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Room temperature plasticity and phase transformation of nanometer-
sized transition alumina nanoparticles under pressure
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A powder of transition alumina nanoparticles (including y and a so-called 3-type) is compacted at room
temperature in a diamond anvil cell (DAC) under pressures ranging from 5 GPa to 20 GPa. Character-
ization carried out on thin foils prepared by focused ion beam (FIB), from the compacted powder,
unambiguously reveals plasticity. High resolution transmission electron microscopy (HRTEM) and
electron diffraction also evidence phase transformation of nanoparticles under high pressure and
nanoparticles show faceting parallel to the loading direction with a preferential crystallographic orien-
tation of the facets corresponding to {220} planes of y—Al,Os. It can also be deduced, from the com-
parison between the DAC experiments and in situ TEM nano-compression tests on single particles
performed in a preceding work, that plasticity is driven by slip bands corresponding to {111} slip planes,
common for a spinel structure, such as, for instance, y—Al,0s.

We also demonstrate that at ambient temperature the transition alumina phase is also prone to
structural change under high pressures with the following sequence y-Al,O3 — ¢ Al,Os, these two
phases coexisting, sometimes, in the same nanoparticle after compaction. Plasticity at room temperature
in alumina nanoparticles and the subsequent phase transformation under pressure may have strong

impacts on the process of alumina nanostructured ceramics.

1. Introduction

Ceramics have always been considered as brittle materials at
room temperature. Nevertheless, recent studies show that they can
present a plastic behavior at the nanometer scale [1,2]. This peculiar
behavior for ceramic materials may have a strong impact either on
their processing [3] or their future use, since it would open the door
towards low-temperature forming, followed by much more mod-
erate  sintering temperatures. Nanometer-sized ceramic
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nanoparticles are nowadays mostly used for the processing of bulk
ceramics like, for instance, nanocomposites for biomedical appli-
cations [4—6]. The aim of using nanometer-sized particles is to
obtain nanometer-sized grains after sintering. The so-called nano-
ceramics exhibit extraordinarily good mechanical properties like
high wear resistance, low friction, and high strength and hardness
[7]. In the case of alumina, the absence of porosity and the nano-
meter grain size are key points to enhance transparency [8—11].
Thanks to these outstanding properties, many other applications
could be considered [12,13]. Understanding the plastic behavior of
nanometer-sized ceramic nanoparticles is one possible research
axis in order to keep their nanometer size during processing. Our
first results obtained during in situ nano-solicitation experiments in
Transmission Electron Microscopy (TEM) revealed a surprising
behavior for transition alumina and MgO nanoparticles: plasticity
at room temperature [1,2]. In the case of MgO, this was also
observed by Korte and Clegg on micropillars previously prepared by
Focused Ion Beam (FIB) [14]. Kiani et al. also used FIB sample



preparation to study room temperature plasticity in ZrC pillars [15].
The advantage of such in situ tests in the case of alumina lies in the
fact that it is also possible to test transition phases (metastable
phases of alumina) which do not exist at the microscale and as bulk
material. Indeed, a-alumina is the only phase of alumina that is
stable at bulk, under a wide range of pressures and temperatures
[16] while nanometer—sized powders generally consist in a
mixture of transition alumina. Studying the behavior of transition
alumina is of much interest. Liao et al. [17] showed that the strong
compaction of transition alumina (perfectly spherical nano-
particles) improves the green density up to 83% at a pressure of
8 GPa. They concluded, without evidence, that the high density
could be linked to a possible partial plastic deformation of transi-
tion alumina nanoparticles.

