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Abstract
The sintering behavior of doped ␥-alumina powders studied by dilatometry and electron microscopy is analysed with a particular emphasis
on the role of titanium on the various densification steps. Compared with other doping elements, such as Mg, Y and Zr, which do not improve
␣-phase densification, titanium enhances this densification step by a fast decrease of internal colony porosity. This internal densification of
single crystalline zones is attributed to the lengthening of the elementary bricks in titanium-doped samples. A transient increase in densification
rate is also observed, corresponding to the precipitation when during grain growth, grain boundaries become saturated with titanium. Final
densities close to the theoretical values are obtained.
© 2005 Elsevier Ltd. All rights reserved.
Keywords: Sintering; Al2 O3 ; Doping elements; Microstructure; Electron microscopy

1. Introduction
In recent years, there has been an increasing interest in
the synthesis of nanocrystalline metal oxides. In particular,
nanocrystalline aluminas could be of interest for technological applications for their electronic and mechanical
properties. Starting from nanostructured powders, dense
nanocrystalline ceramics, such as TiO2 , ZrO2 , CeO or Y2 O3
have been obtained.1–3 . However, most of these powders
are metastable and undergo phase transformations during
sintering. This is the case for ␥-alumina for which the
transformation to the ␣-phase is unfortunately accompanied
by the development of a vermicular microstructure that
requires very high sintering temperatures to achieve high
final density, thus leading to large grain sizes.4 Improvement
may be obtained by seeding the initial precursors gels or
powders with ␣-Al2 O3 ,5,6 by pressure sintering methods,7
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by doping of ␥-powders with different elements8,9 or by
colloidal processing methods.10–12
Because our ultimate goal is to prepare ␣-Al2 O3
nanoceramics starting from nanocrystalline ␥-Al2 O3 ,
without pressure assisted sintering, we have examined the
role of seeding in ␣-alumina and the role of dopants on
the sintering behavior of ␥-alumina in relation with the
microstructural evolution of the material. First results on
undoped ␥-alumina6,13 have shown that after the phase
transformation, the microstructure of porous alumina is a
mosaic of clusters, called colonies, consisting of nanosized
elementary bricks with close crystallographic orientations;
these colonies can be considered as porous singlecrystalline zones.4 They result from coupled mechanisms of
transformation-rearrangement-coalescence from nucleation
sites.5,6,13
The current investigation presents the effect of doping elements, more especially the effect of titanium on sintering
behavior of ␥-alumina compacts. As is the case for most
doping elements in alumina, titanium has a conflicting influence on the sintering of alumina. On the one hand, it has

2

S. Lartigue-Korinek et al. / Journal of the European Ceramic Society xxx (2005) xxx–xxx

a beneficial role on densification,14–17 on the other hand, it
promotes grain growth and contributes to the development
of anisotropic microstructures.18–20 Doping elements have
generally a low solubility limit in ␣-alumina and segregate
to grain boundaries (GBs) or precipitate when the GBs are
saturated.21–24
␥-Alumina is a metastable phase with an open spinel structure that is known to incorporate a larger amount of various
doping elements than ␣-alumina does.25,26 Doping procedure should be considered in regards of this incorporation:
sol–gel and coprecipitation are better routes than impregnation way.26 Thus, doping could modify the phase transformation temperature and kinetics and lead to variations in relative
density.9,27
The dopants influence the GB diffusion properties and
GB mobility during grain growth. From creep experiments,
it has been deduced that yttrium and zirconium decrease
GB diffusion24,28–32 , meanwhile Ti and Mg increase GB
diffusion in comparison to undoped alumina.33 Titanium
addition is known to strongly improve densification of ␣alumina.14,17 This increase in densification is interpreted
as an increase in intergranular diffusion associated with an
increase in GB mobility.20,34,35 Moreover, the increase in
diffusion is related to the increase in aluminium vacancies
concentration that has been found to depend on the titanium content through a power law relation.36 Grain growth
in Ti-doped polycrystals may lead to highly anisotropic microstructures which are usually attributed to the presence of
a liquid phase containing silicon as main impurity.20,37–40
It is interesting to note that alumina doped with only titanium or only silicon does not display anisotropic grain
growth.20,37 In Ti-doped alumina anisotropic grain growth
occurs at a critical grain size that increases as the dopant
level increases.41 It is suggested to occur when a small population of grains has attained a critical size while the other
grains have not grown noticeably; this anisotropy could be
related to the possibility for the sample to present a transition between segregation at GBs to precipitation of second
phase when a GB saturation level is attained as previously
discussed in the case of yttrium doping.28 As a matter of
fact, for a given doping content, normal grain growth is observed if the initial powder grain size is larger than the critical grain size for which precipitation occurs.41 Referring to
GB and volume diffusion transitions, such critical titanium
amount has been already reported without explicit grain size
considerations.14
The present paper is organized in the following manner.
Section 2 describes details of material preparation, sintering
experiments and microstructural investigations techniques.
Section 3 presents the results on titanium influence on macroscopic sintering behavior and on the microstructural evolution during densification. For comparison, some results on
the effects of other doping elements (magnesium, yttrium
and zirconium) are reported. Results are discussed in terms
of dopant spatial distribution in Section 4. Section 5 concludes the paper.

