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Phase transformation and densification of nanostructured alumina.
Effect of seeding and doping
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Abstract. By following the densification kinetics of nanocrystalline γ alumina and corresponding
microstructural evolution we showed that the diffusive transformation gamma-alpha involves
several processes such as nucleation of alpha phase, rearrangement of gamma crystallite at alpha
seed and grain surfaces, formation of porous alpha alumina monocrystalline colonies. Results
concerning the effects of seeding and doping elements on the transformation-densification
behaviour of the same γ-alumina raw powder batch are also presented. Doping elements seem to
have no influence on nucleation rate but could modify the redistribution rate of the ions during the
transformation by short range diffusion of doping elements.

Introduction
Nanocrystalline aluminas could be of interest for technological applications in electronic and
mechanical properties. Most nanostructured oxide powders are metastable and undergo phase
transformations during sintering. Dense nanocrystalline ceramics such as TiO2 or ZrO2 have been
obtained [1-2]. For alumina, the phase transformation generally results in development of
vermicular microstructures. The final stages of sintering then require very high temperatures to
achieve high densities [3]. Improvement may be obtained by α-Al2O3 seeding of the initial
precursors gels or powders [4-5], pressure sintering methods [6], doping of gamma powders with
different elements [7-8] or colloïdal processing methods [9-10].
However, in general no paper has reported an enhancement or retardation of the γ to α phase
transformation of a sufficient magnitude to lead to high-density nanograined centimetric material
parts at sintering temperatures lower than those used for fine grained α-Al2O3 powders. In this
context, a better understanding of this phase transformation is needed for producing dense
nanocrystalline alumina.
The aim of this work is to follow the densification kinetics of nanocrystalline γ alumina and
corresponding microstructural evolution to hope to elucidate the key mechanism of such diffusive
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phase transformation assisted densification; our ultimate goal being to prepare α-Al2O3
nanoceramics starting from undoped or doped nanocrystalline γ-Al2O3, without pressure assisted
sintering.

Powders and Experimental Procedures
The two undoped batches used in this work were provided by Baikowski Chimie (France) and
correspond to the Baïkalox CR125 commercial grade which is an alum derived γ-alumina with a
specific area of 100 m2/g. They differ mainly from one another in initial α-alumina content: the
batch 0α has an α initial content less than 0.5% although the batch 6α is seeded with 6% α-phase.
M-doped samples (cationic ratio M/Al ranging from 0 to 9600 ppm) were prepared from a slurry in
propane-2-ol of the batch 0α. For a given doping level, the corresponding amount of an aqueous
nitrate solution (Mg, Y, Zr) or titanium isopropoxyde solution was poured into the alumina slurry.
Then, each slurry was dried and later calcined in an oxygen flow at 670°C or 800°C for 24h. This
procedure is expected to yield a uniform repartition of the dopant in alumina particles and does not
modify the α initial content. Various doped samples are labelled by their cationic ratio (ppm/100),
for example 32Ti means a doping of 3194 ppm Ti/Al or 0.5 wt %TiO2.
The sintering behaviours are studied by dilatometry (TMA92 Setaram, France) in air. Densities,
ρ(T), and densification rate curves were computed from the recorded shrinkage data and from the
final densities measured by the classical Archimede's method on cooled samples. The densification
tests are interrupted at different stages of the heat treatment prior their analysis by Transmission
Electron Microscopy (TEM) or pore size measurements. Conventional TEM experiments are
performed on a JEOL 2000EX operating at 200kV. Thin foils are prepared by classical methods of
mechanical polishing and ion milling at 5kV. The nanometric pore sizes were measured from
hysteresis of adsorption and desorption nitrogen isotherms (B.E.T. method).

