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Abstract: The solubility of Al,O3-Ti,O3 is determined with X-ray diffraction
analysis. On the basis of the solubility data, the precipitation from supersaturated
Al,03-3mol%Ti,O; solid solutions is examined. The precipitation is strongly
dependent on ageing atmosphere. Coarse precipitates of Ti,O3 are formed in
matrix after ageing at 1100°C in a reduced atmosphere of Ar—5%H,. In contrast,
intragranular nanoprecipitates of 20~80 nm in size are generated during ageing in
air at 1100°C along with fairly large grain boundary precipitates of TiO, with a
rutile structure. The nanoprecipitates have an ordered corundum structure, and
are coherent with a-Al,O3; matrix. Nanoprecipitation must occur in Al,O3—Ti,O3
by oxidation probably due to the very limited solubility of Ti*" ions in a-Al,Os
in comparison with Ti** ions. © 1998 Elsevier Science Limited and Techna
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1 INTRODUCTION

It is well-known that ceramic nanocomposites have
excellent mechanical properties such as hardness,
strength, fracture toughness at room temperature.
One of the most famous processes is to produce
Si3N4/SiC  nanocomposites from amorphous
Si-N-C powders prepared with CVD method.!
Nanocomposites are also fabricated by conven-
tional sintering.' An example of such composites
is Al,053-10vol%SiC, in which SiC particles with a
size of 80 nm are embedded in Al,O; grains with
about 1 pum in size due to Al,Oj3 grain growth dur-
ing sintering.? It is also possible to get nano-
composites by annealing in a reduced
atmosphere.*”’ In Al,O3-Cr,O3, for example, Cr
precipitates are formed during annealing in a
reduced atmosphere because Cr is almost insoluble
in ALO; in contrast with Cr,O3.°> The atmo-
sphere control technique must be effective to form
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nanoprecipitates in alumina—titania because the
solubility of TiO, in Al,O3; is much smaller than
that of Ti203.8’9

This paper aims to report the nanoprecipitation
from Al,O3-3mol%Ti,O3 solid solutions after
ageing at 1100°C in an oxidised atmosphere.

2 EXPERIMENTAL PROCEDURE

High-purity commercial ALO; powders
(>99.99%: Taimei chemicals-TM-DAR) and
Ti,O5 powders (>99.9%: rare-metallic) were used
for starting materials. Al,O; powders containing
up to Smol% Ti,O3 were mixed in a ball mill for
24 h using Al,Oj3 ball and ethanol. They were dried
in an oven, crushed into powders to pass through
250 um seive and then uniaxially compacted into
SmmxS5Smmx20mm in size under a pressure of
40 MPa. The green compacts were further cold-
isostatically pressed at 125 MPa. They were sin-
tered at a temperature between 1300 and 1700-C
for 2h in a reduced atmosphere of Ar—5%H, gas
flow at 1 atm using a halogen lamp image furnace
(Shinkuriko, MIRO). Temperature was controlled
within an accuracy of +1°C. Heat treatment was
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made at 1100°C in a reduced or oxidised atmo-
sphere. Samples for heat treatment were sliced into
plates with about 260 um thickness using diamond
saw. Phase determination and lattice constant
measurements were made with X-ray diffraction
(XRD) analysis using Mac Science-MXP18 oper-
ated at 40 mA and 200kV with a Ni-filtered Cu-Ka
radiation. Calibration was made using high-purity
Si standard powders, and lattice constants were
estimated from least-square method employing
(13410}, {30312}, (20214}, {1456}, {11215},
{40410} reflections of o-alumina. Disc samples
were polished into 10-50 um thickness, and then
ion-milled to get thin foils for electron microscopy
on a liquid nitrogen-cooled stage so as to inhibit
specimen damage. They were examined with
transmission electron microscopy TEM: HITA-
CHI, H800) or with . high-resolution electron
microscopy (HITACHI, H9000NAR attached with
EDS spectrometer).