2. Experimental procedure
Ti-doped samples are prepared from the same undoped batch (ND) of Baikalox CR125 commercial grade
(Baikowski Chimie, France), an alum derived ␥-alumina with
a very high specific area (≈100 m2 /g), a median particle size
of 0.27 m and ␣ initial content less than 0.5%. Impurity
analysis by the ICP-AES method showed the major impurities were as follows (ppm): Na (9), K (14), Fe (3), Si (9) and
Ca (<1).
The incorporation of the doping element in the ␥-alumina
powder is achieved by the following procedure. Ten grams
of the undoped powder is dispersed in about 30 ml of
propane-2-ol using a vibrating stirrer to obtain slurry. For a
given doping level, the corresponding amount of a titanium
isopropoxide solution is poured into the alumina slurry and
stirred for 2 min. Thereafter, distilled water is quickly added
to hydrolyse the Ti-isopropoxide. The water to alkoxide
molar ratio is about 10:1. Then, each slurry is dried and later
calcined under oxygen flowing at 800 ◦ C for 24 h in order to
eliminate solvent traces, to decompose titanium hydroxides
and to yield a homogeneous distribution of the dopant on
the surface of the alumina particles.
The expected doping level varies from 300 to 9600 ppm
Ti/Al and doped samples are labeled by their cationic ratio
Ti/Al (ppm/100), for example 64Ti means a doping level of
6388 ppm Ti/Al (or 9360 ppm wt TiO2 ). The same convention
is used for the other doping elements; for example 31Y means
a doping level of 3150 ppm Y/Al.
The average concentration of Ti and impurities were measured in powder sample by ICP-AES or ICP-OES methods.
The Ti concentrations were typically of (ppm), respectively
for 16Ti (1740 ± 20), 32Ti (3135 ± 30), 64Ti (6578 ± 62)
and 96Ti (10699 ± 100). Concentration of low level of impurities, such as Si was found to be lower than the detection
limit. However, our samples are highly doped so the impurity contents are largely lower than the doping levels. Furthermore, most of the results concern initial stages of sintering for
which the grain sizes are so small that the large differences in
sintering behavior discussed here as a function of the dopant
nature cannot be attributed to the presence of impurities. It
should be also noted that this doping procedure does not modify the ␣ content of the powder, so all doped powders used in
this work can be considered as unseeded powders.
After cold isostatic pressing (CIP) at a pressure of
250 MPa, green compacts for sintering are dry-grinded into
cylindrical samples 6 mm in diameter and 100 mm in height.
The shrinkage is followed by dilatometry (TMA92 Setaram,
France). All sintering treatments are performed in static air
and all samples are heated up to 800 ◦ C at 10 ◦ C min−1 . They
are then heated up to 1450 ◦ C (or 1550 ◦ C) under a constant
heating rate of 1 ◦ C or 10 ◦ C min−1 , and rapidly cooled. Another thermal treatment, named standard sintering treatment
in the following, has been carried out: it corresponds to heating up to 1450 ◦ C with a 20 ◦ C min−1 heating rate, followed
by annealing 4 h 15 min at 1450 ◦ C. These conditions have
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been chosen in order to increase the nucleation site density,
enhance the particle rearrangement during the phase transformation and improve the ␣-phase densification as will be
explained in a detailed manner in a forthcoming paper.
Densities and densification rate curves (as function of
temperature T or time t) are computed from the recorded
shrinkage data and from the final densities measured by
using Archimedes’s method on cooled samples. Some densification runs have been interrupted at different stages of the
heat treatment in order to carry out microstructural analysis
by scanning or transmission electron microscopy (STEM or
TEM). Conventional TEM experiments are performed on a
JEOL 2000EX operating at 200 kV. Thin foils are prepared by
mechanical polishing and ion milling at 5 kV and coated with
a carbon layer to avoid charging under the electron beam.
Microstructures are also observed by Scanning Electron
Microscopy (SEM) on fractured surfaces. Grain sizes are
estimated by linear intercept method on SEM micrographs,
considering that fracture is mostly intergranular.
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Fig. 1 compares the densification behavior of a 32Ti-doped
alumina sample sintered in constant heating rate conditions
(1 ◦ C min−1 ) with that of an undoped (ND) and magnesium,

