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Introduction:  In circumstellar environments such 

as extended atmospheres around AGB stars or proto-
planetary disks, solid dust particles condense from 
high temperature gas.  Equilibrium condensation mod-
els predict that corundum (Al2O3) is one of the first 
condensates from gas of the solar composition [e.g., 1-
3], and it is thus an important mineral that can poten-
tially record the onset of dust formation process in 
circumstellar environments.  Corundum belongs to the 
trigonal crystal system, and it shows anisotropy in 
various properties such as permittivity, thermal expan-
sion and elasticity.  Growth of anisotropic crystals also 
often undergoes anisotropically and results in forma-
tion of crystals with a specific crystallographically 
anisotropic shape (e.g., [4]).  In other words, a crystal-
lographically anisotropic shape of mineral records the 
formation process and/or condition of the mineral. 

The processes responsible for dust evolution in 
space are condensation and evaporation of solid.  Be-
cause physical and chemical conditions of dust-
forming environments change with time owing to vari-
ous processes such as the expansion of atmosphere 
around evolved stars or the evolution of protoplanetary 
disks, it is important to understand kinetics of dust 
evolution processes.  In this study, we conducted 
evaporation and condensation experiments of corun-
dum in order to obtain the anisotropic evaporation and 
condensation rates quantitatively and understand the 
dust formation condition in circumstellar environments.   

Evaporation & Condensation Experiments:  
Three rectangular single crystals of corundum (3-5 x 
10 x 0.5 mm3), of which largest surfaces were {0, 0, 0, 
1}, {1, 1, -2, 0}, and {1, -1, 0, 0} planes (sample C, 
sample A, and sample M, respectively), were prepared 
for evaporation and condensation experiments of co-
rundum.  The <0001>* and <11-20>* orientations of 
corundum correspond to the crystallographic c- and a-
axes, respectively.  The <1-100>* direction, which is 
perpendicular to the plane containing the a- and c-axes, 
called m-planes, is referred to as the m-axis hereafter.   

Evaporation experiments were conducted in a vac-
uum chamber made of stainless steel with a tungsten 
mesh heater.  Samples C, A, and M were put in the 
furnace together in each experiment.  After the cham-
ber was evacuated to ∼10-5 Pa by a turbo-molecular 
pump and a rotary pump, the samples were pre-
evacuated at 500°C for 1-12 hr, heated at ∼200°C hr−1 
to 200°C below the experimental temperature, and then 

heated at ∼20°C min−1 to the desired temperature of 
1598, 1677, or 1787°C.  Samples were heated for dura-
tion ranging from 24 to 200 hrs, and then rapidly 
cooled by turning off the heater. 

Condensation experiments were conducted in an-
other vacuum chamber with a tungsten mesh heater.  
The chamber was evacuated to high vacuum (~10-5 Pa) 
and a pellet made of alumina powder (11.5 mmφ x 5 
mmL) was put at the bottom of an iridium crucible (15 
mmφ x 40 mmL) as a gas source.  The weight of the 
pellet was measured before and after each experiment 
to obtain the evaporation flux from the pellet.  Samples 
C, A, and M were used as substrates for condensation.  
In each experiment, one or a few corundum substrates 
were put on an Ir pedestal set at 40 mm from the bot-
tom of the crucible, where the temperature was lower 
than that of the gas source.  The Ir crucible containing 
the gas source and substrates was put in the chamber 
and pre-evacuated at 500°C and heated at a constant 
rate of 20°Cmin−1 to each experimental temperature.  
The temperatures of the gas source (Tgas) and the sub-
strates (Tsbst) were 1705°C and 1575°C, respectively.   

Although mean free paths of gas species under the 
present experimental conditions are much longer than 
the size of the crucible, the gas molecules from the 
pellet collide the wall of crucible and hit the side and 
rear surfaces of the substrates in addition to the front 
surfaces and could condense on these surfaces.  In or-
der to evaluate the contribution of condensation on the 
side and rear surfaces of substrate, corundum tips with 
various surface areas (1-10 x 10 x 0.5 mm3) were used.   

After the experiments, weight changes of samples 
were measured by a microbalance (± 1 µg), and the 
surface structures after evaporation and condensation 
were observed with FE-SEM (JEOL JSM-7000F), and 
their compositions and crystallographic orientations 
were determined with energy-dispersive X-ray spectro-
scopy and electron back-scattered diffraction. 

Results and Discussion:   
Evaporation experiments: No residual material was 

found on corundum surfaces after evaporation in all 
the runs, showing that corundum evaporates congru-
ently as predicted thermodynamically.  Because of its 
refractory nature, the evaporated fraction of corundum 
was at most a few % in the present experiments.  Such 
a small fraction of evaporation could be affected by the 
initial surface condition.  However, the surfaces of 
starting crystals, which had been mechanochemically 
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polished before the experiments, were very flat 
(±<0.5nm) and were not destroyed.  Moreover, the 
weight losses of the samples increased linearly with 
heating duration at all the conditions, and the regres-
sion lines go through the origin.  Thus, the small 
evaporation fraction of corundum has not affected the 
estimation of the evaporation rates in this study.   
   Evaporation rates along the c-, a-, and m-axes (Vc, Va, 
and Vm) were calculated from the weight losses and the 
original shapes of the three starting samples [4, 5].  
The evaporation rate along the m-axis is largest and 
that along the c-axis is smallest at 1600-1790°C (Vm 
>> Va > Vc).  The ratios of Vm/Va and Vc/Va are about 
2.2 and 0.66, respectively.   The evaporation coeffi-
cients of corundum, the parameter showing the degree 
of deviation from the ideal evaporation rate due to ki-
netic hindrances, are ranges 0.1-0.01. 