In addition to pressure-assisted plasticity, structural changes
may also occur during compression. To investigate possible phase
transformation, the different crystallographic phases of alumina
can first be briefly introduced. The structure adopted by a-Al,03
can be described by oxygen anions in a near hexagonal compact
arrangement and cations filling 2/3 of the octahedral sites. As a
consequence, the a-Al,O3 structure contains vacancies that are
present in 1/3 of the octahedral sites in an ordered array and well-
known sequence along a rhombohedral structures axis (2AI*
-vacancy- 2AP"). Transition alumina phases (y, 8, m, 0) are
described by the spinel structure defined by the chemical formula
AB,04, here Al304. However as far as stoichiometry is concerned,
alumina is described by the chemical formula Al;0Os3. This means
that the structure contains Al** vacancies. In all transition alumina
phases, the oxygen anions are nearly in a face-centered cubic
arrangement and cations are occupying octahedral and tetrahedral
sites. Each phase of transition alumina presents a specific per-
centage of cations occupation of the octahedral sites over the
tetrahedral sites, inducing a specific cations arrangement in each
transition alumina phase. For instance, the cation arrangement can
be described by cubic and tetragonal structures for y-Al,03 and d-
Al,03 respectively, with a certain number of randomly distributed
vacancies in each unit cell. The 3-Al,03 tetragonal variety is a quasi-
supercell of y-Al,03 parameters a, b of its cell are very close to those
of the y phase divided by v/2 and its ¢ parameter is close to 3 times
that of the y one (JCPDS file 46-1131). Therefore, the main diffrac-
tion peaks of tetragonal 3-Al,03 are in quasi-coincidence with those
relative to the y phase. Only weak supplementary peaks for high
inter-reticular distances are present in the d phase. Other transition
alumina phases are also found in the literature. In particular, the
AP cations can be arranged in an orthorhombic structure, leading
to the phase 6*-Al,03 [18], also called “orthorhombic 3-Al,03” by
Levin et al. [19]. This phase can be quite easily distinguished from
the y one by X-ray diffraction (see Fig. 1).

For surface areas lower than 125 m?/g, the a-phase is the most
stable one, whereas transition phases are metastable [20]. A
sequence of high temperature processes that enables phase trans-
formations from boehmite towards transition alumina and then to
a-Alumina is given by Refs. [19,21]:

Y — AIOOH (Boehmite) -y — A1203 —0— A1203 -0 — Aleg d
— AlOs

These transformations are not reversible as each phase obtained
after a transition is preserved when temperature is decreased down
to room temperature. As mentioned previously, some other inter-
mediate phases (3%, d’), not present in this sequence, may also be
found. As a consequence, it has been suggested that transformation
from y-Al>,03 (cubic) to 3*-Al,03 (orthorhombic) occurs before the
cubic spinel collapse and exhibits a tetragonal character (3-Al,03).
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Fig. 1. Phase indexation in the native nanoparticles. Upper part: experimental X-Ray
diffractogram. Lower part: simulated XRD diffractogram for a mixture of y-Al,O3
(70 wt.%) and 8*-Al,03 (30 wt.%) calculated with the software of Carine Crystallography
3.1

This is followed by a monoclinic structure (6-Al;03) transformation
and finally at higher temperature the trigonal structure a-Al,0s is
obtained (without any occupancy of the tetrahedral sites by cat-
ions) [19]. It has to be mentioned as well that although some other
sequences have been proposed in the literature, for instance by
Macédo et al. [22] or by Paglia et al. [23], there is a lack of infor-
mation about the physical parameters involved into these phase
transformations. For example, temperature is known to trigger
phases transformations [17,23], but o alumina is also sensitive to
structural changes at high pressure (90 GPa) [24].

As the fabrication of bulk nanostructured alumina includes the
compaction of green samples made of transition alumina nano-
particles, which turned out to exhibit a plastic behavior at room
temperature, it is necessary to understand better the behavior of
the nanoparticles during compaction. In this study, we aim at using
a diamond anvil cell (DAC) to compact a powder of transition
alumina nanoparticles at room temperature. DAC allows com-
pacting the powder with relatively high pressures (20 GPa in our
study), and we may expect locally high stresses which may trigger
plasticity and/or phase transformation at ambient temperature. In
addition to a deep characterization of the compacted powder, our
objective is also to correlate the results obtained with in situ pre-
vious nano-compression experiments in TEM, where plastic
behavior of individual crystalline particles was observed in real
time [1,25].

2. Materials and methods

The transition alumina nanoparticles used in this study have
been produced by Nanophase Technologies Corporation (Romeo-
ville, IL, USA). It is thermally treated at 900 °C to improve its crys-
tallinity. The particles are spherical and the size distribution lies



between a few of nm and 150 nm, with an average diameter around
20 nm [26]. HRTEM images obtained from several nanoparticles
confirm their crystallinity [25]. Occasionally, few twin boundaries
can be observed but only few particles are concerned [25].