yttrium, zirconium doped alumina samples prepared (same
doping procedure but from nitrate salts instead of alkoxides)
with same range of doping level (2500 ppm Mg/Al, 3100 ppm
Y/Al and 2500 ppm Zr/Al). The two classical regimes of
densification (R1 and R2) of such ␥-alumina compacts are
observed.6 R1 is the rapid densification associated with the
phase transition of ␥-alumina to the stable ␣-phase in the
1000–1150 ◦ C temperature range and R2 is the slower densification of ␣-phase at higher temperatures. While yttrium and
zirconium doped compacts shift the first densification rate
peak R1 to higher temperatures (up to 50 ◦ C increase), titanium and magnesium have a less pronounced effect. The relative density variation ρR during the phase transformation is
slightly increased by the presence of Y and Mg; Zr has practically no influence although Ti decreases ρR . These observations are in agreement with the dopants influence found on
the rate of transformation from ␥ to ␣ phase.42
For the R2 densification regime, Mg, Y and Zr do not improve the densification in ␣-phase, but Ti increases it significantly. In addition to these two regimes of densification, there
are shoulders on the density curve of 32Ti and 31Y samples
with corresponding additional densification rate peaks (AP).
Such transient increase in densification rate has been already
reported for Y-doped alumina.9
Fig. 2 illustrates the effect of Ti-doping level on densification under the same constant heating rate conditions
(1 ◦ C min−1 ) up to 1450 ◦ C. Titanium addition has a slight
influence on the first densification rate peak R1, the temperature of the R1 peak increases by a few degrees with titanium

Fig. 1. Comparison of densification curves (densities and densification rates)
of titanium doped (3200 ppm Ti/Al) ␥-alumina compacts with undoped
(ND), magnesium doped (2500 ppm Mg/Al), yttrium doped (3100 ppm
Y/Al) and zirconium doped (4500 ppm Zr/Al) ␥-alumina compacts (cold
isostatic pressing: 250 MPa, heating rate: 1 ◦ C min−1 from 850 ◦ C).

Fig. 2. Densification curves (densities and densification rates) of Ti-doped
(300, 1600, 3200, 6400 and 9600 ppm Ti/Al) and undoped (ND) ␥-alumina
compacts with constant heating rates (1 ◦ C min−1 from 800 ◦ C). A high
densification occurs for all Ti-doped samples. An additional densification
rate peak (AP) is observed for Ti level equal or higher than 1600 ppm.

3. Results and analysis
3.1. Macroscopic sintering behavior of Ti-doped
γ-alumina
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of the ␣-phase (R2) occurs at the same time for all samples
and the additional densification peak (AP) moves toward the
beginning of the annealing at 1450 ◦ C as the doping level
increases. It should be noted that densification is the highest
for the 32Ti-doped sample (98% of the theoretical one), for
which the additional densification rate peak (AP) is concurrent with the maximum densification rate peak R2.
3.2. Microstructural behavior of Ti-doped γ-alumina

