bi,Ti;O,, +-Zn,TiO, Bi Ti;O,, + phase X
1100°C 2-Zn,TiO, + phase X 2-Zn,TiO, + Zn,Ti;0y4 (traces) + phase X

Phase X: unidentified phase.
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content is a maximum (series B: 1at.% Ti). The
amount of Bi,Ti;O,, is maximum in the ranges
850-900°C and 1000-1030°C. Only small traces
seem to remain at 1100°C for series A, whereas for
series B no traces were identified at this temperature.
This observation shows that, in both series,
Bi,Ti;0,, decomposes between 900°C and 1100°C.
This decomposition probably occurs around
1030°C, as it is proposed by Makovec & Trontel;j®
who have detected an endothermic peak at this
temperature by differential thermal analysis (DTA)
experiments. In addition, the present results refute
the interpretation of Kiseleva et al.:® they postulated
the melting of Bi,Ti;O,, in similar systems (also
including cobalt, manganese and nickel oxides)
around 1200°C.

These Bi,Ti;0,, grains, having a plate-like shape,
with the (001) plane parallel to the longitudinal axis,
were only observed on the ZnO boundaries. Their
size increases with the ZnO grain size but does not
exceed 03 x 1 um?, That compound was never
identified as an inclusion inside the grains, may be
due to a lower overall Ti content (maximum 1 at.%)
than in the Makovec & Trontelj samples® (minimum
Bi, Ti;O,, content 6%, probably in weight). On the
other hand, it is well known that the preferential
growth of Bi,Ti;O,, crystallites is related to the
high surface energy anisotropy.'’

The Zn,TiO, cubic spinel was only detected by X-
ray diffraction in samples of series B with the richer
overall Ti content (1 at.% Ti), first as traces in the
range 750-900°C, then well crystallized between
1030°C and 1100°C. The maximum of a-Zn,TiO,
amount was observed at this later temperature. This
spinel binary oxide was identified by TEM in
samples quenched from 1100°C, as submicronic
grains located on multiple grain junctions but never
as inclusions inside the grains as reported in Refs 2

and 3; this fact could be due to the lower overall Ti
content. Some nanocrystalline grains seem to have
the Zn, Ti; Oy structure, which has been observed in
similar systems.®

A phase which the authors did not succeed in
identifying was observed in samples quenched from
the highest temperatures. This phase was located on
ZnO grain boundaries and on multiple grain
junctions, sometimes in the amorphous or nanocry-
stalline state (series A, samples quenched from
900-1100°C, or series B, samples quenched from
1030°C), and sometimes in the monocrystalline
state (series B, samples quenched from 1030~
1100°C). This phase probably originates from
solidification during quenching of the liquid phase
which has been recorded in sintering studies.® It can
be inferred from its geometry that an unequal
wetting of the ZnO grains by the liquid phase has
occurred at the quenching temperatures. The
interplanar distances obtained from X-ray or elec-
tron diffraction measurements, and the quantitative
analysis performed on this phase are listed together
in Table 3. Taking into account the accuracy of the
measurements, for samples B, the X-ray and electron
diffraction data are in good agreement. Moreover,
some interplanar distances are found to be identical
for different quenching temperature or in different
series (A or B) samples. This suggests the existence of
a single phase which would be stable over a wide
range of composition. In fact, for samples B, the Ti
content in this phase decreases between 1030°C
(20-25at.%) and 1100°C (2-5at.%) which can be
related to the increase of the «-Zn,TiO, content in
the same temperature range. Below 1100°C, in the
liquid phase of the samples B, a crystallization of «-
Zn,TiO, and/or Zn,Ti;O4 occurs; thus this liquid
phase becomes poorer in Ti and seems to crystallize
better during quenching (series B quenched from

Table 3. Interplanar distances of the unidentified intergranular phase (ternary oxide)

A (1100°C) B (1030°C) B (1100°C)
X-Ray TEM X-Ray TEM X-Ray TEM
Ay — — — — 0-530
— — 0-402 — 0-395
— 0-380 0-380 — 0-375
0-3155 — — 0-315 0-3155 0-318
0-2997 — 0-3001 0-291 0-2996 0-295
0-2742¢ 0-275 - — 0-2739° 0-280
0-2718° — — 0-268 — —
— — — 0-245 — —
— 0-225 — — — —
— — — 0-201 — —
_ — — — — 0-185
— — 0171 — —
at.% Zn: 35-45 Zn: 20-30 Zn: 45-60
Bi: 3545 Bi: 45-55 Bi: 35-50
Ti: 18-22 Ti: 20-25 Ti: 2-5

“ Additional X-ray data obtained by powder diffractometry with monochromatized Cuk,.
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1100°C) than the Ti-richer phase (series A quenched
from 1100°C): the Ti atoms seem to play the part of
crystallization inhibitors.

