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Blocking of grain reorientation in self-doped alumina materials
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Alumina nanoparticles 10-20 nm in diameter were nucleated on alumina particles, 150 nm average diameter, by a colloidal route
followed by calcination. It is shown that after sintering, the final grain size is up to 20% smaller due to the addition of the alumina
nanoparticles. Electron backscattered diffraction analysis shows that whereas a correlation in the relative crystalline orientations
between neighbouring grains exists in the pure materials, the addition of alumina nanoparticles results in a random crystalline

orientation.
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Nanostructured materials are a relatively new
kind of material in which a grain size in the nanometer
range, or nanometer-sized second phases dispersed in a
matrix, confer different properties compared to their bulk
counterparts. Improvements in physical properties re-
lated to the existence of nanometer-sized grains are given
by the Hall-Petch law [1,2] and various examples have
been reported [3-5]. There have been many attempts re-
ported in the literature to make fully dense monolithic
alumina with a grain size in the nanometer/submicron
range. Various approaches have been developed, includ-
ing two-step sintering [6-8], non-conventional sintering
[9,10], changing the sintering atmosphere [11,12] or using
dopants such as MgO, Y,03, SiC, etc., which were shown
to perform as effective grain growth inhibitors for Al,O3
[13-21].

However, in the latter case, the introduction of these
additives, even at low concentrations, can result in the
formation of secondary phases with a different refractive
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index compared to that of the alumina matrix, and
therefore light scattering takes place, impeding the pro-
duction of transparent alumina materials. In addition,
doping with silica leaves a glass residue that reduces
the mechanical performance of the material.

Alumina-doped alumina powders have been shown
to be an effective way to minimize grain growth in sin-
tered materials [22]. It is the aim of this work to show
that a self-doping process makes it possible to block
grain reorientation during sintering and hence obtain a
finer microstructure in doped alumina.

A colloidal method was used [23] to dope pure com-
mercial nanocrystalline alumina powder TM-DAR
(average grain size ~160 nm, specific surface area
14.5m" g and 99.99% purity) with aluminium ethoxide
(97% Sigma-Aldrich). The doping was carried out under
an argon atmosphere by dissolving an appropriate
quantity of aluminium ethoxide in anhydrous ethanol
(99.97%) to form alumina doped with 10 wt.% alumina
coming from the aluminium ethoxide (i.e. self-doping),
and then adding the solution dropwise to an alumina/
ethanol slurry. The slurry was first dried under magnetic
stirring at 60-70 °C and subsequently in air at 120 °C in
order to eliminate any traces of alcohol. The dried pow-
ders were subsequently crushed in a high-purity alumina
mortar to remove the agglomerates resulting from the
drying process, and sieved using a 63 pm mesh. The
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powders were thermally etched at 800 °C for 2 h in order
to remove the organic residuals and sieved again to ob-
tain deagglomerated powders. These powders were cold
isostatically pressed (CIP) at 200 MPa, and sintered in
air at different temperatures (1160-1500 °C) and for dif-
ferent holding times (0.5-2 h).

The density of the specimens was measured using pic-
nometry powder equipment (GeoPyc 1360, MICROMER-
ITICS®) and by the Archimedes method, and normalized
using a theoretical density of 3.987 gcm™> [24]. Finally,
the microstructure and the grain size of the sintered samples
were characterized by scanning electron microscopy (SEM;
Zeiss DSM 950) of the fracture surfaces.

The crystal orientations of the grains in the sintered
materials were assessed by electron backscattered dif-
fraction (EBSD) measurements. Samples of both pure
alumina and 10% aluminium ethoxide-doped alumina
conventionally sintered for 1 h at 1235 °C were prepared
using metallographic procedures that involved polishing
up to 1 pm in a diamond slurry and a final polishing/
etching step with 20 nm colloidal silica. Diffraction pat-
terns were acquired using an EBSD CCD camera (Ox-
ford Instruments Crystal-300) attached to a field
emission gun scanning electron microscope (LEO Gem-
ini-1530). Due to charging under the electron beam, it
was not possible to obtain detailed orientation maps,
but instead evenly spaced points were measured and in-
dexed over a ~300 x 300 pm?® area. This was sufficient
to reconstruct the orientation distribution functions
(ODFs) of alumina in both samples. Raw EBSD data
was imported into the MTEX [25] software toolbox
for MATLAB, where orientation distribution function
(ODF) reconstruction was performed using a Fourier
technique with a 10° convolution kernel. Datasets were
rotated to make (000 1) poles parallel to the normal

Figure 1. TEM images showing pure alumina grains (a) and alumina
grains doped with aluminium ethoxide (b) after calcination at 800 °C
for 2 h.

direction for ease of visualization and (0001) and
{1010} pole figures were calculated.

Figure 1 shows TEM images of the pure (Fig. 1a) and
doped alumina (Fig. 1b) powders after calcination at
800 °C. Figure la shows pure TM-DAR alumina parti-
cles with clean and faceted surfaces. On the other hand,
nanoparticles with diameters around 10-20 nm have
nucleated on top of the TM-DAR alumina particles
after calcination at 800 °C for 2 h of the alumina doped
with aluminium ethoxide (Fig. 1b). The nucleated parti-
cles also show a hexagonal shape, suggesting that they
have already transformed to o-Al,O5 after calcination
at 800 °C, far below the o phase formation temperature
(~1200 °C). Therefore, doping the alumina powders
with an aluminium precursor followed by calcination
can modify the surface of the raw alumina powders.
BET surface area analysis shows an increase in the sur-
face of the self-doped powders from 13.7 (Taimei, TM-
DAR) to 223 m?* g .

