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Introduction: Silicate dust is dominant among solid 
materials in astronomical environments. Infrared spec-
troscopic observations of astronomical environments 
and mineralogical studies show that both crystalline and 
amorphous silicate dust are present in protoplanetary 
disks [e.g., 1 and reference therein], while silicate dust 
in the interstellar medium is mostly amorphous (crystal-
line fraction: ~0.2 %) [2]. This indicates that amorphous 
silicates transform into crystalline silicates due to ther-
mal annealing in protoplanetary disks.  

In order to investigate the dust evolution and con-
strain the condition, where crystallization of amorphous 
silicates takes place in protoplanetary disks, crystalliza-
tion of amorphous silicates has been investigated exper-
imentally using astronomical dust analogs under various 
conditions [e.g., 3]. One of those experiments [4] 
showed that the presence of hydroxyl group in amor-
phous structure significantly lowers the activation en-
ergy for crystallization. Moreover, crystallization ex-
periments of forsterite under various water vapor pres-
sure conditions suggests that crystallization of amor-
phous forsterite is promoted in the presence of water va-
por [5]. However, the effect of water vapor on crystalli-
zation kinetics and mechanism of amorphous enstatite, 
of which Mg/Si ratio is close to the solar ratio, has not 
yet been understood in detail. Here we conducted crys-
tallization experiments of amorphous enstatite under 
various water vapor pressure conditions to investigate 
the effect of water vapor on crystallization of amor-
phous enstatite. 

Experiments: Sub-µm-sized amorphous enstatite 
powder synthesized by an induced thermal plasma 
method [6] was used as a starting material. Heating ex-
periments were carried out at 780−850°C in air 
(PH2O~10-3 bar), in vacuum (PH2O~10-10−10-9 bar) and at 
PH2O ~10-5 bar for 0.5−168 hours. Experiments in vac-
uum were carried out using a gold-image vacuum fur-
nace (Thermo-Riko GFA430VN). The vacuum furnace 
was pumped down to ~10-10−10-9 bar, and a dominant 
gas species during experiments was found to be water 
vapor using a quadrupole mass spectrometer (MKS e-
Vision+). Experiments at PH2O ~10-5 bar were conducted 
using the same vacuum furnace equipped with a gas 
flow system. The water vapor pressure in the chamber 
was adjusted by a balance between the H2O gas flow 
and pumping rates. Heating experiments in air were 
conducted in a muffle furnace.  

Run products were ground in an agate mortar for 15 
minutes and analyzed with a Fourier transform infrared 

spectrometer (JASCO FT-IR 4200) using a KBr pellet 
method. The samples were also examined by powder X-
ray diffraction (Rigaku SmartLab). A sample heated in 
vacuum at 800℃ for 12 hours was observed with a 
transmission electron microscope (TEM) with kind help 
of Yuki Kimura at Inst. Low Temperature Science, 
Hokkaido University. 

Results and Discussion: Infrared absorption spectra 
of samples heated at three different water vapor pressure 
conditions change gradually with heating duration from 
broad features of amorphous enstatite at 10 and 18 µm 
to prominent features of crystalline enstatite at 9.3, 9.9, 
10.6, 11.1, 11.6, 15.4 and 18.2, 19.5 µm (Fig. 1). Quan-
titative analysis of crystallization degree was made 
based on the infrared spectral fitting of the 10-µm ab-
sorption feature. We confirmed that infrared spectra of 
run products heated for the longest duration underwent 
no further change, and thus used them as a crystalline 
enstatite reference spectrum at each temperature and 
water vapor pressure. The time evolution of the fraction 
of crystalline enstatite was fitted with the Johnson-
Mehl-Avrami (JMA) equation [7, 8], where the time 
constant for crystallization and the Avrami parameter of 
n were obtained. The Avrami parameter n in the JMA 
equation is related to the phase transformation mecha-
nism involving nucleation and growth processes. 

The n was found to be ~2.5 in air, suggesting the 
three-dimensional diffusion-controlled growth with ho-
mogeneous nucleation. This is consistent with previous 
crystallization experiments of amorphous enstatite, syn-
thesized by a sol-gel method and an induced thermal 
plasma method, in air [6, 9]. 

The crystallization rate in vacuum was larger at tem-
peratures above ~780°C than that in air, and the ob-
tained n was ~1.5, which suggests that three-dimen-
sional diffusion-controlled growth of crystalline ensta-
tite after heterogeneous nucleation. This was supported 
by TEM observations, where crystalline enstatite was 
only identified at the surface of the grains in the sample 
heated at 800°C in vacuum for a short duration (12 
hours) (Fig. 2) although electron diffraction showed that 
the grains were almost amorphous. Selective evapora-
tion of Mg and O from the grain surface in vacuum [10] 
might promote to form SiO4 chain structures of SiO4 tet-
rahedra at the surface, leading to heterogeneous nuclea-
tion of crystalline enstatite at the grain surface. 

Crystallization of amorphous enstatite at PH2O ~10-5 
bar occured more rapidly than that in vacuum (Fig. 3), 
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indicating that water molecules diffusing into the amor-
phous structure cut atomic bonds and promotes the crys-
tallization as in [5]. 

The activation energies of the reciprocal time con-
stants obtained in air and in vacuum are ~589 kJ mol-1 

and ~991 kJ mol-1, respectively (Fig. 3), implying that 
the effective structural modification of amorphous net-
work occurs with a less kinetic barrier due to water mol-
ecules diffusing into amorphous from air.  
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Fig. 1. Infrared absorption spectra of run products 
heated at 800°C in vacuum. Arrows represent 
prominent infrared absorption features of crystal-
line enstatite. Fig. 3. Arrhenius plots of reciprocal time constants for 

crystallization of amorphous enstatite in air, in vac-
uum and at PH2O~10-5 bar. Here n is the Avrami pa-
rameter and Ea is the activation energy. 

Fig. 2. A TEM image of the run product heated at 
800°C in vacuum for 12 hours. 
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