4.2 Sintering processes

From these structural results, it is possible to
consider shrinkage phenomena and grain growth as
a function of overall Ti content. The dilatometric
curves previously obtained for both series of
samples® are reported in Fig. 13(a) and (b). The
occurrence of the liquid phase in the samples will be
discussed first, then the grain growth.

4.2.1 Liquid phase occurrence

[n the samples B, only a Bi,0; amount lower than
0-1 mol% was present, most of the Bi atoms being
combined with Ti atoms as Bi,Ti;O,, binary oxide.
The Ti atom excess in the ceramic with respect to the
stoichiometry of this oxide is explained by the
presence of a-Zn,TiO, traces in the initial powder
and in the sample quenched from 750°C. Owing to
either the lack or the very small amount of Bi,O,
present, only a very small quantity of liquid phase
can appear between 700 and 950°C. In fact, during
the sintering study of Bi-doped ZnO powders, it has
been shown® that, with 0-2at.% Bi, a liquid phase
occurs only above 950°C. Ceramics B undergo a
shrinkage that begins about 950°C and its rate is at a
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Fig. 13. Dilatometric curves:® dimension changes AL/Lg (--- -~ )

and the derived curve d(AL/Ly)/dT ( ) as a function
of temperature during sintering of samples. (a) Sample A, (b)
sample B.

maximum at 1030°C (Fig. 13(b)). A quantity of the
liquid phase, sufficient to allow a rearrangement to
occur, therefore appeared in the sample in this
temperature range. Most of the liquid phase
probably originates from the reaction proposed by
Makovec & Trontelj,” in agreement with the present
microstructural observations:

6Zn0 o4y + Bi4Ti3012}soud) _
— 3Zn, TiOyp1q) + 2B1,05quia) (1)

However, in the present experiments, liquid Bi,0;
was not observed, but rather a bismuth oxide-rich
liquid phase, also containing Zn and Ti atoms (Table
3). This liquid oxide becomes poorer in Ti atoms
between 1030 and 1100°C. This reaction therefore
seems to occur in two stages:

900 1030 C

Zn0O + Bi,T1;0,,
(Ti-rich Bi, Ti, Zn-melt oxide)

+xZn,Ti0, (2a)
(Ti-rich Bi, Ti, Zn-melt oxidey 1321120 €,
(Ti-poor Bi, Ti, Zn-melt oxide)
+ yZn,TiO, (2b)

Reaction (1) was detected by DTA experiments
around 1030°C,> whereas in the present case
shrinkage begins at 950°C. Two hypotheses could
explain this result:

(1) Reaction (2a) begins about 950°C and
continues with very slow kinetics until
1030°C, progressively releasing the liquid
phase.

(1) Reaction (2b) occurs around 1030°C and
Bi,0; traces (content <0-1 mol%) are respon-
sible for the shrinkage beginning.

Only DTA experiments, performed on the present
samples, would be conclusive.

The hypothesis of a shrinkage beginning due to
bulk diffusion in the solid phase has been ruled out
because of the rapid kinetics of the phenomenon.
Moreover, these bulk diffusions generally begin at
much lower temperatures about 700°C in undoped
ZnO or Bi-doped ZnO powders.®

Samples A contained a small amount of Bi,O, but
sufficient to create a liquid phase activating the
rearrangement after about 800°C (Fig. 13(a)). The
Bi, Ti;0,, decomposition then occurs between
950°C and 1100°C, releasing a supplementary
amount of liquid phase. However, no binary Zn and
Ti oxide was detected at 1000 or 1100°C. Up to
1100°C, the mechanism for this composition can
only be described by reaction (3):
ZnOyq1ig+ Biy Tiz0, 501)+(Bi-rich melty 222- 1190 €,

(Ti-rich Bi, Ti, Zn-melt oxide) (3)
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4.2.2 Grain growth

At 900°C, ceramics B were still very porous.
Numerous pores were observed by scanning electron
microscopy (SEM) and shrinkage was not achieved
(Fig. 13(b)). From SEM images, it was noted that the
grain size (0-1-1-5 um) was higher than that of the
primary particles of the initial powder (<0-1 um).
Grain growth has then occurred without shrinkage;
the corresponding mechanism is probably surface
diffusion in the solid phase. At 1100°C, shrinkage is
very advanced and the grain size of the ceramics B
ranges from 2 to 20 um.

No systematic study of the ZnO grain boundary
wetting by the liquid phase has been performed in
the present experiments. However, it is well known
that wetting varies with grain boundary surface
energies, which are functions of the grain orient-
ations.'® On the other hand, wetting is marked when
the liquid phase composition is close to that of the
solid phase,'? i.e. in the present case, when the Zn
content increases in the liquid phase.2° The authors
have effectively found a significant amount of wetted
grain boundary in the samples quenched from
1100°C (Figs 7 and 11), which corresponds to the
highest Zn content in the liquid phase (Table 3), that
is 3545 at.% for series A and 45-60at.% for series
B.