3 RESULTS AND DISCUSSION

Figure 1 is the XRD profiles in Al,O3—3 mol%-
Ti,03. The peaks from «-Al,O3 and from Ti,O3
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Fig. 1. XRD profiles of Al,03-3mol%Ti,Os3; (a) raw powders,

(b) the sample sintered at 1600°C for 2h in Ar-5%H,, (c) the

sample aged at 1100°C for 24h in Ar— 5%H,, and (d) the
sample aged at 1100°C for 24 h in air.
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with a corundum structure appear in the profile of
raw powders (Fig. 1(a)), but the peaks from Ti,O3
almost completely disappear and only o-Al,O3
peaks are observed in the sample sintered at
1600°C for 2h in a reduced atmosphere of Ar-
5%H, (Fig. 1(b)). The peaks from «-Al,O3 in the
sintered sample slightly shift towards low 20
angles. Ti,O3 must be in solution in Al,O3 with a
corundum structure, and the lattice constant of
corundum structure becomes larger. As in Fig. 1(c),
the sample aged at 1100°C for 24h in a reduced
atmosphere of Ar—5%H, exhibits the weak peaks
from Ti,O3 along with the major peaks from ao-
Al,O3. This is a result of precipitation of Ti,O3
during ageing. In contrast, the peaks from TiO,
with rutile structure are observed as well as the
major a-Al,O3 peaks in the sample aged at 1100°C
for 24h in air (Fig. 1(d)). The precipitation is
influenced by ageing atmosphere.

Figure 2 shows the unit cell volume of corundum
structure estimated from the peaks of «-Al,O5 as a
function of Ti,O; content. The temperatures
shown in Fig. 2 are the heating temperatures. From
the data of Fig. 2, the solubility of Ti,O3 in Al,O;
is determined to be 1.3, 2.0, 3.0, and 3.7mol% at
1400, 1500, 1600 and 1700°C, respectively. The
solubility limit is plotted in Fig. 3 together with the
previous data.® The present data exhibit larger
solubility than the previous ones.

Figure 4 is the electron micrographs of Al,O;—
3mol%Ti,O3. The micrograph of Fig. 4(a) is
obtained in the sample sintered at 1600°C for 2h in
Ar-5%H, atmosphere, in which no precipitates are
found. Ti,O; must be dissolved into o-Al,O3
matrix during sintering at 1600°C. This fact means
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Fig. 2. The unit cell volume of corundum structure in Al,O3—

Ti,O3 as a function of Ti,O3 content. The data are obtained

in samples annealed at four temperatures between 1400 and
1700°C.
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Fig. 3. The solubility limit of Ti,O3 in a-Al,O3. The solubility
data reported by McKee Jr and Aleshin® are also shown for
comparison.

Fig. 4. TEM micrographs of Al,05-3 mol%Ti,Os3; (a) sintered

at 1600°C for 2h, (b) aged at 1100°C for 24h in Ar-5%H,,

and (c) aged at 1100°C for 24 h in air. The bars in the micro-
graphs represent 500 nm.
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that the solubility of Ti,O; in «-Al,O;5 is larger
than 3mol% at 1600°C. The result is in agreement
with our solubility data rather than the previous
ones.” A low density of coarse precipitates with a
size of about 500 nm are formed in the sample aged
at 1100°C for 24h in Ar—5%H, atmosphere as in
Fig. 4(b). They are Ti,O5 precipitates formed dur-
ing ageing. On the other hand, the sample aged at
1100°C for 24h in air has a high density of pre-
cipitates with a size of 20~80um inside grains
together with coarse grain boundary precipitates
(Fig. 4(c)). The coarse grain boundary precipitates
are TiO, with a rutile structure, while nanopreci-
pitates in matrix are not TiO, but have a crystal
structure similar to o-Al,O5; as will be discussed
later. The size and density of nanoprecipitates
change little after prolonged ageing up to 200 h at
1100°C in air. The nanoprecipitates are very stable
even at high temperatures.