Fig. 3. Densification curves (densities and densification rates) of Ti-doped
(1600, 3200, and 6400 ppm Ti/Al) and undoped (ND) ␥-alumina compacts
heated at 20 ◦ C min−1 from 800 ◦ C → 1450 ◦ C + 4 h 15 min at 1450 ◦ C (standard sintering treatment). High densities are attained well before the end of
the thermal treatment. The second densification regime R2 occurs always at
the same temperature and the additional peak (AP) is displaced towards the
beginning of the dwelling step as the doping level increases.

content. The relative density variation ρR decreases as the
titanium level increases. On the other hand, Ti-doping increases significantly the R2 densification regime. Moreover,
whatever the Ti-doping level, the R2 ␣-phase densification
rate peak occurs at the same temperature. For Ti-doping level
higher than 3Ti, final densities are higher than 90% of the
theoretical density and an additional densification rate peak
(AP) is observed; its temperature decreases with increasing
titanium levels, as it will be discussed later on.
Fig. 3 shows the densification behavior (densities and densification rates versus time) of Ti-doped samples for the standard sintering treatment (20 ◦ C min−1 up to 1450 ◦ C + 4 h
15 min). The overall characteristics of these curves are similar to those of the previous treatment, however the relative
density variation ρR during phase transformation is higher
but remains lower than for undoped sample. Densities of Tidoped aluminas are very high, larger than 95% of theoretical
density. In particular, the maximal density of the 32Ti-doped
sample is attained for times as short as 2 h at 1450 ◦ C, suggesting that after this time only grain growth takes place.
As previously seen, the maximum of the densification rate

3.2.1. Final microstructures
At the end of all the thermal treatments, microstructures of
the Ti-doped samples are composed of cubeoctaedric grains
while for ND sample the microstructure is porous and vermicular. For clarity, only final microstructures after the standard sintering treatment are presented. Nevertheless, it must
be noted that after heating at 1 ◦ C min−1 up to 1450 ◦ C, final microstructures seem to appear finer as Ti doping level
increases (grain size of 2.1 and 1.4 m for 16Ti and 96Ti,
respectively) (Fig. 4).
The final grain size increases as the doping level increases
up to 32Ti, whereas it decreases for higher Ti contents. The
grain size distribution becomes more uniform for the highest
Ti contents (64Ti and 96Ti).
Precipitates are observed in dense samples; they correspond to the Al2 TiO5 phase. In the 64Ti-doped dense samples with grain sizes close to 1 m, the largest precipitates
are very similar to ␣-alumina grains, so their identification
could only be easily performed by microanalysis. Precipitates
are also located at triple junctions (Fig. 5a); they display extinction fringes also observed in neighboring grains implying
elastic deformation of both phases. These strain contrasts result from the large expansion anisotropy of Al2 TiO5 . These
precipitates have probably been formed at a later stage of the
sintering process. Some small precipitates with geometrical
shapes are also present along the GBs (Fig. 5b).
3.2.2. Microstructures at intermediate stages of
sintering
The predominant modification of the microstructure in the
presence of titanium is a lengthening of the elementary bricks
that compose the porous single crystal colonies (Fig. 6a and
b). Indeed this lengthening does not occur for other doping
elements, as emphasized for a Y-doped sample in Fig. 6c.
It is observed in all the Ti-doped alumina microstructures.
For example, the microstructures of the 64Ti-doped samples,
observed at various intermediate stages of sintering display
only a change in brick size while the brick aspect ratio is
the same, i.e. the morphology of the bricks is similar. The
lengthening direction corresponds to a 1 1 2̄ 0 direction. For
given titanium content, the heating rate does not influence the
size of the elementary bricks.
An interesting microstructure is observed at the beginning
of the densification and is emphasized in the 64Ti sample
(1 ◦ C min−1 to 1190 ◦ C). The colonies contain some dense
regions situated at triple junctions with other colonies (Fig. 7).
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Fig. 4. Microstructures (SEM) of Ti-doped aluminas at the end of the standard sintering treatment (20 ◦ C min−1 from 800 ◦ C → 1450 ◦ C + 4 h 15 min at 1450 ◦ C).
ND, undoped (ρ = 3.05 g cm−3 ); 16Ti (ρ = 3.83 g cm−3 ); 32Ti (ρ = 3.91 g cm−3 ); 64Ti (ρ = 3.91 g cm−3 ). Dense samples are composed of cubeoctaedric grains.
The grain size increases as Ti level increases up to 3200 ppm, and then it decreases for higher levels.