The crystallographic phases were determined by X-ray diffrac-
tion on a 0-0 Bruker D8 Advance System (Bruker AXS Gmbh, Ger-
many) using Cu Ko radiation (A = 0.154 nm). The working voltage of
the instrument was 40 kV with a current of 40 mA.

To ensure a good filling of the DAC gasket, the powder has been
granulated by atomization. Granules exhibit sizes around 50 pm
with a nanoparticle packing of 69% inside the granules [27]. The
granulated alumina nanoparticles have been compacted in a DAC
equipped with a 200 pum-thick steel gasket. A hole of 60 um in
thickness and 300 um in diameter was previously drilled in the
gasket to introduce several close-packed granules in the DAC. A
ruby has also been inserted in the hole for pressure calibration. No
transmitting media has been used to favor free motion and stacking
of the nanoparticles. Three uniaxial compression experiments have
been performed at 5 GPa, 15 GPa and 20 GPa. As shown recently, the
pressure measured by the ruby luminescence even in presence of
highly non-hydrostatic components is a pertinent parameter to
study the mechanical properties of a nanopowder by giving an
average pressure that corresponds to the load on the powder [28].

Thin foils have been extracted from the compacted samples
using a FIB/SEM (NVision 40; Carl Zeiss Microscopy GmbH, Ober-
kochen, Germany), equipped with a multi-nozzle SIINT gas injec-
tion system (GIS) and a Cartesian nano-robotic manipulator (Klocke
Nanotechnik GmbH, Aachen, Germany). To minimize the curtain
effect introduced by the gallium ion beam milling and to protect the
sample surface from implantation, an in situ ion beam induced
deposition has first been performed over the area of interest with
tungsten carboxyl W(CO)g as a precursor gas (sputter-resistant
layer of about 1pm). Trenches have been milled to enable the
extraction of 1—2 um thick lamellas which have then been trans-
ferred, using the manipulator, and glued, using the GIS, onto a TEM
copper grid for further thinning. In this work, settings for 30 kV ion
accelerating  voltage with decreasing beam  currents
(700 pA—40 pA) and probe sizes have been used to reach a suitable
foil thickness for TEM analysis (around 100 nm). At each step,
milling has been carried out using an adjusted grazing incidence to
compensate for the ion beam tails in order to achieve near parallel
foil top and bottom surfaces over a large zone. Finally, to reduce the
amorphous layer due to the high energy ion beam, a final low-kV
ion polishing at 2 kV/50 pA has been performed.

The observations have been carried out on a JEOL 2010F field
emission electron microscope operating at 200 kV (with a point
resolution of 0.2 nm). The size distribution of the deformed parti-
cles has been determined through numerical analysis of bright field
TEM images acquired at low magnification. Series of HRTEM images
have been taken at the surface contacts between two deformed
nanoparticles on the samples compacted at 5 GPa, 15 GPa and
20 GPa. The Fast Fourier Transforms (FFT), reproducing diffraction
patterns of specific regions of interest, have been indexed. In-
dexations are based on inter-reticular distances and angles be-
tween planes. The JCPDS tables used for the phase indexation are
the following ones: 00-050-0741 (7y), 00-046-1215 (3*) and 00-047-
1770 (3). Because of the high density of the sample compacted at
20 GPa, it has been hardly possible to perform high resolution
imaging like on the samples compacted at lower pressures.
Therefore, classical selected area (SA) diffraction patterns of the
sample compacted at 20 GPa have been acquired and indexed.

Simulations of the theoretical X-ray diffractogram have been
performed by using Carine Crystallography 3.1 on the basis of the
Wyckoff positions given by Zhou and Snyder [29] and Fargeot et al.
[18] for y and &% respectively. As far as Debye Scherrer electron

diffraction patterns are concerned, the intensity profiles have been
measured by circular integration in Digital Micrograph™ software
of GATAN. The intensity profiles have also been corrected by
considering the beam stop shape. In order to calculate the theo-
retical electron diffraction profiles, we used data from JEMS soft-
ware [30]. The structural parameters of y-Al,03 and §*-Al,03 are
also based on the papers published in the literature [18,28].

