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Introduction:  Magnesium, Si, and Fe are the most 

abundant metallic elements, which are responsible for 
astrophysical dusts that causes interstellar extinction 
and which are in particular important to carry thermal 
structure of circumstellar discs. Recent astrophysical 
observation with infrared spectra has revealed that 
there are abundant silicate dusts around evolved and 
young stars. They are mostly amorphous [1], but 
smaller abundance of crystalline silicates has been 
reported [e.g., 2, 3].  The spectra are well fitted by 
multiple silicate phases: crystalline forsterite (Fo), 
crystalline enstataite (En), amorphous olivine, amor-
phous enstatite, and amorphous silica with size dis-
tribution for all phases for discs around T-Tauri stars 
[4] and Herbig Ae/Be stars [5].  Contrary to silicates, 
presence of metallic iron is not reported because of 
absence of vibration or rotation bands in infrared.   

Metal/silicate relationship and grain size distri-
bution: The occurrence and size distribution of dusts 
are critical for interpretation of infrared spectra and 
modeling of thermal structure of discs.  Chemical 
equilibrium is the guide for appearance of phases, but 
it does neither predict the occurrence of the two phases 
nor the grain size.  

Homogeneous nucleation and growth model devel-
oped by [6,7] calculates nucleation delay, which de-
pends on Ptot and cooling time (τ) of gas. The effect is 
larger for metallic iron due to larger surface tension 
than silicates; for example, silicate delays by ~50° 
compared to equilibrium, while metal ~100° at τ = 104 
year [8]. The grain size distribution is estimated to be 
in a narrow range, but independent nucleation and 
growth of silicates and metal is implicitly assumed. 

Kinetics of metal condensation: We have carried 
out a series of condensation experiments of Fe [9-11], 
and showed two important results: the condensation 
coefficient of metallic iron is approximated to be unity 
in the temperature range of metal condensation in discs 
around young stars, and Fe metal heterogeneously 
condenses on alumina oxide with the super saturation 
ratio (σ=P/Peq) at least seven. The latter gives us very 
important view that metal heterogeneously condenses 
on silicates (or oxides if any) in a cooling gas, which 
has not been investigated yet. The change of condensa-
tion mode and temperature is expected to affect the 
occurrence of condensing phases and grain size distri-
bution, and therefore the IR spectra. We will investi-
gate the phases and grain size distribution in kinetical-

ly condensing system, where heterogeneous nucleation 
of metal on silicate is taken into consideration. 

Model:  The model consists of two basic equa-
tions: (1) the nucleation and growth rate is a function 
of gas velocity, abundance of the gas species con-
cerned, and condensation coefficient, and (2) net mass 
conservation, which means that the concentration of 
gas species concerned decreases with progress of con-
densation. The model contains two important parame-
ters, Ptot and τ, which may not be independent in astro-
physical conditions. 

Nucleation of forsterite takes place homogeneously, 
of which timing is defined by the surface tension. 
Metal nucleates heterogeneously at σ=7 on forsterite 
because forsterite condenses always prior to Fe. We 
have also tested how σ affects the consequences. The 
system consists of H, He, C, O, Mg, Si, and Fe with 
the solar abundance ratios, τ=102 to 1012 sec (~3x105 
yrs), and Ptot=10-9 to 10-2 bar. The condensation coeffi-
cient of Fe is taken to be 1, and those of forsterite and 
enstatite are assumed to be 0.1, which has not yet to be 
experimentally determined and which may contain 
significant error.  

In the present calculation, all the phases are assum-
ed to be crystalline, though it is not evident. The abun-
dant presence of amorphous silicates in astrophysical 
environments may indicate that amorphous silicate are 
the products of condensation and crystallization took 
place by certain high energy processes [12]. We did 
not consider this possibility here, because high-energy 
process easily breaks down structures of crystalline 
materials to amorphous, but hardly transform amor-
phous materials to crystalline due to short time scale of 
the process. Transformation of solid materials from 
amorphous to crystalline needs heating for consider-
able duration. Thus, we assume that crystalline materi-
als astrophysically observed are direct condensates 
from gas.  