In these regions the porosity inside the colonies is rapidly
reduced. The density of these samples is about 50% of the
theoretical density of ␣-alumina.
Some phenomena associated with the additional densification rate peak appear specifically on 16Ti- and 64Ti-doped
samples:
(i) The presence of Al2 TiO5 precipitates is effectively
detected by X-ray diffraction after the AP densification rate peak for temperatures higher than 1190 ◦ C.
In the 16Ti sample, for standard sintering treatment
interrupted after 5 min at soaking time at 1450 ◦ C
(20 ◦ C min−1 → 1450 ◦ C + 5 min) small precipitates

(less than 100 nm diameter) are observed at triple junctions within dense regions. Dense regions are rarely observed in this still porous microstructure (Fig. 8).
(ii) Bricks of ␣-alumina contain 2-dimensionnal defects,
more often parallel to a {1 1 2̄ 0} plane and thus
perpendicular to the lengthening direction of grains.
These defects sometimes appear faceted with facets
parallel to other prismatic {1 1 2̄ 0} planes (Fig. 9). They
occur both before and after the AP peak. They may be
attached to a pore in the larger grain size samples.
(iii) Pseudo-periodic arrays of dislocations occur in numerous colonies in the 16Ti sample at the additional
densification rate peak temperature (Fig. 10).

Fig. 5. TEM dark field images of Al2 TiO5 precipitates (64Ti, 20 ◦ C min−1 from 800 ◦ C → 1450 ◦ C + 4 h 15 min at 1450 ◦ C, ρ = 3.91 g cm−3 ). (a) At triple
junctions, they present evidence of strain contrast. (b) Small precipitates are faceted at GBs.
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Fig. 6. Transmission Electron Microscopy (TEM) dark field images of 64Ti and 67Y doped samples at various intermediate stages of sintering, respectively (a)
64Ti, 1 ◦ C min−1 → 1125 ◦ C, ρ = 1.75 g cm−3 ; (b) 64Ti, 1 ◦ C min−1 → 1190 ◦ C, ρ = 1.83 g cm−3 ; and (c) 67Y, 1 ◦ C min−1 → 1400 ◦ C, ρ = 1.97 g cm−3 . The
bricks inside the colonies appear elongated along the 1 1 2̄ 0 direction for Ti-doped samples.

Fig. 7. TEM dark field images that emphasizes the beginning of densification in a 64Ti sample (1 ◦ C/min from 800 ◦ C up to 1190 ◦ C). The densification occurs
at the triple junctions between the colonies.
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Fig. 8. TEM bright field micrograph of 16Ti sample (20 ◦ C min−1 from 800 ◦ C → 1450 ◦ C + 5 min at 1450 ◦ C). Small Al2 TiO5 precipitates (<100 nm) occur
in the dense regions of the sample.

(iv) Finally, numerous grain boundaries contain dislocation
arrays or isolated dislocations. First investigations on
the crystallographic parameters of 10 GBs containing
dislocations show that these GBs may be near coincidence as well as general GBs.43 It has been shown that
dislocations can be stabilized by segregated species in
general GBs.44
A TEM-EELS study has been carried out on the same
materials.45 It shows that all GBs contain titanium, and that
the segregation width is narrow, less than 2 nm, whatever the
density of the sample. This could result from a rapid diffusion
of titanium ions towards and along the GBs.

Fig. 10. TEM bright field image of the 16Ti sample (20 ◦ C min−1 →
1450 ◦ C + 5 min at 1450 ◦ C) showing dislocation arrays inside the colonies
(ρ = 3.10 g cm−3 ).

4. Discussion

Fig. 9. TEM micrograph of planar defects (arrowed) inside the grains of 64Ti
sample just after additional densification rate peak (1 ◦ C min−1 → 1190 ◦ C).
The final temperature of the test corresponds roughly to the temperature for
which the transient increase in densification (AP) takes place. The defects
may be numerous inside a colony. They are always parallel to a prism plane
{1 1 2̄ 0} and may be curved. Some intragranular pores occur in the nearly
dense 16Ti sample.

