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Precipitation processes in two titanium-doped aluminas (0.14 and 0.60 cation % titanium) 
have been examined using a variety of analytical electron microscopy techniques. The 
results strongly suggest that, for an ageing temperature of 1573 K, rutile is the only 
precipitate formed in the 0.14 cation % titanium material. However, evidence for the 
precipitation of both rutile and/3-AI2TiO s (the latter at triple junctions) was obtained in 
the 0.60 cation % titanium sample. 

1. Introduction 
The interest in the nature and distribution of 
second phase precipitates in polycrystalline 
alumina stems from the suggestion that Ti3+-doped 
polycrystalline alumina should exhibit general 
plasticity, by a process of dislocation flow, at 
temperatures above 1700 ~ C. The suggestion 
follows from the observation that Ti 3+ softens 
the secondary slip systems while hardening the 
primary (basal) slip system [1-3] .  Ageing studies 
of highly strained Ti3+-doped single crystals 
subsequently oxidized to Ti 4+ in the solution 
treatment temperature range, have shown that 
rutile nucleates and grows preferentially on dis- 
locations, resulting in a high density of small 
precipitates, increasing both hardness and tough- 
ness relative to material which was not deformed 
to ageing [4, 5]. These results suggest that thermo- 
mechanically treated Ti3+-doped polycrystalline 
alumina may demonstrate superior mechanical 
properties by promoting intragranular precipita- 
tion of rutile, thereby reducing the propensity for 
intergranular precipitation (and in particular of 
13-A12TiOs). 

Previous studies have shown that intragranular 
precipitates in star sapphire (Ti4+-doped single 
crystal alumina) exhibit a needle-like morphology 
and lie in the basal plane parallel to the (10 TO) 
directions [6]. In addition, Phillips et al. [7] deter- 
mined that these precipitates were rutile and re- 
ported as well a spherical precipitate phase pro- 
posed to be ~3-A12TiOs [6]. Clarke et al. [8] also 
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observed needle-like intragranular precipitates in 
Ti4+-doped potycrystalline alumina but found that 
intergranular precipitation of 13-A12TiOs (particu- 
larly at triple junctions) always preceded intra- 
granular precipitation. In view of the fact that the 
above studies, particularly those of polycrystalline 
alumina, employed light microscopy and X-ray 
diffraction to detect the second phase precipitates, 
the present investigation is concerned with an 
examination of the early stage of precipitation in 
Ti4+-doped polycrystalline alumina using analytical 
electron microscopy techniques. 

2. Experimental procedures 
Details of the specimen materials, together with 
their heat treatment schedule are given in Table I. 
The titanium content of material A is close to that 
of the single crystals examined in earlier studies 
[4], while material B contained a higher percen- 
tage of titanium (in order to increase the volume 
fraction of the precipitate phase). Both materials 
were fired at very low oxygen pressures, Po~ (mon- 
itored with a carefully calibrated oxygen sensor 
on the inlet and outlet ports of a graphite resist- 
ance furnace) in order to provide a very high Ti 3+ 
to Ti 4+ ratio in the starting materials. After this 
treatment the samples exhibited a characteristic 
dark ruby colour indicative of a high Ti 3+ content 
in solution in A1203. Material A was deformed to 

5.3% apparent permanent strain in compression 
at 1700 ~ C at a very low Po2 in order to attempt to 
generate a high dislocation density. Both materials 
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T A B L E I Composition and heat treatment history of the two materials investigated 

Material A Material B 

0.14 cation % Ti as Ti203 in Linde A A1203 
Vacuum hot-pressed, 1600 ~ C, 15 min 
Reduced PO2 < 10 -20 atm, 1700 ~ C, 2 h 
Deformed 5.3% permanent strain, 1700 ~ C, PO2 < 10-Is atm 
Oxidized air, 1600 ~ C, 24 h 
Aged* air, 1300 ~ C, 17 h 

0.60 cation % Ti as TiO2 (futile) in Linde A A1203 
Pre-sintered air, 1400 ~ C, 24 h 
Reduced PO2 < 10-2~ atm, 1800 ~ C, 6 h 

Oxidized air, 1600 ~ C, 24 h 
Aged* air, 1300 ~ C, 13 days 

*Ageing times correspond to optimum times (maxima in microhardness against ageing time curve [4]) for deformed 
and undeformed sapphire filaments. 

were then oxidized at 1600~ to convert  Ti 3+ to 

Ti 4+ in solution since bo th  composi t ions  are well 
wi thin  the solubil i ty limit o f  Ti 4§ in A1203 at 
1600~  [9]. The ageing t rea tments  at 1300~  
correspond to the  heterogeneous and general 
nuclea t ion  microhardness maxima,  respectively, in 

the ageing curves for single crystals [4]. 

