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Particle-size effect on the compressibility of nanocrystalline alumina
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Room-temperature x-ray diffraction to 60 GPa yields zero-pressure bulk modulus values ofK675238
63 GPa andK37517263 GPa for nanocrystallineg-alumina (Al2O3) with particle sizes of 67 and 37 nm,
respectively. Combined with the results of previous high-pressure x-ray studies of 20 and 6 nm nanocrystalline
Al2O3 , it is found that compressibility increases with decreasing particle size. A new phase was detected at
pressures above 51 and 56 GPa forg-Al2O3 of 67 and 37 nm, respectively.
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INTRODUCTION

The study of nanocrystalline materials with dimensio
less than;100 nm is an active area of research in physi
chemistry, and engineering.1,2 Nanocrystals have larg
surface-to-volume ratios, and surface effects take on a
nificance that is normally inconsequential for bulk materia
The small volume can confine free carriers, allowing obs
vation of quantum behavior. While of immense intrinsic i
terest, the study of nanocrystals is also propelled by tech
logical promise. Various physical properties such
hardness, melting temperature, sintering ability, and e
tronic structure may be dependent upon particle size.3–5 Ad-
ditionally, the barrier height between two phases of a ma
rial has been found to depend on the size of the nanocrys6

That nanomaterials may display novel or enhanced pro
ties compared to traditional materials opens up possibili
for new technological applications.

There have been numerous studies on the relationship
tween the size of nanocrystals and their properties. It
been reported that the melting temperature decreases
decreasing particle size,5 for example, but the effect of par
ticle size on the stability of crystalline phases appears to
more varied.6–11 Some nanocrystals show elevated pha
transition pressures with decreasing particle size7,9,12 while
others exhibit reduced phase transition pressures with
creasing particle size.13,14 Whereas the elevation of nano
crystal transition pressures is explained in terms of surfa
energy differences between the phases involved, it
suggested that a larger volume change, for the nanocry
upon the transition can reduce the phase-transition pres
To increase the amount of experimental information av
able on structural stability as well as to explore the relati
ship between the size of a particle and its equation of st
nanocrystalline alumina has been studied.

Alumina is one of the most important ceramics, havi
applications ranging from electronics to lasers. Althou
a-alumina is the thermodynamically stable phase of b
Al2O3 under a wide range of pressures and temperatu
recent theoretical and experimental work has determined
under high pressure and temperature,a-Al2O3 converts to
the Rh2O3 ~II ! structure.15–17The structural change is of sig
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nificance in broadening our understanding of the proper
of Al2O3 .

Molecular dynamic simulations indicate that theg-phase
of alumina, which crystallizes in the defect spinel structu
may be the thermodynamically stable phase of Al2O3 for
specific surface areas greater than;175 m2/g, the g phase
being stabilized compared to thea phase because it has
lower surface free energy.18,19 Spherical alumina particles o
such high specific surface area would have diameters
than 10 nm. Recent heat-capacity measurements on n
crystallinea and g alumina suggest that the higher ener
for the a phase may be due to a few high-energy surfa
sites.19,20

g-Al2O3 is widely used in technology as a catalyst, ca
lyst carrier, absorbent, coating, and soft abrasive becaus
its fine particle size and catalytic activity. Many approach
of synthesis, such as microwave sintering, plasma-assi
sintering, and high-pressure sintering, have been explore
order to produce highly denseg-Al2O3 without excessive
grain growth.21–23High-pressure sintering provides an attra
tive opportunity to obtain fully dense nanocrystallin
alumina.24

The high-pressure compaction of nanophaseg-alumina
has recently been studied up to pressures of 4.5 GPa
temperatures of up to 870 °C in order to better understand
sintering process.25 Using x-ray diffraction, 20 nm particles
of g alumina have been studied up to 3.8 GPa, and 6
particles have been studied up to 30 GPa.26,27No new phases
were observed and equations of state were obtained for
sizes of particles. In the present article, we report on x-
diffraction experiments performed up to a pressure of
GPa to measure the compressibility of nanocrystall
g-Al2O3 as a function of particle size.