Effects of a doping element on a material are often described in terms of relationship between the properties affected and the overall doping concentration. In ␣-alumina,
the solubility of most doping elements is rather small. Furthermore, the doping element may be distributed in different
manners: in solid solution, segregated to GBs, and precipitated after saturation of both GBs and lattice. In such cases,
it is important to identify the form of the dopant that has a
dominant influence on the sintering mechanism. In the light of
these considerations, we first discuss the influence of doping
element on the ␥ → ␣ phase transformation and then on the
␣-phase densification in relation with the spatial distribution
of the doping element.
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4.1. Inﬂuence of Ti-doping on γ–α phase transformation
The ␥ → ␣ phase transformation is reported to be a type
of nucleation and growth transformation. This transformation
involves several processes, such as the nucleation of the ␣phase, the rearrangement of ␥-crystallites at ␣-alumina seeds
or brick (grain) surfaces and the coalescence of bricks so
as to form porous colonies of ␣-alumina grains with similar
orientations.13 All these processes may modify the temperature of the densification rate peak associated with the phase
transformation. Generally speaking, one can say that doping elements seem to have no influence on the nucleation
stage as inferred from the same phase transformation starting temperature (beginning of the increase in densification
rate) whatever the dopant and dopant level (for a given heating rate). In this case, the nucleation site density should be the
same in undoped and doped alumina. This suggests that in
doped samples, whatever the doping level, the size of colonies
should range from 1 to 2 m in width. This is coherent with
our observations on Ti-doped samples (Fig. 6).
However, the temperature of the maximum of the
densification rate peak R1 varies with the doping species,
which may influence the rearrangement of ions during the
transformation: the oxygen ion lattice changes from a cubic
face-centered packing to a nearly hexagonal packing. This
transformation implies a redistribution of aluminum cations
in octahedral sites involving their short-range diffusion
in the transformation interface. If the doping element
remains in solid solution in the growing ␣-phase during the
transformation it would not influence the temperature of
the maximum of the densification rate peak R1. For doping
concentrations larger than their solubility in ␣-alumina,
the doping ions are swept up by the transformation front
and rejected to the closest surfaces and GBs.46 The dopant
segregation at surfaces of grains (bricks) should decrease
the displacement rate of the front of transformation thus
reducing the growth kinetic of ␣-phase and this would delay
the maximum of the R1 peak temperature. This temperature
increases slightly with titanium (for Ti/Al ≥ 1600 ppm)
addition. It increases much more (50 ◦ C) with zirconium and
yttrium doping which have a low solubility in ␣-alumina
(<15 ppm). An evoked explanation for this behavior, based
on the role of the ionic radius, can be ruled out47,48 as the
ionic radii of magnesium and zirconium are similar.49
Finally, the relative density variation ρR during the
phase transformation is slightly reduced with Ti-doping; the
higher the doping level, the smaller ρR . This could result
from the lengthening of the bricks, which in turn does not
favor the particle rearrangement and hence hinders densification.
4.2. Inﬂuence of Ti-doping on α-phase densiﬁcation
Microstructures obtained at different stages of sintering reveal that Ti favors an anisotropic growth of elementary bricks
along the 1 1 2̄ 0 direction, immediately after the ␥ → ␣

phase transformation. This lengthening is more pronounced
with increasing Ti content and duration of thermal treatment
at 1450 ◦ C. This anisotropy could be related to anisotropy of
segregation.34 Introduction of titanium leads to anisotropic
surface energies34 as is deduced from the morphology of internal pores in Ti-doped samples in comparison with undoped
samples. In particular, the {1 1 2̄ 0} plane is not a low energy
plane as it does not appear as a pore facet with Ti doping.
This could explain why the 1 1 2̄ 0 direction is preferred
as lengthening direction; anisotropic shapes of pores are observed in most orientations in relation with a higher energy
of the prismatic plane {1 1 2̄ 0}.50 Anyway, the anisotropy has
not been proved to occur at the ␥ → ␣ phase transformation
temperature.
Thus, the rapid densiﬁcation of colonies in Ti-doped alumina could be attributed to the formation of a stacking of
elongated elementary bricks inside a colony, which is more
compact than the vermicular microstructure of undoped samples and so enhances the suppression of the intra-colony
porosity (Fig. 11a and b). By such stacking mechanism
the porous single-crystalline colonies rapidly transform into
faceted fully dense ␣-grains.
After this stage of “internal” densification, a classical sintering process of dense cuboctaedric ␣-grains occurs. The
R2 densification rate peak is equivalent to the main densification rate peak of ␣-alumina compacts sintered in constant heating rate conditions.51 It corresponds to classical
intermediate stage of sintering before the closure of porosity.
Its temperature depends mainly on the average grain size:
smaller is the grain size, lower is the temperature of R2
peak. For a 1 ◦ C/min heating rate of ␣-alumina compacts,
main densification rate peak temperatures of 1300, 1340 and
1380 ◦ C, respectively correspond to 0.16, 0.4 and 1 m grain