3. Results

A portion of a X-ray diffractogram obtained on the native
powder is shown in Fig. 1. Several peaks overlap in the 20 region
45—47°. This requires an accurate indexation as inter-reticular
distances in some of the transition alumina are very close to each
other, like for instance in the case of y-Al,03, 3-Al03 and 3*-Al,0s.
However, in this range of diffraction angles, the diffractions peaks
relative to 8*-Al,03 occur at different angles compare with those of
v-Al,03 and 3-Al;03, which make the identification of the phase 3*-
Al»O3 relatively straightforward (see Fig. 1). On the contrary in this
region, the phases y-Al,03 and 3-Al;03 cannot be distinguished
from each other. As y-Al;03 can be unambiguously evidenced in a
large number of HRTEM images (see below), we use here only vy-
Al;03 and 3*-Al,03 for the simulations. The theoretical composition
that gives the best fit with the experimental diffractogram is made
of 70 wt.% of y-Al,03 and 30 wt.% of §°-Al,0s. The difference in the
width of peaks between experimental and simulated patterns is
essentially due to the small size of particles: according the Scherrer
relation, the angular full width at half maximum is close to 0.5° for
a particle size of 17 nm.

Observations of the three samples after compaction reveal that
only the smallest particles, below 90 nm in size, are deformed
under a pressure in the DAC of 5 GPa (see Fig. 2). At higher pressures
(15 and especially 20 GPa), almost all the particles are distorted. The
density of the samples compacted at 15 and 20 GPa is very high,
without any residual porosity observed at 20 GPa. One can notice
the progressive decrease of porosity under increasing pressures. At
20 GPa, the white contours around the particles are a TEM imaging
effect due to defocus used to give a better estimation of the particle
boundaries.

Facets are observed in all the samples, and more clearly in the
sample compacted at 20 GPa. They appear to be parallel to each
other and parallel to the principal solicitation direction (see Fig. 3b).
This texture can be observed until 1 um below the sample surface
(see Fig. 3a). Below this depth, the texture seems to be slightly tilted
and seems to be localized in small domains of several nanoparticles
that are not perfectly aligned one to other.

At 5GPa, the indexation of the electronic diffraction patterns
obtained on deformed nanoparticles is compatible with the vy-
phase. Interestingly, a preferred crystallographic orientation is
observed for the deformed nanoparticles. The {220} planes of the -
phase are indeed found to be parallel to the surface in contact with
the neighboring nanoparticle. This preferential crystallographic
orientation, with the {220} planes parallel to the contact surface,
can be evidenced in almost all indexed HRTEM images of deformed
nanoparticles having clear contact surfaces. Fig. 4 presents 3
deformed particles, one of them having an interesting zone axis (on
the right part of the image). On this particle, two facets can be
observed, making an angle close to 120°. The {220} family of planes
contains 12 planes. The angles values between these different
planes are equal either to 60°, to 90° or to 120°. The indexation and
the angle are thus consistent and confirm that the facets are {220}
planes. FFT indexations from regions of interest in the samples
compacted at 15 GPa and 20 GPa confirm, if the particles are in the
v-phase, that one of the {220} planes is always parallel to the
contact surface between particles.



Fig. 3. TEM images of the sample compacted at 20 GPa a) Low magnification image showing the sample just below the surface. The direction normal to the solicitation direction, i.e.
the surface plane, is indicated with a long dashed line. A faceting of the nanoparticles parallel to the solicitation direction is observed within a depth of 1 um. Short dashed lines
indicate some of the most visible facets. b) Higher magnification TEM image showing strong faceting (see arrows). The long dashed line representing the normal to the solicitation

direction is also shown.

Table 1 summarizes the results obtained on the indexed
deformed nanoparticles at different pressures. At 5 GPa, the 15
deformed nanoparticles analyzed are in the y-phase only. At higher
pressures, other phases, namely & and 3% are also found in the
deformed nanoparticles. Fig. 5 presents a particle after compaction
at 20 GPa. Several domains can be found in the particle. The
indexation of the FFTs in different regions of interest reveals the
presence of the y-phase in the center of the nanoparticle, while the
periphery is in d phase.