EXPERIMENT

In separate experiments, nanocrystallineg alumina, with
average particle sizes of 67 and 37 nm~Nanophase Tech
nologies Corporation, IL! was compressed quasihydrosta
cally to pressures up to;60 GPa, in a Mao-Bell type dia
mond anvil cell, at room temperature.28 A spring-steel
gasket, with a chamber having a diameter of 120mm, was
used to contain the sample between diamonds having
©2002 The American Physical Society01-1
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mm culets. A 4:1 mixture of methanol:ethanol was used a
pressure-transmitting medium in order to maintain a qu
hydrostatic environment. In addition, a small amount of g
powder~,2%! was included to determine the pressure, us
the equation of state of gold.29 Energy-dispersive x-ray dif-
fraction was performed at beamlineX17C of the National
Synchrotron Light Source~NSLS!, with a 2u of 9.958
60.002° and 10.01160.002° for experiments on 67 and 3
nm g alumina, respectively. The x-ray beam produced by
superconducting wiggler at NSLS was typically apertured
;20320mm. X-ray diffraction patterns were collected
pressure intervals of several GPa. Due to the low x-ray s
tering power of alumina, the diffraction patterns have a re
tively low signal-to-noise ratio even with data collectio
times of 1–2 h per pattern.

RESULTS AND DISCUSSION

The evolution of diffraction patterns with pressure
shown in Fig. 1 for the 67 nm particles. The patterns from
nm particles are similar, and the 311, 222, 400, and 440 x
diffraction lines were obtained from both sized nanocryst
of g alumina. The pressure dependence of thed spacings and
the unit cell volume from 0 to;50 GPa is summarized in
Figs. 2–4. We determined the lattice parameter ofg alumina
at each pressure, using a weighted average of thed spacings,
and analyzed the data in terms of the Birch-Murnaghan~Eu-
lerian finite strain! equation of state30

FV5K@121.5~42K8! f V#. ~1!

Here, the negative of the Eulerian strain measuref V and
normalized pressureFV are defined as

f V50.5F S V

V0
D 22/3

21G ~2!

FV5P@3 f V~112 f V!2.5#21, ~3!

FIG. 1. Representative x-ray diffraction patterns from qua
hydrostatically compressed samples ofg-Al2O3 with an average
size of 67 nm. The Miller indices are labeled for each reflecti
with those from the high-pressure phase having an asterisk.
peaks labeled with a ‘‘g’’ are due to diffraction from gold. Th
patterns shown were collected at NSLS with 2u59.95860.002°.
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with the unit-cell volume at zero pressureV0 measured as
49362.6 Å3. There is no discernable difference in the zer
pressure volumes of 67 and 37 nmg alumina.

The intercept and slope of the data cast asF-f yield the
bulk modulusK and its pressure derivativeK8 at zero pres-
sure, respectively. Fits to the data yieldK523863 GPa and
K517263 GPa for quasihydrostatically compressedg alu-
mina of 67 and 37 nm, respectively, withK8 constrained to
be 4 for both cases. For 67 nm particles, fits forK and K8
yield 24866 GPa and 3.260.5, respectively, whileK andK8
for the 37 nm crystallites are 15169 GPa and 5.760.6, re-
spectively. For comparison, the bulk modulus ofa alumina is
254 GPa, close to the bulk modulus of the 67 nm particles
g alumina.31 This is remarkable because the unit-cell volum
of g alumina is 30% greater than that ofa alumina.

The bulk moduli of the 67 and 37 nm particles can
compared with previously reported data on 20 and 6
g-alumina particles.26,27The volume-pressure data, measur
between 0–3.8 GPa for 20 nm particles were fit using b
the Birch and first-order Bridgman equations.23 The Birch

-

,
he

FIG. 2. Pressure dependence of thed spacings of 67 nmg alu-
mina. All of the data were collected upon compression, and
solid lines are guides for the eye.