Results and discussion
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Figure 1 illustrates the effect of various
parameters on densification under constant
heating rate (1 or 10°C/min) up to 1450 or
1550°C. Dilatometry curves for all samples show
two regimes: the first R1 is a densification
associated with the phase transformation of γAl2O3 to α-Al2O3 at around 1100°C, the second
R2 is the densification of the α-phase at higher
temperatures.
The temperature of first densification rate peak,
R1, is significantly influenced by heating rate
and seeding with α-particles; both factors
lowering R1.
The transformation relative density variation,
∆ρR (Fig. 1), is much higher than the increase of
density from γ to α (10.75% with 3.6 g.cm-3 for
γ-phase). Significant differences in ∆ρR values
are observed and depend on powder batch and
heating rate.
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Fig. 1: densification curves of γ alumina
compacts (250MPa CIP) unseeded or seeded
with 6% α-alumina for two heating rates.
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The porosity of samples from interrupted dilatometric runs during the first densification regime R1
(up to 1180°C) was investigated using nitrogen porosimetry. Figure 2 shows the evolution of
nanopore volume fraction and α-phase content (determined from neutron diffraction diagram) for
two different heating rates. It seems that when the transformation from γ to α phase takes place, all
the nanopore volume fraction is eliminated, excepted for the batch 6α sample heated at 10°C/min.
These results are in good agreement with previous determinations only done at 1180°C [5].
120

120

0.6

0.4

6α
α

0α
α
10°C/min

20

950

1000

1050

1100

1150

0.1
20

0

0

1200

0.2

1°C/min

40

0.1

0
900

% alpha phase

0.2

10°C/min

900

950

1000

1050

1100

1150

(cm-3 g-1)

1°C/min

60

nanopore

0.3

0.3
80

V

60

(cm-3g-1)

0.4

nanopore

80

40

100

0.5

V

% alpha phase

100

0
1200

Temperature (°C)

Temperature (°C)

Fig. 2: evolution of α-phase content and nanopore volume (BET) during the first densification
regime R1 (up to 1180°C) for two different heating rates.
After the phase transformation, the microstructure of the porous alumina is a mosaic of clusters
called colonies assembling nanosized grains with similar orientations (Fig.3), these colonies can be
considered as porous monocrystalline zone. It seems that the final size of the colonies at the end of
the transformation is correlated to the number of α-alumina seeds in the starting γ-alumina powder.
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Fig. 3: TEM bright field image of (a) 0α sample (interrupted test a, Fig. 1) and (b) 6α sample
(interrupted test b, Fig. 1) at 1180°C showing porous monocrystalline colonies composed of
elementary bricks with similar orientations.
The formation of stable phase from metastable transition phase occurs by a nucleation and
controlled diffusion grain growth process during heating. But the above observations suggest that a
grain rearrangement process is coupled with the phase transformation. Coupled mechanisms of
transformation, rearrangement and coarsening from nucleation sites lead to the formation of
monocrystalline porous colonies (Fig. 4). In fact, when a particle transforms from γ to α phase, if
the neighboring grains are not close packed or not symmetrically arranged, the crystallographic
volume reduction can induce non-symmetrical inter-particle forces causing particles or grains to
slide and to rotate. Such relative particle movement leads to particle rearrangement, the amplitude
of which depends on the free space available (porosity) and on the density of nucleation sites. These
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mechanisms of rearrangement and microstructural homogeneization illustrated in this work on
transition aluminas should also be applicable to other nanometric oxide powders which are often
metastable and incur a phase transformation during sintering, see for example reference 11.
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Fig. 4: a) schematic coupled mechanisms of particle rearrangement and coalescence during γ-α
phase transformation, b) α growing porous monocrystalline colonies composed of elementary
bricks.
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After transformation, densification arises first from intra-colonies densification by a decrease of
internal porosity due to coarsening of elementary bricks of porous colonies. The lower the intracolonie pore volume fraction is, the fastest the densification rate of the monocrystalline colonies is
because at this temperature, the coarsening of bricks depends mainly on surface diffusion. This step
of densification is rapid when materials are composed of smallest bricks and more dense colonies.
Thereafter, a classical sintering process of dense colonies promotes the suppression of intergranular
porosity. Consequently, the second densification rate peak R2 occurs at a more lowest temperature.
Unfortunately, at the end of the sintering, the microstructure is always composed of micrometric
grains.
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Their solubility in γ-alumina is larger than the solubility in α-alumina, so they may modify the
parameters of phase transformation and may influence the GB diffusional properties and GB
mobility during grain growth.
For doping contents less than the solubility limit in α-phase, the doping element remain in solution
in the growing α-phase during the transformation and so would not strongly influence the first
densification regime R1. For higher contents, the excess of the dopant has to be rejected to the
surfaces and grain boundaries of α-particles which grow at the expense of γ-grains. The resulting
dopant surface and grain boundary segregation would increase the interface diffusion kinetics and
consequently the densification rates. Moreover, the dopant may influence the rearrangement of the
ions during the transformation: oxygen ions lattice changes from a cfc cubic packing to an
hexagonal packing with a redistribution of aluminium cations in the octahedral sites involving short
range diffusion of elements in the transformation interface.
While doping elements such as Mg, Y and Zr don’t improve the α-phase densification (R2),
titanium doping greatly improves the densification of α-alumina. These results are in agreement
with creep experiments from which it has been deduced that yttrium and zirconium decrease GB
diffusion [12] meanwhile Ti and Mg increase GB diffusion in comparison with undoped alumina
[13]. It has been suggested that these differences in diffusional properties are correlated with
differences in the ionicity of aluminium-oxygen bonds [14]. Titanium addition is known to strongly
improve densification of α-alumina. This increase in densification is interpreted as an increase in
intergranular diffusion associated with an increase in GB mobility [15-17]. This accelerating
densification in the α-phase could be also explained by the fast decrease of internal porosity due to
coarsening of elongated elementary bricks of porous colonies (Fig. 6) which have the same size
than those in undoped alumina. Densification of such colonies leads to material with a final density
close to the theoretical density but the grain sizes of the Ti-doped sintered samples remain very
large.