In order to analyze a larger number of particles, Debye-Scherrer
patterns have been acquired on the three samples. X-ray micro-
diffraction was first considered after compaction to characterize
the phases but it was unfortunately not possible to analyze the
sample due to the presence of the metallic gasket used for DAC. The
Debye-Scherrer patterns acquired from electron diffraction confirm
the presence of y and 3* phases in all the samples, as in the native
powder. From electron diffraction patterns obtained on single
phase nanoparticles, the presence of superstructures sometimes
reveal the presence of the & phase in the sample compacted at
20 GPa.

Intensity profiles extracted from the Debye Scherrer patterns on
the initial powder (0 GPa) and the samples compacted at 5 and
20 GPa are displayed in Fig. 6. The background intensity becomes

very high at large inter-reticular distances, near the diffraction
pattern centre. Nevertheless, it is still possible to identify the peaks
at 3.57 and 4.18 nm™~ . They respectively correspond to the planes
{220} and {311} of the y-phase in the diffraction profile of the initial
powder, see Fig. 7. The peaks of the 3*-phase in this range of d~!, are
hardly visible in the experimental profile of the initial powder. For
comparison purposes, Fig. 7 also includes simulated electron
diffraction profiles for one unit cell of y-Al,03 and one unit cell of
3*-Alp0s3. Figs. 6 and 7 both display the diffraction profiles of
transition alumina nanoparticles compacted at 5 GPa in DAC. One
can distinguish a large Gaussian peak in the range [3—4.5] nm~,
the two peaks characteristic of the y-phase being less visible in
comparison to the initial powder. This can be attributed to an in-
crease of intensities of the peaks relative to the d*-phase, at
3.85 nm~! (114) and 4.07nm™! (311), thus making the minima
between the y peaks higher, see Fig. 7. This effect is even more
pronounced on the diffraction profile of the sample compacted at
20 GPa. Simultaneously, the peak at 5nm~! first increases (from
0 to 5 GPa) and then decreases. Unfortunately, this peak is present
in the simulated profiles for both y-Al,03 and 8*-Al,0s3. The
decrease is compatible with a phase transformation from y to 3.
The increase at low pressure could therefore be attributed to the
texturation observed.
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Fig. 4. HRTEM image of deformed nanoparticles. The indexation of the Fast Fourier Transform shows that nanoparticles are in the y-phase with {220} planes parallel to the contact
surface.

Table 1
Number of indexed particles, with the crystallographic phases and orientations, obtained for each pressure applied in the DAC. Two phases are indicated in the same line when
they are found in the same nanoparticle.

Pressure Phases Number of nanoparticles Specific crystallographic orientation
5GPa v-Al,03 15 {220}//contact surface
15GPa v-Al,03 8 {220}//contact surface
3*-Al,03 10
‘Y—A]203 + 0*-Al,03 2
20 GPa v-Al,03 3 {220}//solicitation axis in DAC
3*-Al,05 3
3-Al,03 4 {117} at 20° from the solicitation axis
v-Al,03 + 8-AlL03 1

“ay=ALO,
Zone axis [114]

h ¥ %

6-Al,0,4
Zone axis [7,0,1]

Y -Al;05
zone axis [111]

Fig. 5. HRTEM image of a deformed nanoparticle in the sample compacted at 20 GPa. Two regions of interest are studied and the corresponding FFT indexations reveal the phase y-
Al,03 near the core of the nanoparticle and the phase 3~Al,03 near the surface.
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4. Discussion
4.1. Preferential orientation and deformation mechanism

At 5 GPa, the deformation of only the smallest nanoparticles can
be explained by the fact that the local pressure is higher on smaller
nanoparticles than on bigger ones, and 5GPa may not be large
enough to deform larger nanoparticles — on the contrary to what is
observed at 15 and 20 GPa, where all the particles are deformed.
Moreover, as bulk alumina is known to be brittle at room temper-
ature, it is worthy to notice that no fracture can be observed in the
nanoparticles, even after compaction at 20 GPa. Our results are in
agreement with the in situ observations of Calvié et al. [1]. However,
Zheng et al. evidenced that the electron beam could facilitate
plasticity in silica [31]. As compaction in the DAC is carried out
without any irradiation, it can be concluded that plastic deforma-
tion really occurs in alumina nanoparticles at ambient and that it is
not a possible artifact due to the electron beam in Calvié’s
experiments.

