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Structure of Liquid Aluminum Oxide
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The total structure factor,SsQd, and the corresponding radial distribution function,Gsrd, for
supercooled and stable liquid aluminum oxide have been measured with x-ray synchrotron rad
The specimens were levitated in a conical nozzle and melted with a laser, achieving temperature
range of 2200–2700 K. The first two peaks inSsQd reveal intermediate-range order and dense rand
packing of atoms, similar to that observed in many network liquids. The first two peaks inGsrd are
consistent with AlO4

52 structural units and show that Al2O3 undergoes a major structural rearrangeme
on melting with an Al coordination change from octahedral to tetrahedral. The structure doe
change appreciably with temperature in the stable and supercooled liquid. Implications of these
are discussed in connection with the solidification of aluminum oxide. [S0031-9007(96)02245-4]

PACS numbers: 61.20.–p, 61.10.Eq
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Determination of high-temperature liquid structure is
challenging endeavor due to the reactivity of contain
with the specimen materials of interest. Thus there
few detailed structural measurements on liquids at h
temperature. Data exist for liquid metal [1], alloys [2
and molten salts [3] that melt at relatively low tempe
tures s,1000 ±Cd. Notable exceptions include the wo
of Enderbyet al. [4] and Hensel [5]. The major diffi-
culties in obtaining structural measurements at temp
tures above 1000±C are the reactions of the specime
with their containers and the influence of the contain
on the structural measurements. These difficulties
come particularly severe at temperatures above 2000±C.
The problem of containment can be eliminated by usin
conical nozzle levitation (CNL) technique [6] to positio
small liquid droplets with sufficient stability and duratio
to conduct x-ray diffraction measurements. Further,
to the absence of container-induced nucleation, struct
measurements can be obtained on the metastable li
This paper reports x-ray diffraction measurements on
uid and supercooled Al2O3 (melting point 2327 K) in the
temperature range 2200–2700 K.

The stable solid phase,a-aluminum oxide, exhibits the
corundum structure with Al atoms in octahedral sites s
rounded by six oxygen neighbors at a mean distanc
1.91 Å. The metastable phaseg-Al 2O3, is described by a
defect spinel structure in which the Al coordination var
from 3–5 [7], with tetrahedrally coordinated Al31 pre-
dominating. For liquid Al2O3, the optical properties [8,9]
solidification behavior [10], volume expansion on melti
[11], and Al coordination number estimated from NM
measurements [12–15] have been reported. The s
ification behavior of the deeply undercooled liquid w
studied by Weberet al. [10] and was found to be strongl
influenced by the oxygen potential. Tyrolerova and
[11] found a 20% volume expansion upon melting wh
would be expected to give rise to extensive structural
0031-9007y97y78(3)y464(3)$10.00
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arrangements. The bonding in the liquid was recently
vestigated by Coutureset al. [12] and Massiotet al. [13]
using 27Al magic-angle spinning (MAS) NMR spec
troscopy on liquid Al2O3. These studies inferred that th
liquid consists of predominantly four-coordinated Al31,
with an average Al coordination of4.5 6 1. Similar
NMR results have been obtained for Al2O3-SiO2 glasses
quenched from the melt [14] and Al2O3-SiO2 liquids [15].

The experimental setup was based on the earlier w
of Winborneet al. [16], Coutureset al. [12], and recent
developments made by Weber and Nordine [6], in wh
specimens are stably levitated by a gas jet in a diverg
nozzle and laser heated to temperatures in exces
2500 K. In this experiment, 3–4 mm diameter sphe
were levitated in a nozzle in a flow of gas (air, oxyge
or nitrogen). A 270-W CO2 laser beam was used fo
heating the specimen. Special care was given to
nozzle design so that the specimens occupied a st
positions above the plane of the top edge of the noz
allowing a clear path for the incident and diffracted x-ra
beams. The specimen was maintained in a prec
fixed position within620 mm, by means of a feedbac
procedure derived from a signal on a phosphor scr
placed downstream of the sample.

Specimen temperatures were measured by an op
pyrometer with an operating wavelength of 0.65mm,
and the temperatures were stable to about610 K over
the duration of the diffraction scans. The temperatu
gradient was less than 50 K between the top and bot
of the sample; the nominal temperature was measured
the specimen surface at the point illuminated by the x-
beam. Emissivity corrections to the measured radia
temperature for liquid Al2O3 were based on reporte
values [9].

The x-ray measurements were carried out at the
6B beam line at the National Synchrotron Light Sour
(NSLS), using a monochromator with beam focusi
© 1997 The American Physical Society



VOLUME 78, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 20 JANUARY 1997

h
e

t

r

t

o

n
d

o

.

k

id

ve

k at

-

d
on

Å.
ces

d
cta-

be

id

ve
optics and suitable slits to provide a focused0.5 3

0.6 mm rectangular beam. The x-ray energy ranged fro
6–9.25 keV with an uncertainty of 2 eV. Scattered x ray
were detected with a wide band detector which viewed t
specimen through Soller slits, and scattered photons w
recorded with the aid of a position-sensitive detector.

We have found no examples in the literature of x-ra
diffraction studies conducted on spherical surfaces. T
general principles by which such a specimen geome
can be analyzed have been established by Warren [1
The computation is complicated by the lack of symmet
implicit in flat plate and cyclindrical geometries. Two
nonstandard checks were carried out to establish
validity of the correction procedures. First, measuremen
were made with the top of the sample only partiall
illuminated. The corrected results agreed within err
with those obtained using full x-ray illumination of the
specimen top. Second, an SiO2 glass sphere was run,
and the corrected results were in good agreement w
literature data [18].