Fig. 6: TEM dark field image of 32Ti doped
alumina sample showing elongated elementary
bricks of porous monocrystalline colonies.

Fig. 7: TEM dark field image of Al2TiO5
precipitates at triple junctions.

In addition to these two regimes, as already observed for Y-doped α-alumina [18], a shoulder could
be observed on the density curve with a corresponding abnormal densification rate peak (A) for Y
and Ti-doping, its temperature depending on the doping level. This transient increase in
densification rate is associated to a transition between a microstructure with only dopant
intergranular segregation and a microstructure for which a precipitation of a second phase rich in
doping element occurs at triple junctions (Fig. 7). As grain size increases the total area of interfaces
decrease and the dopant concentration at GBs increases until the saturation of dopant at GBs over
which precipitation occurs. During this transition, the increase in densification rate is attributed to
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an acceleration of intergranular diffusivity that results from a supersaturation of dopant at GBs just
before the precipitation. This transition implying a higher GB mobility allows to enhance the
second densification regime, leading to final sintered density near to the theoretical one.
Nevertheless, this transient increase in densification rate promotes concurrent grain growth, all the
more it appears simultaneously with the maximum α-phase densification rate (it's the case for 32Ti
sample, Fig. 5). Although Mg and Zr-doping do not induce abnormal densification rate peak (A),
XRD analyses performed on rapidly cooled samples from various temperatures of the second
densification regime clearly show the presence of spinel phase or zirconia.

Summary
The formation of stable α-phase from γ-metastable phase occurs by a nucleation and controlled
diffusion grain growth process during heating. Coupled mechanisms of transformation,
rearrangement and coarsening from nucleation sites lead to the formation of monocrystalline porous
colonies which consist of elementary bricks with similar crystallographic orientation. The influence
of various doping elements on sintering behavior of the same γ-alumina has been analysed and
showed that Mg, Y and Zr don’t improve the densification in alpha phase, although titanium
enhances this densification step by a fast decrease of internal porosity due to coarsening of
elongated elementary bricks of porous colonies. To benefit from this effect and with the goal of
producing sub-micrometric grain size dense ceramics using isothermal sintering, further work with
controlled density of nucleation sites and co-doping to limit grain growth is planned.
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