In Fig. 11, the intergranular phase is clearly visible
as the grain boundary plane is parallel to the
electron beam direction. The width of this phase is
regular and equal to 25 nm. The growth of the larger
grain (A), revealing a concave surface, must be
carried out to the detriment of the smaller grain (B)
which presents a convex surface by a dissolution—
precipitation mechanism.?! A concentration gra-
dient would therefore exist in the liquid phase, which
could be determined by EDX nanoanalysis with a
sufficiently narrow electron probe (1 nm). Quantita-
tive analysis, performed with a larger probe
(10-20nm in diameter) on intergranular phases
located on multiple grain junctions and having a
greater size (0-5-1 um) has not allowed evidence of a
significant concentration gradient to be found.

For ceramics A, at 900°C, the grain size ranges
from 0-2 to 2 um and reaches 4-80 um at 1100°C, i.e.
the grain sizes are much greater than those of
ceramics B (2-20 um) at the same temperature. At
1100°C, the grains of ceramics B therefore show an
important growth delay with respect to those of
ceramics A. The more rapid growth in ceramics A
could be explained by the releasing of a supplemen-
tary amount of liquid phase during the decompo-
sition of Bi, Ti;0,,. The decomposition occurs in an
already densified ceramic (Fig. 13(a)), i.e. presenting
a very important grain boundary surface, and
compensates for the liquid deficiency due to
evaporation of the small initial amount of Bi-rich

melt between 800°C and 1000°C. This more
developed grain growth also increases the number of
grain boundaries which are wetted by the liquid
phase.

In contrast, in ceramics B, the liquid phase
resulting from the Bi,Ti;O,, decomposition is
released in a very porous ceramic and widely
contributes to its densification and simultaneously
undergoes a significant evaporation so that growth
mechanisms are delayed.

It has also been assumed that Ti atoms favour the
reactivity of the liquid phase towards the ZnO
grains.® Without being able to confirm the validity of
this assumption, it can only be said that, with a
higher overall Ti content (1 at.% Ti in series B), the
liquid phase is poorer in Ti at 1100°C (2-5 at.%) than
in series A (0-6 at.% Ti) where the liquid phase has a
content of 18-22 at.%. However, at this temperature
(1100°C), the Ti-poorest liquid phase is always richer
in Zn (45-60at.% Zn in samples B and 35-45at.%
Zn in samples A). Only a more detailed study,
including a fine analysis of the intergranular phases,
would allow a better understanding of this problem.

After a complete cycle of thermal treatment with a
6-h annealing at 1250°C, the grain size of ceramic A
(mean size 100 um) is nearly twice that of ceramics
B.° It is then likely that the high Ti content in the
liquid phase at 1100°C in ceramics A favours the
dissolution—precipitation mechanism  kinetics.
These rapid kinetics are obtained with a reduced
overall Ti content (0-6at.% Ti), which avoids «-
Zn,TiO, crystallization and Ti impoverishment of
the liquid phase. On the other hand, it is possible that
the «-Zn,TiO, spinel observed on multiple grain
junctions is an inhibitor of grain growth.

5 Conclusion

Many minor phases have been identified in Bi-Ti-
doped ZnO ceramics quenched during sintering
between 750 and 1100°C: - and y-Bi,0;, plate-like
grains of Bi,Ti;O,,, submicronic grains of a-
Zn,TiO, spinel and Zn,Ti;Og. An unidentified
phase, either amorphous or crystalline, originating
from solidification of the melt phase, is stable over a
wide range of composition. No minor phases were
located within ZnO grains.

Contrary to published results relating to ceramics
prepared by oxide mixture, the authors have found
sintering processes are different for Bi-Ti-doped
ZnO according to Ti content:

—With the greater Ti content (equal to Bi
content), all Bi is initially combined with Ti in
Bi,Ti;O,, between 950 and 100°C, releasing a
melt phase, thus allowing shrinkage only after
950°C; this shrinkage delay leads to a grain
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growth delay. Moreover, Ti content in the melt
phase decreases between 1000°C and 1100°C
because of the «-Zn,TiO, crystallization.

—With the lower Ti content, Bi,O; quantity is
sufficient to create a melt phase and thus to
allow shrinkage as soon as 800°C is reached.
The supplementary amount of liquid released
by Bi,Ti;0,, decomposition enhances the
wetted grain boundary surface and thus grain
growth. Because no «-Zn,TiO, crystallization
occurs, the melt phase remains Ti-rich and thus
could also enhance grain growth.
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