Figure 2 shows SEM images corresponding to frac-
ture surfaces of pure and doped alumina, conventionally
sintered at different temperatures, 1300 and 1400 °C, for
2 h. No relevant changes in the microstructure between
pure and doped samples are observed at low sintering
temperatures (Fig. 2a and b). The micrographs also
show rounded grain boundaries, indicating that sinter-
ing is still at an early stage. The situation is different
at the higher sintering temperature, 1400 °C: the grain
size reaches the micron size (1.76 + 0.49 um) for pure
alumina (Fig. 2¢), whereas it remains in the submicron
range (0.48 £ 0.22 pm) in the doped material (Fig. 2d).

In order to gain a deeper understanding of the micro-
structural features, EBSD analysis was carried out on
conventionally sintered powders. Pole figures were
obtained from EBSD measurements and are shown in
Figure 3a for pure alumina and in Figure 3b for 10% alu-
minium ethoxide-doped alumina sintered for 1h at
1235 °C. It is clear that, while the texture of the ethox-
ide-doped alumina is mostly random and closely resem-
bles that of a purely polycrystalline material, the
crystallographic texture of pure alumina shows a greater
degree of preferred orientation, as is evidenced by the
intensity maxima in the pole figures shown in Figure 3a.
This observation was confirmed by the calculation of
the texture index of the ODF, which was 2.38 for pure alu-
mina and 1.22 for ethoxide-doped alumina. The texture
index is a global measure of the degree of texture in a
material and is equal to 1 for a material consisting of ran-
domly oriented crystallites. ~

Additionally, the 6-fold multiplicity of the {1010}
reflections (as opposed to 3-fold symmetry of the
Al;Oj lattice due to lack of centrosymmetry) probably
reflects the presence of basal twins in the pure alumina,
characterized by a 60° degree rotation around the
[0 00 1] direction. In basal twins the oxygen sublattice
remains almost unaltered across the interface [26]. Due
to the high number of coincident sites, basal twins con-
stitute low-energy grain boundaries, as often observed in
sintered pure alumina [27]. Their absence in ethoxide-
doped alumina can therefore be explained if grain reori-
entation in the early sintering stage is suppressed for the
self-doped alumina.
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Figure 2. Pure (left column) and doped (right column) alumina conventionally sintered at 1300 (a and b) and 1400 °C (c and d) with 2 h holding time.
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Figure 3. Representative pole figures reconstructed from EBSD data.
Two reflections of a-Al,O3 are shown: (a) pure alumina and (b)
alumina doped with 10% aluminium ethoxide and conventionally
sintered for 1 h at 1235 °C. White regions correspond to orientations
where density is equal to that of random distribution of orientations.
The scale is the same in both cases for ease of comparison.

This difference between the arrangement of the alu-
mina grains can be explained by assuming that the alu-
mina particles undergo a reorientation during sintering
[28-31]: in the case of pure alumina, a reduction of energy
at the grain boundaries takes place due to the formation
of solid—solid interfaces through planes with similar ori-
entation. At higher temperatures, diffusion through grain
boundaries is promoted and grain growth is accelerated
considerably. Initially, the green body may be considered
as a three-dimensional homogeneous distribution of crys-
tals with random orientation and random distribution of
contact points between crystals (particles). In this case,
the total energy of the system will be the volume energy
plus the free surface area plus the energy of the solid—
solid interfaces. At low temperatures, the only contribu-
tion to a total energy reduction of the system will come

from the reduction in the solid—gas free energy associated
with the different alumina surfaces by increasing the
number of solid-solid contacts between crystals. This
reduction will be favoured when the surfaces coming into
contact have the same orientation. In fact, contact be-
tween two planes with the same orientation is the most
effective way to reduce the free energy of the system when
the temperature is so low that thermally activated diffu-
sion mechanisms cannot take place. Therefore, at low
temperatures, alumina particles slip to reduce the total
energy of the system by forming grain clusters with the
same orientation. These grains with the same plane orien-
tation will form low-energy grain boundaries. During
sintering, these interfaces readily disappear, as only very
low ion mobility (only short diffusion paths) is required
for this to happen, leading to grain growth. Once these
agglomerates are formed, sintering continues via normal
growth mechanisms.

However, the situation is different in the doped alu-
mina, where the presence of the a-alumina nanocrystals
at low temperatures inhibits grain reorientation, as op-
posed to the pure alumina case, during the first steps
of sintering. Therefore, no energy reduction can take
place as particles are not able to join through similar
faces. Consequently, this implies that during the early
stages of sintering, a given grain keeps a random crystal-
line orientation with respect to its neighbours. When the
temperature is high enough to allow atomic diffusion
mechanisms to become active, sintering takes place
and the final microstructure is kept finer. Although
shown for a particular system, such as alumina, the
method proposed is general and may have implications
for other systems in which control of grain growth dur-
ing sintering is required. This route explains the finer
microstructure in the doped alumina.

We have therefore shown that doping with alumin-
ium ethoxide is an efficient way to minimize alumina
grain growth during sintering.
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In conclusion, it has been shown that by modifying
the surface of the alumina particles after a self-doping
process, it is possible to block grain reorientation during
sintering. Finally, this self-doping method has been
found to be an effective means to reduce the average
grain size without introducing secondary phases with a
refractive index different to that of the matrix.
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