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EVAPORATION KINETICS OF REE OXIDES: A. Hashirnoto, Harvard-Smithsonian Center 
for Astrophysics, Cambridge, MA 02138, USA. 

Thermodynamic principles have been used to estimate the equilibrium partitioning of elements 
between gaseous and condensed phases (e.g., [I]). The results have been applied especially to the 
question of the formation of Ca, Al-rich inclusions (e.g., [2]). There are, however, serious problems 
with this approach. First, it is not known whether CAI's formed as condensates from a gas, or as 
evaporation residues from precursor solid material. A thermodynamic treatment cannot answer this 
question. Second, it is not known that CAI's actually formed under equilibrium conditions, yet the use 
of thermodynamic principles presupposes an assumption of equilibrium. Kinetic factors, which are 
ignored by thermodynamics, are at the center of both of these problems. The importance of kinetic 
factors is underlined by meteoritic evidence that local, transient thermal events in the nebula produced 
the chondrites (e.g., [3]). 

In the case of metals, the rate process of evaporation and condensation depends upon a very 
simple principle: all the gaseous atoms of an element that impinge on a condensed surface of that 
element condense without reflection [4]. Thus the condensation rate is equal to the incident rate, Je = 
P ( ~ x M R T ) - ~ ~  (moVcm2sec; Eq. 1), from gas kinematics [5 ] ;  where P is the vapor pressure, M the 
molecular weight, and T the temperature. At equilibrium the condensation rate of atoms equals the 
evaporation rate, by definition. The evaporation rate of a metal is just the incident rate of the 
equilibrium vapor, which can be calculated [4]. However, in the case of the oxides and silicates that 
are the principal components of CAI's and chondrules, the situation is much more complex because it 
involves the decomposition and/or recombination of various molecules and atoms in the process of 
evaporation and condensation [6]. If any of such process controls the gross evaporation or 
condensation rate, the latter can no longer be predicted by Eq.1. To understand the kinetics of 
evaporation and condensation in this case, it is beneficial to study them separately without one 
affecting the other. Evaporation without condensation must be studied in a vacuum. The evaporation 
rate of a particular material in a vacuum is called its 'free evaporation rate', JL [5]. The ratio JLjJe is 
called the evaporation coefficient, av .  For metals, a v  = 1. Most of the free evaporation rates that 
have been determined for oxides and silicates are less than their equilibrium incident rates, i.e., a v  < 
1. 

Of particular interest are the evaporation and condensation rates of rare earth oxides, since REE 
pattems are widely cited as evidence for the formation of CAI's via condensation from nebular gases. 
However, these discussions necessarily assume the REE patterns were formed by equilibrium 
condensation from the gas [7]. The possibility that they might be nonequilibrium patterns that record 
differences in the condensation rates of the REE has not been examined. To open this question, I have 
begun experimental determination of the evaporation coefficients of pure REE oxides. The first 
oxides studied were m O 3  and La2O3, since thermodynamic calculations show the greatest contrast 
in their vapor compositions at high temperature [Yb(g) >> YbO(g) while La(g) << LaO(g)], and this 
implies a possibility of a major difference in their mechanisms of evaporation and condensation. 

I have constructed a vacuum furnace (18" height, 14" ID) equipped with a turbomolecular pump 
and a temperature control (Eurotherm 8 18P-462) which is capable of producing temperatures up to 
2 7 0 W  under a vacuum of 2x10-5 mmHg. A disk-shaped sample is prepared by pellet-pressing and 
firing at 14500C in air, then suspended with a W-Re wire inside a cylindrical tungsten heater. 
A 7-layer W and Mo thermal shield and an outer water-cooled stainless steel jacket keep the innermost 
temperature uniform and the outside cool. Several holes in the shield permit efficient evacuation of 
vapor from the vicinity of the sample.Temperature is measured with WfW26Re and Pt/PtlORh 
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thermocouples, and with a one-color pyrometer. All three temperature sensors agree within +50C. 
The temperature is brought to a preset value quickly, and maintained for a prescribed duration. The 
weight loss and surface area of the sample are determined, and the evaporation rate is calculated from 
these and the time at temperature. 

The experiment with m O 3 ( s )  showed JL = (1.37+0.09)~10-7 (moVcm2sec) at 2100oC and 
(1.09+0.08)~10-8 at 19000C. Using Je's calculated from thermodynamic data, the av's  (=JL/Je) are 
found to be 0.9&0.10 (2100oC) and 1.00+_0.10 (19000C). The activation enthalpy (AHV*) for Yb203 
in the temperature range studied is 131.8 kcallmol, while the enthalpy (AHvO) of vaporization for the 
reaction YbOl.5(s) -- Yb(g) + 1.50(g), calculated from the thermodynamic data, is 135.8 kcallmol. 
The fact that these evaporation coefficients are close to unity indicates that m O 3  evaporates at a rate 
that is very similar to the equilibrium incident rate of its constituent vapors. That is, the vapor 
molecules of Yb2O3 fully condense upon incidence, without reflection; and evaporation takes place at 
the same rate. The close agreement between the AHv* and AHvO also support this interpretation. In 
their vacuum evaporation experiments on m O 3 ,  [8] have obtained an unusually large AHV*, 245 
kcal/mol. Extrapolation of their data to the present temperature range leads to a v  = 1-3, which is 
unrealistic because a v  should not exceed unity. My experiment with La203 produced av's of 
1.59fl.82 and 1.48k0.76 at 201 1 and 19000C, respectively. The large uncertainties derive mostly 
from uncertainties in the thermodynamic data used, not from the present measurements. It is likely, 
however, that La203 also has a v  - 1. The relatively good agreement between AHv* (147 kcal/mol) 
and AHvo (140 kcaVmo1) for the reaction LaOl.~(s) -- LaO(g)+O.SO(g) also appears to support this 
conclusion. 

The fact that Yb2O3 and La203 have evaporation coefficients close to unity in spite of the large 
difference in their vapor compositions suggests that the evaporation and condensation of these oxides 
are not controlled by particular activation processes associated with decomposition, but by simple 
surface desorption and adsorption. If other REE oxides also display evaporation coefficients near 
unity, it will mean that REE patterns in CAI's and chondrules cannot serve to distinguish between 
evaporation and condensation or between equilibrium and nonequilibrium. I will report on the 
evaporation coefficients of other REE at LPSC XIX. 
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