Fig. 11. Schematic illustration of (a) the colony microstructure in undoped
alumina and (b) the mechanism of colony densification in Ti-doped alumina:
the stacking of elongated bricks transforms the single crystalline porous
colony into a dense faceted grain; in comparison the vermicular microstructure of undoped colonies (a) delays to much higher temperature the elimination of the intracolony porosity.
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sizes.51,52 So in the present study at 1400 ◦ C, R2 peak temperature (Fig. 2) could correspond to dense colony or grain
sizes slightly larger than 1 m. This size is in fairly good
agreement with colony or grain sizes observed in titanium
doped samples at the corresponding temperature. The corresponding second densification rate peak R2 occurs at the same
temperature in undoped and Ti-doped material, whatever the
doping level may be (Fig. 3). This is expected since porous
colonies and dense grains have the same size in both materials. This explains the beneficial influence of a high heating
rate on densification: for experiments with a 20 ◦ C min−1
heating rate, the nucleation site density should be higher,
and hence the size of colonies (␣-grains) should be smaller
than for samples sintered with 1 ◦ C/min leading to a better
densification. Subsequently, only grain growth should take
place and the density of material changes very little. These
explanations are consistent with the sintering behaviors observed here for both 1 ◦ C min−1 and 20 ◦ C min−1 heating
rate.
As in yttrium-doped alumina,9 an additional densiﬁcation rate peak is observed during sintering. This transient
increase in densification rate is associated with a transition
between a microstructure with only intergranular segregation
and a microstructure for which precipitation of Y3 Al5 O12 occurs at triple junctions. As grain size increases, the total area
of interfaces decreases and the dopant concentration at GBs
increases until saturation of dopant at GBs and ensuing precipitation. During this transition, the increase in densification
rate is attributed, in the case of yttrium, to an increase in intergranular diffusivity resulting from an yttrium supersaturation
at GBs leading to precipitation.24,53–55 Similar mechanisms
with precipitation of Al2 Ti O5 can be invoked for Ti-doped
alumina. The temperature of this additional densification rate
peak is higher for lower doping levels. The transition depends
only on grain size and thus occurs at higher temperatures, i.e.
at higher grain sizes. Also the intensity of the corresponding
peak is higher as it occurs for a well-dense microstructure.
This observation is in agreement with an enhancement of intergranular or surface/interface diffusion that results from a
supersaturation of dopants at GBs or at brick surfaces and
interfaces before precipitation: the supersaturation should
be much more pronounced if GBs and interfaces are welldefined between and inside dense colonies, respectively.
It is worth noting that this transient increase in densification rate promotes concurrent grain growth. In fact, for the final microstructures for standard sintering treatment, the grain
size of 32Ti sample is larger than that of highly doped materials (64Ti and 96Ti). This 32Ti sample presents simultaneous
␣-phase densification (R2) and a “segregation–precipitation”
transition (AP). For higher doping levels, grain boundary
or interface saturation occurs at lower temperatures and for
lower densities. Consequently, Al2 TiO5 precipitates at GBs
or interfaces limit grain growth, once the densification is
achieved. Similar considerations could explain why the 16Ti
sample exhibits larger grain size after sintering at 1 ◦ C min−1
up to 1450 ◦ C.
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This transient increase in densification rate is associated
with the formation of stacking faults and dislocation arrays
inside the grains.45 These defects may result from the creation of numerous point defects that originate from a rapid
diffusion of species necessary to supply the precipitates during the transition. As Ti, Al and O have different diffusion
coefficients local excess in point defects may occur. This is
in agreement with the presence of dislocations that behave as
sources and sinks for defects. Similar behavior has been observed in another ceramic, Ca-doped TiO2 .56 At first stages
of precipitation of CaTiO3 , small grains contain numerous
planar defects attributed to an “understoichiometry” in oxygen ions. However, a relationship with precipitation is evoked
without interpretation.56
Results on the evolution of precipitation with grain size
make it possible to establish a microstructural map showing
the “segregation–precipitation” transition (Fig. 12); the results obtained by other authors on dense materials are also
included.37,57–60 As already shown for Y-doped alumina,9
there is a gap separating the region for which the doping element is segregated at GBs (open symbols) from the region
where the dopant is both segregated and precipitated (full
symbols). In this gap, it is possible to draw a straight line
with a slope of −1, which indicates that the transition grain
size should vary as the inverse of the cationic ratio.28 In the
present case, porous samples present surface segregation as