Thin  foils for t ransmission electron microscopy 
(TEM) examina t ion  were prepared by  mechanical  

grinding and polishing followed by  argon ion mill- 
ing in a commercial  ion-beam thinner .  The samples 
were carbon coated prior to examinat ion  in either 
a Philips EM300 TEM operat ing at 100kV or in a 

Philips EM400 TEM/STEM operating at 120kV.  

Figure I Bright-field electron micrograph of material B. Precipitation is observed within the matrix, on grain boundaries 
and at the triple junction. Note the precipitate-free zones adjacent to aU the boundaries. 
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Figure 2 Examples of futile precipitates within the matrix 
and on sub-boundaries in material A. The precipitates 
exhibit a characteristic needleqike morphology. 

3. Results 
Fig. 1 is a transmission electron micrograph of  
material B and serves to illustrate the major 
features characteristic o f  both  materials in the 
aged condition.  Precipitation is observed at the 
triple junctions,  on grain boundaries and within 
the matr ix;  the latter being rod- or needle-like. It 
is also interesting to note that  a precipitate-free 
zone is observed in the vicinity o f  the grain bound- 
aries*. 

In the low cation % ti tanium material, the 
results were consistent with earlier findings [6, 7] 
in that the precipitates were needle-like and 
oriented in specific crystallographic directions. 
Figs. 2a and b are examples of  rutile precipitates, 
both  on isolated dislocations and on sub-bound- 
aries. Sub-boundaries were frequently observed 
and may r e s u l t f r o m  polygonization during the 
ageing treatment.  

The more highly doped specimen material (B), 
showed a wider variety o f  precipitate morpholo- 
gies than material A, precipitation at triple junc- 
tions occurred more frequently,  and the precipi- 
tates were, in general, larger. Figs. 3a and b are 
dark-field images o f  one particular region illus- 
trating a large-triple junct ion precipitate (Fig. 3a) 
together with intragranular needle-like precipitates 
and a faceted precipitate which is associated with 
an intragranular pore (Fig. 3b). Diffraction analy- 
sis of  the triple point precipitate showed that it 
corresponded to the ~-A12TiOs structure and Fig. 

*An approximate diffusivity for titanium can be calculated from the relationship 1.5L = (Dt) 1/~. Taking L = 1.9 X 
1 0  . 4  c m  and t = 1.1 X 106 sec, gives an effective diffusivity of D = 1.8 X 10 -I4 cm 2 sec -I which is in good agreement 
with that determined by Nagai et al. [101 for titanium diffusion in sapphire at 1300 ~ C. 
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Figure 3 Centred dark-field micrographs of 
material B using a common 223 ~-A12TiOs/ 
002 rutile reflection. The large #-A12TiOs 
precipitate (Fig. 3a) is located at a triple 
junction while rutile precipitates (Fig. 3b) 
are observed in the matrix and in association 
with an intragranular pore (the latter exhi- 
biting a faceted morphology. A convergent 
beam diffraction pattern from the precipi- 
tate shown in Fig. 3a is given in Fig. 3c. 

3c is a convergent beam electron diffraction 
(CBED) pattern of  this particular precipitate 
(beam direction: [11 2]/~-A12TiOs). In contrast, 
precipitates associated with the intragranular 
pores could, in general, be indexed in terms of 
the rutile structure. Fig. 4a is a centred dark-field 
image of one such precipitate and Fig. 4b is the 
energy dispersive X-ray spectrum from this preci- 
pitate. The presence of  only one cation (i.e. 
t i tanium) is consistent with the diffraction analysis 
that the precipitate is rutile (the small copper peak 
observed in the spectrum of Fig. 4b originates 
from the support grid). 

For both materials, the grain boundary precipi- 
tates were, in general, rod-like and frequently 
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twinned. Fig. 5 shows a bright-field micrograph of 
a twinned rutile precipitate together with the 
centred dark-field micrographs of the twinned 
regions. The X-ray spectrum from the precipitate 
contained a strong titanium peak together with a 
very weak aluminium peak. The aluminium peak 
most probably arises from interaction between the 
electron probe and the aluminium-rich matrix. 