Figure 5 shows the bright-field and dark-field
images of nanoprecipitates in Al;Os;—-3 mol% Ti,O;
aged at 1100°C for 24h in air. Since the pre-
cipitates exhibit a variety of contrasts, it is not
possible to make clear their structural details but
several interesting features are revealed in Fig. 5.
The nanoprecipitates seem to develop in three
directions in Fig. 5(a). From the trace analysis of
the precipitates, the habit plane is determined to be
{1014} of alumina matrix. Two sets of the pre-
cipitates are brightly imaged in Fig. 5(b) and (c),
which are taken with the reflections of b and c in
Fig. 5(d), respectively. The extra spots from the
precipitates accompany the streaks normal to the
habit planes. They are not indexed from rutile
structure, but from an ordered corundum struc-
ture. Titanium ions may be ordered in the pre-
cipitates.

A nanoprecipitate is taken with a higher magni-
fication in Fig. 6. The precipitate is coherent with
matrix, and accompanies the {1014} fault planes
(Fig. 6(a)). Figure 6(b) and (c) are the results of
TEM-EDS analysis in matrix and the precipitate,
respectively. Titanium peaks appear only from the
precipitates, not from the matrix. The nanopreci-
pitates with an ordered corundum structure must
be a metastable phase. However, they are very
stable, and do not grow rapidly during high-tem-
perature ageing. The growth rate is different
between Ti,Oj3 precipitates and the nanoprecipi-
tates. The stability of nanoprecipitates may arise
from the fact that titanium ions in the precipitates
are tetravalent, because the solubility of Ti*" is
extremely small in a-Al,O3,” and the diffusional
growth of precipitates is dependent on the solubi-
lity of relevant ions.!®!" However, it should be
noted that the oxidation of titanium ions from
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Fig. 5. TEM micrographs of Al,O3-3 mol%Ti,O5 aged at 1100°C for 24 h; (a) is the bright-field image, (b) and (c) are the dark-
field images taken in the same area using the spots of b and c in the diffraction pattern of (d).
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Fig. 6. A high-resolution electron micrograph of a nanoprecipitate in Al,O3-3 mol%Ti,O3 aged at 1100°C for 24h (a) and the
EDS profiles taken from matrix (b) and the precipitate (c), respectively. The probe diameter used for the EDS analysis is 10 nm.
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trivalent to tetravalent state is not affected by dif-
fusive flux of Ti*" ions, which is very limited in «-
Al,O5; as mentioned before. Oxidation will take
place by producing either aluminum vacancy VA"
or interstitial oxygen O;”. Judging from the defect
formation energy,’ V" will more easily be formed
than O;”. Since the vacancy diffusion is expected to
occurs much rapidly than the lattice diffusion of
A" or O* ions, the oxidation will be induced
fairly rapidly during ageing in oxidised atmo-
sphere.

4 CONCLUSIONS

The solubility limit of Ti,03 in Al,Oj3 is determined
to be 1.3, 2.0, 3.0 and 3.7mol% at 1400, 1500,
1600, 1700°C, respectively. The result is consistent
with the microstructure change after heat treat-
ment in A120373 mOl%Ti203. A1203*3 mol%
Ti,O3 sintered at 1600°C for 2h in a reduced
atmosphere of Ar-5%H, is single-phase solid
solutions with corundum structure. After ageing at
1100°C for 24h in the same reduced atmosphere,
coarse Ti,O3 precipitates with an average size of
about 500nm are formed inside grains due to the
reduction in solubility of Ti** ions with tempera-
ture decrease. In contrast, a high density of nano-
precipitates with a size of 20~80 nm are formed
after ageing at 1100°C for 24h in an oxidised
atmosphere. They are not an equilibrium phase of
TiO, with rutile structure but are metastable pre-
cipitates, which are fully coherent with «-Al,O3
matrix. The nanoprecipitation is expected to occur
by valency change of titanium ions from trivalent
to tetravalent during oxidation, and their thermal
stability is related to a very limited solubility of
Ti** ions in a-Al,Os.
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