Fig. 12. Microstructural map for Ti-doped alumina showing the transition
“segregation–precipitation” (for open symbols no second phase is detected,
for filled symbols Al2 TiO5 precipitates have been observed). This map allows to show the different states under which a doping element may be
distributed: as a lattice solid solute, as a grain boundary segregated element
beyond saturation of the lattice solid solution, and engaged in a second phase
precipitate upon saturation of both GBs and lattice solid solution.
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well as intergranular segregation. The precipitation could occur for a slightly larger grain size. In any case, differences
on grain size estimation cannot be readily detected on a logarithmic scale (Fig. 12). This map leads to the prediction
of the presence or not of precipitation from the knowledge
of the overall dopant content and grain size. The solubility limit inside grains appears to be close to 500 ppm. This
value is in good agreement with previous determination.61 .
In Ref.14 , the authors reported a change in mechanism from
grain boundary to volume diffusion that was a function of
particle size and titanium content. The transition particle radius was between 0.5 and 1 m. Such transition or change
could correspond to the transition between GB segregation
and precipitation.
The microstructural transition may play a role in the onset of the development of anisotropic grain growth that has
been shown to occur in a narrow range of TiO2 concentrations
for a given grain size. Grain growth experiments41 in alumina
doped with 960 ppm Ti/Al display anisotropic grains once the
grain size reaches about 1 m (initial grain size = 400 nm).
According to our results, this grain size corresponds to the
transition between segregation and precipitation for this titanium level (see Fig. 12). Interestingly, no anisotropic grain
growth is observed for a higher doping level (∼
=4000 ppm).
In that case, the transition does not occur as the initial grain
size is larger than the grain size for which the transition should
occur. During the transition, saturated GBs may display
higher migration rates than the other GBs as already suggested for yttrium doping.24 Strong variations in GB chemistry from one GB to another one must occur as all GBs are
not saturated with dopant at the same moment, with probably
site competition effect between Ti and other major impurities,
such as silicon or calcium. This is in agreement with the fact
that anisotropic grain growth occurs when a small population
of grains has reached a critical size in the microstructure.41
5. Conclusion
The ␥ → ␣ phase transformation involves two main processes: nucleation of ␣-phase and growth of more or less
porous colonies consisting of elementary bricks with similar crystallographic orientation. Doping elements seem to
have no influence on the number of nucleation sites as inferred from the similar temperatures of the beginning of the
phase transformation whatever the doping nature and level.
Titanium strongly enhances the densification regime (R2) in
␣-phase by an anisotropic growth or coalescence of the elementary bricks inside porous colonies. The formation of
compact stacking of elongated elementary bricks favors the
rapid elimination of intra-colony porosity and so allows the
classical sintering of dense grains of ␣-phase. Additional densification rate peaks are clearly observed for titanium and
yttrium doped materials: the higher the doping level, the
lower the temperature of these additional peaks. They correspond to a microstructural transition from doping element
segregation at grain boundaries or at surfaces and interfaces

to precipitation of a second phase rich in doping species.
These additional densification rate peaks are explained by an
enhancement of the intergranular or surface/interface diffusion that results from a supersaturation of dopants at GBs
or at brick surfaces and interfaces before precipitation: the
supersaturation is much more pronounced if GBs and interfaces are well-defined, respectively between and inside dense
colonies. Such microstructural transitions, i.e. precipitation
grain size for a given doping ratio, can be predicted from
segregation–precipitation maps.
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