Direct volume integration methods were used to dete
mine attenuation coefficients, and the multiple scatteri
contribution was calculated with a Monte Carlo metho
Incoherent scattering was included in the multiple sca
tering and attenuation corrections using the methods a
formalism of Wagner [19]. The form factors, incoheren
scattering factors, and photoelectric and pair producti
terms were approximated using the tables of Baroet al.
[20]. The data for the liquid and supercooled liquid wer
corrected with the same procedure, using identical a
scatter subtractions and form factors. The number dens
was taken as 0.0937 atomyÅ 3 for both stable and super-
cooled liquids, based on the crystal density of3.97 g cm23

and taking into account the 20% density decrease
melting [11].

The x-ray weighted total structure factorSsQd for
liquid Al 2O3 at 2223 and 2662 K is shown in Fig. 1
The sharp rise inSsQd at low Q arises from inexact
subtraction of the air scatter and should be ignored. T
two prominent peaks inSsQd are at 2.05 and4.50 Å21.
The corresponding radial distribution functionGsrd, given
in Fig. 2, was determined from theSsQd results using the
maximum entropy Fourier transform method [21].Gsrd
shows a strong peak at 1.76 Å, and progressively wea
peaks at 3.08 and 4.25 Å. In the supercooled liqu
longer-range correlations are observed at distances up
7 Å, which are less evident in the stable liquid.

The positions of the peaks in theSsQd data may be
used to classify the ordering in the liquid along th
lines proposed by Priceet al. [22]. The first peak at
Q1  2.05 Å21 is typical of the first sharp diffraction
peak found in many network liquids and glasses.
number density of 0.0937 implies a mean interatom
spacing ds of 2.73 Å, and the first peak at 1.76 Å
may be taken as the value ofr1, the nearest neighbor
distance. The reduced wave-vector valuesQ1r1  3.61
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FIG. 1. Total x-ray structure factor for supercooled liqu
Al 2O3 at 2223 K (upper curve) and stable liquid Al2O3 at
2663 K (lower curve). The values for the lower curve ha
been shifted down by 1 for clarity.

and Q1ds  5.60 classify the first peak inSsQd as
arising from intermediate-range order. The second pea
Q2  4.5 Å21 gives the reduced valuesQ2r1  7.9 and
Q2ds  12.30, which are indicative of topological short
range order arising from touching Al-O pairs.

The first peak inGsrd at 1.76 Å can be compare
with the distance of closest approach, 1.72 Å, based
the 0.36 and 1.36 Å ionic radii of Al31 and O22 ions,
respectively [23]. Octahedrally coordinateda-Al 2O3

has an Al-O nearest neighbor distance of 1.91
This difference between the nearest-neighbor distan
in the liquid and a solid is equal to the observe
difference between nearest-neighbor distances in o
hedrally and tetrahedrally coordinated SiO2 [24] and
strongly suggests that the Al31 is tetrahedrally coordi-
nated. In this case the shortest O-O distance should
rAl-O 3 1.732  3.05 Å, which agrees well with the

FIG. 2. The radial distribution function for supercooled liqu
Al 2O3 at 2223 K (upper curve) and stable liquid Al2O3 at
2663 K (lower curve). The values for the lower curve ha
been shifted down by 1 for clarity.
465
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second peak inGsrd at 3.08 Å. Furthermore, integration
under the first peak inGsrd gives an Al-O coordination
number of4.4 6 1.0 atoms, compared with the value o
four expected from tetrahedral coordination. A sma
number of these AlO452 tetrahedra may then be linked
to other tetrahedra by a combination of edge and cor
sharing similar to that seen ing-Al 2O3. This would
explain the small peak inGsrd at 4.25 Å, which would
then arise from O-O next-nearest-neighbor correlatio
when the AlO4 groups share a corner O and the avera
base to vertex angle is around 45±. Such an extended
network would produce nearly stoichiometric Al2O3 if it
were extended in three dimensions.

The position of the second peak inSsQd and the
first two peaks inGsrd are independent of temperature
over the range 2200–2650 K. At the lower temperatu
additional features can be observed inGsrd at distances
up to 7 Å, which may arise from small local networks o
clusters that form when the liquid is supercooled.

These results show that melting of aluminum oxide
its stablea form is accompanied by drastic changes
structure and coordination. These structural changes
plain the complex solidification behavior reported on coo
ing the melt. When the cooling rates approach 105 Kys,
amorphous aluminum oxide can be formed [25]. At som
what lower cooling rates, the metastableg phase can be
formed directly from the melt [25], while at cooling rate
in the range of 1–100 Kys onlya-Al 2O3 forms [10]. The
present measurements show that liquid Al2O3 exhibits a
real structure similar tog-Al 2O3, enabling the formation
of an intermediateg phase on cooling from the melt, prio
to the formation of the stablea phase.

In conclusion, we report the first measurements of t
structure of liquid aluminum oxide. These results sho
that melting of Al2O3 is accompanied by major struc
tural rearrangements and a change in the Al coordinat
from octahedral to tectrahedral. The measurements in
cate Al-O and O-O nearest-neighbor distances of 1.76 a
3.08 Å, respectively, are consistent with a structure bas
on AlO4

52 tetrahedral units. These main structural fe
tures were found to be temperature independent ove
temperature range of 500 K.
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