Facets are clearly visible in a lot of deformed nanoparticles. They

are found to be parallel to each other and parallel to the principal
solicitation direction, at least close to the surface. Their preferential
orientation is not clearly visible deeper in the compacted samples.
This may be attributed to the fact that the uniaxial force is not
integrally transferred - in value and direction - at a certain distance
below the surface. Indeed, it is known that arches can be formed in
granular assembly of nanoparticles [32].

Regarding the orientation of the {220} planes in the deformed
particles in the y-phase, the results obtained suggest that nano-
particles may rotate prior to or at the early stages of compression,
similarly to grain boundary rotation in strained polycrystalline
materials [33,34]. Rotation would enable one plane of the family
{220} to become parallel to the surface in contact with another
particle. These planes can give rise to the facets observed in Fig. 3.
They also indicate that the nanoparticles are deformed along the
compression axis <110>.

The analysis performed on the nanoparticles compacted in the
DAC can bring useful pieces of information on the behavior of in-
dividual nanoparticles during in situ TEM nano-compression tests,
as published by Calvié et al. [25]. First, it has to be mention that
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also represented.

movies acquired on these nanoparticles tests often show a slight
rotation of the nanoparticle at the early beginning of the
compression test. Such rotation may initially be attributed to a non-
perfect alignment of the diamond tip and the sapphire substrate
but thanks to DAC, the rotation can also be attributed to a first event
before or at the beginning of the deformation mechanism. Indeed,
the available tests show that during uniaxial compression, slip
bands oriented at ~35° with respect to the compression axis appear
during plastic deformation (see Fig. 8). This measure is a possible
value of the angle between {220} and {111} planes in y-Al;03. By
drawing a comparison with the DAC experiments, it can be strongly
suggested that the slip bands correspond to the {111} planes and
the compression axis to the <110> direction. Thus, if one plane
from the {220} family is parallel to the solicitation direction, two
other ones are parallel to the surfaces of the nanoparticle which are
in contact with the diamond punch and the sapphire substrate. As a
consequence, the nanoparticle is thought to first rotate from its
initial random orientation to a preferential orientation, where one
of the {220} planes becomes parallel to the compression axis, as in
Fig. 3. After rotation, the orientation of the nanoparticle permits the
activation of the <110> {111} slip system, dominant in a spinel
structure [35]. This preferential orientation is also in agreement

with the results published by Coleman et al., who showed that the
surface energy of the {220} is lower than that of the {111} and {001}
planes in y-Al,03 at room temperature [36].

4.2. Phase transformation

The phase indexation summarized in Table 1 reveals that at low
pressure, all the deformed particles that have been indexed are in
the y-phase. Nevertheless, it cannot exclude that other nano-
particles in the d*-phase could be deformed too. At higher pres-
sures, the d-phase has been evidenced. As this phase was not
present in the sample before compression, the results suggest that
phase transformation may occur under pressure even at ambient
temperature. Indeed, contact pressures between the nanoparticles
can locally be very high. o alumina has been found to change its
structure at 90 GPa [24] and we may expect the same behavior for
transition alumina phases, which are necessarily less stable due to
the disordering of aluminum vacancies.

The particle shown in Fig. 5 may be a good example of phase
transformation under pressure. Because the y-phase is found in the
center of the nanoparticle, it can reasonably be assumed that it was
originally in the y-phase. The d-phase, not present in the native
state, can therefore be considered as the result of phase trans-
formation, which most probably occurs first in the contact area
where the stress is maximum. This is in agreement with a recent
study published by Girao et al., who evidenced a propagation of
phase transformation in SnO; nanoparticles from the surface to the
core of the nanoparticles [37].

The quantification of the Debye Scherrer electron patterns, at
different pressures, evidence phase transformation under pressure.
Indeed, the intensity profile changes with pressure in the
3-5.5nm" ' range of d~, the progressive increase of the minimum
between the peaks relative to the y-phase at 3.57 and 4.18 nm™!
indeed suggests a higher fraction of &* phase in the compacted
samples. Moreover, the intensity decrease at high pressure of the
peak at 5 nm~! plays in favour of a higher fraction of the 8* phase.
From this qualitative analysis of the diffraction profiles, it can
therefore be proposed that phase transformation occurs during
compaction of transition alumina nanoparticles at room tempera-
ture in DAC, even at 5 GPa. This phase transformation becomes
more important when the pressure of compaction in DAC is
increased to 20 GPa.

