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Introduction:  Condensation from a gas phase is 

the fundamental process for formation of solid in space.  
One of the most abundant solid materials in space is 
Mg-silicates, and hence it is important to understand 
formation processes and/or conditions of Mg-silicates 
in order to understand dust evolution in space and 
physicochemical conditions of dust-forming environ-
ments.  Numerous experimental studies have been car-
ried out to simulate Mg-silicate formation.  However, 
little or no experiments were done to simulate Mg-
silicate formation under controlled protoplanetary disk-
like conditions.  Smoke experiments have shown that a 
variety of condensates can be formed by homogeneous 
nucleation of nm-sized particles.  However, nucleation 
occurs under higher gas pressure conditions (several 
hundreds to thousands Pa) than in protoplanetary disks.  
Condensation experiments of silicates at low pressures, 
close to protoplanetary disk conditions, have been car-
ried out to clarify heterogeneous nucleation on a sub-
strate put in a cooler region of a vacuum furnace, and 
further growth on nucleated seeds.  Crystalline for-
sterite was obtained as condensates in experiments by 
[1-3], but it is likely that forsterite condensed under 
highly supersaturated conditions.   

In this study, we report results of our condensation 
experiments under protoplanetary disk conditions in 
the presence of H2-H2O mixed vapor, focusing espe-
cially on size, morphology, and crystallinity of con-
densates.  Discussion on growth kinetics is shown in 
the companion abstract [4]. 

 
Experiments:  We used an infrared vacuum fur-

nace for condensation experiments.  A silica glass tube 
(~300 mm in length and 38 mm in outer diameter) is 
used as a vacuum chamber, which connects to a turbo 
molecular pumping system.  Two infrared heating sys-
tems were used as external heating elements.   

In order to simulate condensation in protoplanetary 
conditions, we introduced a mixed gas of hydrogen and 
water vapor.  The water vapor was supplied by flowing 
hydrogen gas through a water vapor saturator, in which 
distilled water was put at constant temperature.  The 
water vapor pressure during experiments was moni-
tored by a quadrupole mass spectrometer.  The water 
vapor pressure was controlled by temperature of the 
water vapor saturator and the flow rate of hydrogen gas. 

Condensation experiments were carried out at a to-
tal pressure of 10-5 bar with the H2O/H2 mixing ratios 
of ~0.07 and ~0.017, which are ~70 and ~17 times 

larger than the solar H2O/H2 ratio.  Synthetic powder 
of forsterite, put in an iridium crucible heated, was 
used as a gas source for condensation experiments.  
The forsterite powder was heated at ~1620 K, and the 
evaporated gas was condensed for 21-131 hours on 
substrates of molybdenum foil and a polished chip of 
single crystal of forsterite, of which surface was close 
to (010) surface.  The substrate temperature was set at 
~1340 K, which was calibrated by a melting point of 
gold.   

 The condensates were observed with a field-
emission scanning microscopy (FE-SEM), and their 
chemical compositions and crystallinities were exam-
ined by energy-dispersive X-ray spectroscopy (EDS) 
and electron backscatter diffraction (EBSD) equipped 
with FE-SEM.  A part of the condensates were sliced 
with a focused ion beam (FIB) method and observed 
with a transmission electron microscopy (TEM)． 

 
Results and Discussion: Numerous 10-nm sized 

condensates were obtained on forsterite substrates in 
all the experimental conditions.  They probably formed 
by nucleation on the surface of forsterite and grew on 
the surface.  Some grains seem to have become larger 
by coalescence on the surface. 

Condensates were so small that their chemical 
compositions and crystallinities could not be deter-
mined by EDS and EBSD, but TEM observations 
showed that they are crystalline forsterite, of which 
crystallographic orientation is the same as that of the 
substrate, suggesting epitaxial growth in the present 
experimental conditions (Fig.2). 

It is interesting to note that no condensates were 
found on a molybdenum foil although Mg-silicates 
condensed on molybdenum in previous studies.  This 
difference may be attributed to the difference in super-
saturation ratios between this study and previous stud-
ies.  The supersaturation ratios in the present study 
were ~2 [4], while they were much larger than 2 in 
previous studies.  It is likely to be difficult for Mg sili-
cates to nucleate on metals under the conditions close 
to equilibrium, while Fe metal seems to nucleate easily 
on oxides even close to equilibrium (and thus probably 
on silicates as well) [5]. 
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Fig.1.  Secondary electron images of condensates obtained 
on a polished surface of forsterite at 1340 K and 10-5 atm 
total pressure with the H2O/H2 ratio of 70 x the solar ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 
 
Fig.2.  Bright- (up) and dark-field (bottom) images of the 
cross section of run products.  Dark stripe and an adjacent 
light grey strip are coatings tungsten and carbon.  Neither 
amorphous nor crystals with orientations different from the 
substrate forsterite was found. 
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