Results:  Figure 1 shows the condensation se-
quences and number of condensed phases for rapid 
cooling (left; τ=1x104 sec) and slow cooling (right; 
1x1012 sec = ~ 3x104 years) at Ptot=10-5 bar.  

The phase appeared at first at smaller τ (rapid cool-
ing) is Fo, of which size is very small and the number 
density is high. A small amount of En also condensed 
with Fo. They were followed by Fe, which condenses 
at ~1205K heterogeneously on the previously con-
densed Fo.  Because τ is small, there still remains Mg 
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in the residual gas, and Fo restarted to condense at 
~1180K (secondary Fo) after σ<7 due to the significan 
condensation of Fe.  The secondary Fo later partly re-
acts with residual gas to form En. En started to con-
dense as independent grains at ~1175K.  The final pro-
ducts in this condition are Fe with Fo core, Fo, En with 
Fo core, En and Fe on En in the decreasing order of 
abundance.  It is noteworthy that grains with Fo core 
and Fe mantle are formed, which has not been expect-
ed in previous models.  There is no isolated metal grain.  

 

 
Fig. 1 Condensation sequence of phases at Ptot=10-5 bar 
for rapid cooling (left; τ=1x104 sec) and slow cooling 
(right; τ=1x1012 sec or ~ 3x104 years). Fo:forsterite, 
En: enstatite, SiO2: silica, Fe: Fe metal. 
 
The condensed phases at large τ (slow cooling) are 

Fo, which is totally covered by Fe at ~1215K, and 
SiO2 appears at ~1185K from the residual gas.  The 
final products in this condition are Fe with Fo core and 
SiO2.  The difference between rapid and slow cooling 
is whether there remains Mg in residual gas when Fe 
started to condense, which corresponds to the time 
when σFe gets 7, the critical super saturation ratio for 
heterogeneous condensation. 

The assemblage of final products is divided into 
two cases in the Ptot and τ  space; (1) secondary Fo and 
Fe with Fo core (±En and SiO2), and (2) Fe with Fo 
core and SiO2.  The boundary between the two cases is 
shown in Fig. 2.  The figure suggests that Fe with Fo 
core grains and SiO2 grains are dominant grains in 
most conditions of discs around young stars (Ptot ~ 10-4 
- 10-5 bar, τ> ~103 year). The assemblage of secondary 
Fo grains and metal with Fo core grains are formed in 
large τ such as rapid cooling accompanied by shocks, 
which corresponds to chondrule formation. 

The grain size distribution is also obtained in the 
above calculations. The average (or typical) size in-
creases with increasing τ, and the size distribution is 
generally narrow, which is less than an order.  The 
grain size increases drastically with increasing τ; typi-
cal size for τ= ~104 sec and Ptot ~ 10-5 bar  (left panel 
of Fig. 1) is about nm in order for all the phases, 10-
100 µm in order for En and mm in order for metal with 

silicate core at τ= ~1012 sec.  The size is systematically 
larger at larger Ptot. 

 

 
Fig. 2  Final products of kinetic condensation with 
heterogeneous nucleation of Fe on silicates.  

 
Discussions:  The present work shows an impor-

tant result that forsterite that always condenses prior to 
Fe due to smaller surface tension in astrophysical con-
ditions including solar nebula is covered by Fe, which 
prevents the reaction between forsterite and gas that is 
expected in an “equilibrium” model. This finally re-
sults in condensation of SiO2. It is easily expected that 
reactions actually take place in nature are somewhere 
between two extremes, equilibrium and totally kinetic, 
and the phases formed in young discs will be a mixture 
of the products in these two environments, that is, Fo, 
En, SiO2, Fe on Fo, and Fe on En. This explains the 
infrared spectra that are well fitted by mixtures of sev-
eral phases with size distributions [2-5]. The abundant 
formation of grains with Fo core and Fe mantle may 
explain the spectra of some discs that show solely PAH 
[5], where most silicate components are coated by 
thick metal to show no silicate feature. 

The grain size can constrain the dust formation 
conditions. Io order to satisfy the observed grain size, 
the cooling time of the gas that condensed silicate was 
109 – 1011 sec at Ptot=10-5 bar and 107 – 109 sec at 
Ptot=10-3 bar, which are fairly rapid for general nebula 
evolution time scale. 
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