A quantification of the fractions of the y and 3* phases in each
sample might be investigated in order to assess the effect of pres-
sure. For several reasons listed hereafter, we think that the simu-
lation results are not accurate and cannot be presented here.
Indeed, the diffracted intensities depend on the electron scattering
factor, which highly varies with atom ionisations. It would be
difficult to determine the electron scattering factor in the case of an
ionocovalent compound such as Al,0s3. Moreover, the peak in-
tensities depend on the crystal size. When considering that only a
part of the nanoparticles undergo phase transformation, the crystal
size for the 3* phase would be different from that of the y phase.
Associated to the subtraction of the background, the uncertainties
on the electron scattering factor value and on the crystal size for
each phase do not permit an accurate quantification at different
pressures. Nevertheless, the experimental profiles shown in Fig. 7
clearly suggest an increase of the fraction of 3*-Al,03 when
increasing the pressure in the DAC, which is compatible with the
HRTEM indexations of compacted nanoparticles. Those consistent
results assert that a phase transformation following the sequence
v-AlbO3 — 6* Al;03 occurs at room temperature when increasing
the pressure in the DAC.

The physical parameters that trigger phase transformation be-
tween the different transition alumina are not yet fully known. In



20 nm

Fig. 8. Nanoparticles deformed during in situ TEM nanocompression experiments. In the three cases, slip bands appear with an angle of 35° towards the axis of compression. The

value of the angle is consistent with the value between (111) plane and <110> direction.

all phases, the oxygen atoms are nearly in a face-centered cubic
arrangement so phase transformation can reasonably be thought to
imply the aluminum atoms and their vacancies. These aluminum
atoms occupy tetrahedral and octahedral sites in the vy-phase,
which is the most disordered one [29], whereas only octahedral
sites are occupied in the a-phase, the most stable one at bulk. We
proposed above that plastic deformation occurs through a shear
mechanism in the {111} planes, probably governed by perfect
dislocation gliding (no stacking fault detected). As some of these
planes contain layers rich in tetrahedral sites, it is suggested that
shear in the {111} planes induces aluminum displacements and
therefore of the aluminum vacancies, so as to stabilize the structure
thanks to a preferential rearrangement of tetrahedral sites. This
mechanism would be in agreement with a better thermodynamic
equilibrium of the phases 3* and d.

Phase transformation can occur under pressure and tempera-
ture: Liao et al. [17] showed that a pressure increase reduces the
temperature of phase transformation to a-Al;03. As we observe
phase transformation at ambient temperature, it seems that the
curve proposed by Liao et al. can be extrapolated to high pressures
(20 GPa or more), and that phase transformation can occur also at
ambient temperature.

5. Conclusion

DAC compression experiments coupled with FIB sample

preparation and TEM observations techniques are very interesting
for the study of deformation and phase transformation under
pressure. HRTEM observations of compacted samples under 5 GPa,
15 GPa and 20 GPa show a faceting of the nanoparticles parallel to
the solicitation direction with a preferential crystallographic
orientation of the {220} planes for the y phase. This particular
family plane is also involved in the plastic behavior observed during
nanocompression tests in TEM. Indeed, the <110> {111} slip system,
dominant in a spinel structure, is the active one and leads to severe
plastic deformation. Our results also reveal that phase trans-
formation from y-Al,03 to 6*-Al,03 (and then to 6-Al;03) occurs
under pressure at ambient temperature. Both phases may coexist in
the same nanoparticle, 6*-Al,03 or 6-Al,03 appearing at the contact
periphery with another nanoparticle where the stress is maximum.
Room temperature plasticity in transition alumina nano-
particles may explain the very high densities of the compacted
samples, studied either in the literature [17] or in the present paper
(sample compacted at 20 GPa). By taking advantage of the defor-
mation mechanism and phase transformation, it could be possible
to optimize the compaction and sintering conditions — pressure,
temperature, nanoparticle size - used for ceramic fabrication.
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