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Introduction:  Spinel (MgAl2O4) is one of the mo-

st abundant presolar oxides found in primitive chon-
drites with highly unusual oxygen isotopic composi-
tions compared to solar-system materials [1].  Presolar 
corundum and spinel grains are considered to be con-
densates in outflows from oxygen-rich AGB stars 
and/or supernovae [e.g., 2].   

It has been reported that Mg/Al ratios of some 
presolar spinel grains are lower than the stoichiometric 
ratio [2].  Spinel can form through the reaction be-
tween preexisting corundum and Mg gas, and the non-
stoichiometry of presolar spinel may imply that corun-
dum and Mg gas did not react completely [3].  In order 
to discuss the origin of presolar spinel and evolution of 
refractory materials in circumstellar environments, it is 
important to understand the kinetics of spinel forma-
tion under low-pressure circumstellar conditions. 

In this study, we conducted spinel formation ex-
periments through a reaction between corundum and 
Mg+O gas (Al2O3(s) + Mg(g) + O(g) = MgAl2O4(s) at 
low pressure and at 1590 and 1640 °C.   

Experiments:  An MgO pellet, used as a gas sour-
ce of Mg and O, was put at the bottom of an alumina 
crucible (10 mm φ x 6 mm φ x 44 mmL).  The alumina 
tube was set in a vacuum chamber, evacuated by a 
rotary pump and a turbo molecular pump to vacuum 
(~10-3-10-4 Pa), and then heated at 500 °C by a tungsten 
mesh heater for ~2 h for pre-evacuation.  The tube was 
then heated at the rate of ~20 °C hr-1 to a desired tem-
perature.  The inner wall of the tube was almost iso-
thermal (Tw) with a small temperature gradient of 
10 °C between 10 and 40 mm from the bottom, and 
temperature at the bottom (Tb) is about 100 °C higher 
than that of the wall.  Experiments were conducted at 
Tw of 1590 and 1640 °C, which corresponded to the Tb 
of 1680 and 1740 °C, respectively.  The uncertainty of 
temperature was typically 10 °C.  Samples were heated 
for desired duration (24, 48, 84, and 287 h at Tw of 
1590 °C, and 6, 12 and 24 h at 1630 °C) and then 
cooled rapidly by switching off the heater.  

The reacted alumina tubes were cut and the inner 
wall surfaces and cross sections were observed with 
field-emission scanning microscopy (FE-SEM, JSM-
7000F), and the chemical compositions were deter-
mined by energy-dispersive X-ray spectroscopy (EDS) 
and electron probe micro-analyzer (EPMA).  Thick-
nesses of the reacted layer were measured at different 
heights from the bottom. 

Results:  A spinel layer was formed on the inner 
wall alumina tube (Fig. 1).  The thickness of the layer 
was largest on the bottom of the tube, gradually be-
came smaller with increasing the distance from the 
bottom (Fig. 2).  The thickness of the spinel layer at Tw 
~ 1590 and 1640 °C increases linearly with time (Fig. 
2).  The Mg/Al compositional profile obtained for the 
spinel layer formed at Tw ~ 1590 °C showed that the 
spinel layer was depleted in Mg, and the typical ratio 
of Mg and Al was Mg:Al = 0.55:0.23.   

 

 
 

Fig. 1:  An overlaid image of EDS elemental mapping 
of Al (green) and Mg (orange) for the cross-section of 
the reacted alumina tube.   

 
 

0

100

200

300

400

500

600

700

800

0 0.2 0.4 0.6 0.8 1

24h

48h

68h

84h

287h

th
ic

kn
es

s 
(m

ic
ro

n)

Normalized height X

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300

0.2

0.3

0.4

0.45

0.5

0.6

0.7

t (h)  
 
Fig. 2:  Thickness of spinel layer plotted as functions 
of position from the bottom normalized by the length 
of alumina crucible (42 mm) (left) and time (right).  
Tw=1590°C, Tb=1680°C. 
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Discussion:  The linear increase of the thickness of 
the spinel layer with time suggests that the spinel for-
mation rate is controlled by the surface chemical reac-
tion, i.e., the reaction rate can be expressed by the 
Hertz-Knudsen equation.  In order to obtain the con-
densation (or reaction) coefficient for spinel formation 
(α), which represent kinetic hindrance for sureaction 
rface ranging from 0 to 1, we developed a model for 
steady-state diffusion of Mg gas inside the alumina 
tube under the molecular flow conditions: 

€ 

0 =
D
RT

∂ 2p
∂x 2

−
α

2πa 2πRT
p − psp

eq( )    (1) 

 

€ 

D =
2a
3

8RT
πM

, 

where D is a diffusion constant expressed by the inner 
radius a of the tube and molecular weight of Mg gas 
(M), p is the partial pressure of Mg, T is temperature, 
and R is the gas constant.  The second term of the right 
hand of eq.1 includes evaporation of the spinel layer, 
and peq

sp is the equilibrium vapor pressure of Mg of 
spinel.  As the temperature gradient of the tubes is 
small, peq

sp was assumed to be constant.  
The spinel formation rate is expressed as a function 

of tube height by using the pressure gradient obtained 
from eq. (1) and the condensation coefficient α.  
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where X is the height normalized by the length of the 
crucible x0.  Fini is given by the mass loss flux of MgO 
pellets.  We fitted the growth rates of the spinel layer 
at each X with Fcond and obtained α.   

We obtained α of 0.022 at 1590 °C and 0.016 at 
1640 °C from eq.(2), suggesting that only 2-3 % of 
colliding Mg gas can react to form spinel.  Better fit-
ting was obtained if we assume that the reaction coef-
ficient depends on X, which is consistent with the 
assumption of α with dependence on the supersatura-
tion ratio of spinel (S=p/peq) (Fig. 3).   

The supersaturation ratio for spinel formation dur-
ing the present experiments was estimated to be ~5 
both at 1590 and 1640 °C.  Therefore, we conclude 
that the reaction coefficient α of Al2O3(s) + Mg(g) + 
O(g) → MgAl2O4(s) reaction at low supersaturation 
ratio (S~5) is about 0.01 < α < 0.05, which will be ap-
plicable for spinel formation under circumstellar envi-
ronments. 
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Fig. 3:  Growth rate of the spinel layer ontained at 
Tw=1590°C, Tb=1680°C.  The fitting curve was 
obtained with an assumption that α has a linear 
dependence on X, which ranges from 0.041 to 0.014 in 
the range of X=0-0.6. 
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