Condensation experiments: The weight gain of 
each substrate divided by the effective front surface 
area (c-, a-, and m-substrates) increased almost linearly 
with time.  The effective front surface areas (Sfront) of 
substrates are those facing to the gas source except for 
the areas covered with the pedestal.  The weight gains 
of substrates of samples M are largest, and the weight 
gains of samples C are slightly smaller than those of 
samples A.  The weight gains of substrates per unit 
Sfront and unit time have no correlation with the propor-
tion of side surface area (Sside) to the total surface area 
(Sfront+Sside).  This clearly suggests that condensation 
on the side surfaces of substrates did not contribute to 
the overall weight gains, and thus the differences in 
weight gains of samples M, C, and A represent differ-
ent condensation efficiencies on different crystal-
lographic surfaces, i.e., anisotropy in condensation.   

The obtained condensation rates along the c-, a-, 
and m-axes are 0.49±0.01 x 10-7, 0.62±0.01 x 10-7, and 
1.42±0.01 x 10-7 g/cm2s, respectively.  The condensa-
tion rates along the c-, and a-axes are ~0.3 and ~0.4 
times smaller than the fastest rate along the m-axis. 

In order to determine the supersaturation ratio of 
condensation, the flux of the gas molecules hitting the 
substrates was evaluated.  Because the crucible has a 
conductance for gaseous molecular flow and the sub-
strates and the Ir pedestal could have behaved as par-
tial lids of the crucible, the crucible could be regarded 
as a non-ideal Knudsen cell [6] to produce partial pres-
sure of Al- and O-bearing gas molecules inside.  The 
flux of Al atoms hitting the substrates (u) is calculated 
to be 2.0 x 10-7 g/cm2s using the conductance of the 
crucible, the evaporation flux of the gas source, an 
equilibrium vapor pressure of corundum at Tgas, the 
evaporation coefficients of corundum, and the actual 
condensation flux onto the substrates.  The supersatu-

ration ratio on the front surface of the substrates (S) is 
given by the ratio between u and the equilibrium vapor 
pressure of Al for corundum at Tsbst, and the S in the 
present experiments is estimated to be ~5.  The con-
densation coefficient of corundum under the present 
experimental condition is <0.1. 

Mass absorption coefficients of condensed co-
rundum:  The evaporation and condensation experi-
ments of corundum indicates that corundum formation 
processes proceed anisotropically in circumstellar en-
vironments, which further suggests that the morphol-
ogy of circumstellar corundum could be observed 
spectroscopically as in the case of forsterite [4].  We 
thus calculated the mass absorption coefficients of 
corundum ellipsoids with various aspect ratios [7] us-
ing the optical constants of [8] and [9].   

The shape difference of corundum was found to be 
distinguished with the peak positions and their relative 
intensities in the 10 µm band.  The peak position of 13 
µm feature, commonly observed from O-rich AGB 
stars, is well reproduced by corundum ellipsoid slight-
ly flattened along the c-axis (rc/ra ~0.7), which is con-
sistent with the aspect ratio of corundum condensates 
expected from the present experiments (rc/ra ~0.79).  
The width of the observed 13 µm peak is also well 
reproduced if there are some shape variations around 
rc/ra of ~0.79, a grain size is ~1 µm, or a thin coating 
of amorphous alumina is present on a corundum grain.  
If the condensed corundum grains re-evaporate by 
high-temperature thermal events, the aspect ratio of the 
grains could approach to unity by ~75 % of evapora-
tion and exceed unity by further evaporation.  However, 
the outflow from the evolved star is basically a 
monotonically cooling system, and re-evaporation is 
hardly expected to change the morphology of con-
densed corundum except for episodic high-temperature 
heating events such as propagation of shockwaves.  
These results strongly suggest that the carrier of the 
observed 13 µm peak is corundum condensates. 

References: [1] Grossman, L. (1972), GCA, 36, 
597. [2] Wood, J. A. & Hashimoto, A. (1993), GCA, 
57, 2377. [3] Ferrarotti, A. S. & Gail, H.-P. (2002), 
A&A, 382, 256. [4] Takigawa, A. et al. (2009), ApJ, 
707, L97. [5] Nagahara, H. & Ozawa, K. (1996), GCA, 
60, 1445. [6] Paule, R. C. & Margrave, J. L. (1967), in 
The Characterization of High-Temperature Vapors, 
130. [7] Bohren, C. F., & Huffman, D. R. (1983), in 
Absorption and Scattering of Light by Small Particles, 
(New York: Wiley). [8] Barker, A. S. Jr. (1963), Phys. 
Rev., 132, 1474. [9] Gervais, F. (1991), in Handbook 
of Optical Constants of Solids II (Boston: Academic ), 
761. 

1875.pdf43rd Lunar and Planetary Science Conference (2012)