FIG. 3. Pressure dependence of thed spacings of 37 nmg alu-
mina. All of the data were collected upon compression, and
solid lines are guides for the eye.
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equation of state is identical to the Birch-Murnaghan eq
tion of state, withK8 constrained to be 4, allowing for
direct comparison of the 20 nm results with our 67 and
nm particle data. Therefore the result from the fit to the Bir
equation of stateK205153613 GPa, is what is used fo
comparison. Volume-pressure data from 6 nm particles
pressures up to 16 GPa were fit to the Birch-Murnagh
equation of state and yieldedK6515268 GPa andK856.8
60.8.27 Combining the data from the two previous studi
with the present work shows that compressibility increa
systematically with decreasing particle size from 67 to
nm, and is approximately constant between 20 and 6
~Fig. 5!. For a correct comparison between all of the data,
value for the bulk modulus of the 6 nm crystallites should
obtained by constrainingK854, ~or alternatively, allowing
K8 to float for all of the other data!, but this result is not
available. However, sinceK8 is greater than 4, the quote
value of K65152 GPa is greater than the value ofK that
would be obtained by a fit withK8 constrained to be 4. Thus

FIG. 4. Quasihydrostatic equation of state of nanocrystalling
alumina. The circles represent data from 67 nm particles and
squares represent data from 37 nm particles, with the solid cu
being Birch-Murnaghan fits to the data.

FIG. 5. Size dependence of the bulk modulus of nanocrystal
g alumina, combining our results for 37 and 67 nm with those
Refs. 26 and 27 for 20 and 6 nm. The curve serves as a guide fo
eye.
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rather than flattening out, as indicated in Fig. 5, the parti
size dependence of the bulk modulus may continue to
crease, with decreasing particle size, between 20 and 6
The lattice parameter does not depend on nanocrystal siz
within our resolution, for the larger particles (a6757.90
60.02 Å, a3757.9160.01 Å, and a2057.924 Å26!, how-
ever, a comparison of the unit cell lengths of the large cr
tallites and the 6 nm crystallites indicates that there may b
slight particlesize dependence, with a unit cell length of b
a657.84 and 7.89 Å quoted in Ref. 27.

There is no simple explanation for the trend in the bu
modulus in terms of interatomic forces. In particular, o
measurements are sensitive only to the strain within e
nanocrystal, so cannot be due to a compressible intercry
line region becoming more influential with decreasing crys
size. Nevertheless, in the spirit of the Debye model,
creased compressibility is compatible with increased vib
tional entropy~at a given temperature! for decreasing nano
crystal size. This, in turn, would lead to a decreasing melt
temperature with decreasing size.

There has been a limited amount of work on the s
dependence of the bulk modulus, and no consistent trend
been observed for different materials. From the repor
work, some materials exhibit an enhancement of bulk mo
lus with decreasing particle size,13,14while others show com-
pressibility similar to their bulk counterparts. However,
few contrary examples are also reported: a decrease in
modulus with decreasing nanocrystal size may hold true
PbS and CdSe.32,33

With hydrostatic compression the diffraction patter
evolve, becoming more complicated at pressures above
~56.3! GPa for 67~37! nm g alumina. The 400 peak become
a doublet, and some of the low-intensity peaks are no lon
visible ~Fig. 1!. By 55 ~60! GPa, additional peaks not due t
the g phase of alumina are readily resolvable. The four n
peaks have been indexed to a cubic phase which has not
previously identified. The new, high-pressure phase is
tained upon decompression to 0 GPa.11

The fact that the smaller nanocrystals transform a
higher pressure, although they are also more compress
than the larger nanocrystals, is notable in suggesting tha
g phase is indeed surface stabilized relative to both thea and
the new~cubic! phase. That is, the strain energy at the tra
sition is about 40% larger for the 37 nm than the 67 n
particles, implying much more stabilization of the small
g-Al2O3 nanocrystals relative to the high-pressure phase
long as the kinetics of transformation are not very differe
for the two sizes.

CONCLUSION

High-pressure quasihydrostatic x-ray diffraction expe
ments show that the compressibility ofg-alumina nanocrys-
tals increases significantly with decreasing crystallite size
tween 20 and 67 nm. A phase of alumina has be
synthesized by quasihydrostatic compression of nanophag
alumina to pressures greater than 51 GPa~56 GPa! at room
temperature for 67~37! nm particles. This phase is cubic, b
cannot be indexed to any of the known phases of alumina
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represents a new structure of Al2O3 that is quenchable to 0
GPa. Synthesis of this new phase, by using nanocrysta
starting materials, illustrates a novel method for the crea
of new crystal structures of common compounds.
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