4. Results and conclusions 
In summary, futile appears to be the only precipi- 
tate phase formed in the 0.14 cation % titanium 
material after ageing for 17h at 1300~ while 
both rutile and I~-A12TiO5 (the latter at triple 
junctions) was observed in the 0.6 cat ion% 



Figure 4 (a) Centred dark-field 
micrograph of a precipitate in 
assodiation with an intragranular 
pore. (b) The energy dispersive 
X-ray spectrum for the precipi- 
tate shown in Fig. 4a. The pre- 
sence of titanium as the only 
significant cation shows that the 
precipitate is rutile. 

titanium material after ageing for 13 days at 
1300 ~ C. These results can be interpreted in two 
ways. 

1. A12TiOs is not stable at 1300 ~ C in material 
A; 

2. A12TiOs is a stable phase at 1300~ in 
material A and will precipitate after prolonged 
holding at 1300 ~ C. 

If  AI2TiOs is not stable at 1300 ~ C, its presence 
in material B could be a reflection of  the fabrica- 
tion process, most likely the 1400 ~ C pre-sintering 
treatment in air (material A was synthesized from 
Ti 3+ and was fired at very low Po2'S). If this inter- 
pretation is correct, then the phase diagram of 
Lejus et  al. [i 1] would require alteration to show 
A12TiOs with a lower stability limit above 1300 ~ C 
instead of  ~ 1150 ~ C. The results of  Clarke et  aI. 

[8] (who invariably found Al~TiOs precipitation 
preceding nucleation of  rutile) could then be ex- 
plained in terms of  a "relic" of  the fabrication 
route employed prior to ageing. 

The second hypothesis, that A12TiOs will form 
at longer ageing times than material A experienced, 
is consistent with the fact that the energy of the 
AI2TiOs/A1203 interface is likely to be higher than 
the energy of the TiO2/A1203 interface. Hence, it 
is to be expected that the incubation time for the 
onset of  the A12TiOs reaction would be longer 
than that required for the nucleation of rutile. 
This reasoning is also consistent with the obser- 
vation that A12TiOs is only formed at triple junc- 
tions in material B. 

Clearly, further work is necessary to resolve the 
uncertainties in interpretation. However, if the 
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Figure 5 Bright-field and dark-field images of an internally twinned grain boundary futile precipitate. 

former case is the accurate picture, there is a very 

good possibility of  precipitation hardening and 

toughening titanium-doped polycrystalline 

alumina, as found for titanium-doped sapphire; 

provided the starting materials are carefully chosen 

and the firing is performed at very low Po2'S in 

order to retain titanium in the 3+ state and in 

solution in the alumina prior to the oxidation and 

ageing heat treatments. 

Acknowledgements 
The authors acknowledge the support of  NSF- 

DMR and the assistance of B. J. Busovne Jr and 

G. T. Jones with sample preparation. 

References 
1. D.M. KOTCHICK, PhD thesis, The Pennsylvania 

State University (1978). 
2. D.M. KOTCHICK and R.E. TRESSLER, Phys. 

Status Solidi {a) 63 (1980) 429. 

3. B.J. PLETKA, T. E. MITCHELL and A. H. HEUER, 
ibid. 39 (1977) 301. 

4. B.J. BUSOVNE, D.M. KOTCHICK and R.E. 
TRESSLER, Phil. Mag. A 39 (1979) 265. 

5. B.J. BUSOVNE and R.E. TRESSLER, Cornrnun. 
Amer. Ceram. Soe. submitted. 

6. B.J. PLETKA, T. E. MITCHELL and A. H. HEUER, 
"Mechanical Behavior of Materials" (Kyoto: Society 
of Materials Science, Kyoto, Japan, 1972) p. 413. 

7. D.S. PHILLIPS, A. H. HEUER and T. E. MITCHELL, 
Phil. Mag. A 42 (1980) 385. 

8. T.M. CLARKE, D. LYNN JOHNSON and M.E. 
FINE, J. Amer. Ceram. Soe. 51 (1970) 419. 

9. S.K. ROY and R. L. COBLE, ibid. 51 (1968) 1. 
10. T. NAGAI, K. WASA and S. HAYAKAWA, J. Mater. 

Sei. 11 (1976) 1509. 
11. A.M. LEJUS, D. GOLDBERG and A. REVCOLEV- 

SCHI, "Phase Diagrams for Ceramists, 1975 Ed.", 
(The American Ceramic Society, Columbus, Ohio, 
1975). 

Received 26 January 
and accepted 15 February 1983 

2776 


