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Introduction: Magnesium rich amorphous silicates are 
major component of dust in the interstellar medium. At 
the birth of stars, when the ISM cloud collapses, dusts 
are incorporated in the forming disk. Temperature 
progressively increases along the disk when 
approaching the inner regions [1,2,3]. So they were 
subjected to various temperature conditions for long 
periods as they travel along the disk by radial transport 
[4,5]. Because they are processed by irradiation [6] in 
the ISM cloud, silicate dusts are far from equilibrium in 
addition to their small size and their porosity.  
Structural features of precursors (irradiated, 
nanostructured, likely porous aggregates) may 
influence their crystallization behavior under thermal 
annealing. Understanding how such disordered 
materials behave during their crystallization could 
probably give insights into formation of minerals 
studied in infrared observatories or found in natural 
object (IDPs, fine-grained micrometeorites, fine-
grained matrix of primitive chondrites, Wild 2 dust).  

However, such amorphous and nano-scaled 
magnesium rich silicates are not easily available on 
Earth, which hinders a detailed study of their 
crystallization. Many works report difficulties during 
their synthesis (quantities, porosity, quench ability,…) 
and various methods were developed (evaporation-
deposition, hyper quench, sol-gel,…). One of them, sol-
gel synthesis, seems to be an interesting way to produce 
easily and abundantly amorphous, porous and 
nanostructured silicates of relevant compositions 
(enstatite, forsterite, diopside, 50%en-50%diop). We 
also investigate their crystallization behavior at 
relatively low temperature close to glass transition (Tg). 

Method: Amorphous and nanoporous magnesium and 
calcium rich silicates were synthesized by acid sol-gel 
route using a nitrates based sol-gel method [7,8,9] 
developed in our laboratory [10]. Nitrate salts were 
used as elements carriers for elements other than 
silicon. They were diluted in solvents (water and 
ethanol) before the polymerization of a highly 
expanded silicic squeletton by adding TEOS in acidic 
conditions. Salts were homogeneously included in the 
silicic lattice leading to a homogeneous and a clear gel 
was obtained. The gel was then aged and dried (called 
xerogel). At this stage residual water, nitrates and by-
products remain in the xerogel. A thermal annealing is 
then required to obtain a pure amorphous material. 
Differential Thermal and Thermo-Gravimetric Analysis 
(DTA/TGA) coupled with mass spectrometry of gases 
(not shown here) were carried out to follow thermal 
behavior of xerogel (Fig. 1) in order to find out the 
efficient annealing treatment. They reveal that all 
impurities are evacuated at 500°C, quite below the 
temperature of crystallization (typically 700°C). Such a 
large interval between purification and crystallization 
allows to get ‘pure’ materials by annealing at 500°C for 
two hours and avoiding premature crystallization. 
Diffuse Infrared Spectroscopy (not shown here) on 
xerogels after annealing confirmed the impurities 
departure and their amorphous state.  

Morphology and compositions were observed 
by transmission electron microscopy (TEM) (Fig. 2) 
and X-ray electron dispersive spectroscopy (EDS) (not 
shown here). Amorphous state was checked by 
electronic diffraction. TEM observations reveal (Fig. 2) 
a fluffy structure made of nanoclusters sticked together 
with high open porosity. The pore diameter is less than 
50 nm and the size of clusters is around 100-150 nm. 

 
Fig. 1. Differential Thermal and Thermo-Gravimetric 
analysis (DTA-TGA) of forsterite xerogel under air 
flux. Dehydration occures between 50-200°C with a 
mass loss of 40% while nitrates decomposes out 
around 400°C with a mass loss of around 35%. Note 
that crystallization begins at 650°C.    

a.               b. 
 
Fig. 2. TEM observations of amorphous and porous 
(a) forsterite and (b) enstatite. Pore size is less than 
50 nm in diameter. Scale bar is 20 nm. 
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Finally, it is noteworthy that materials are structurally 
and chemically homogeneous at 100 nm scale.  
 
Crystallization of sol-gel derived amorphous 
diopside: Sol-gel derived ‘pure’ amorphous diopside 
was annealed at 740°C (~10°C above Tg of diopside 
glass) for 10 days. Recovered samples were then 
analyzed by canning electron microscopy (Fig. 3) and 
TEM with X-ray EDS (Fig. 4). 

SEM reveals that surface of bloc sample is a 
mosaic of nanocrystals of 250-500 nm width. This size 
is commensurate with the size of clusters of non-
annealed amorphous diopside. This suggests that 
porosity may intensively govern crystallization by 
acting as barriers. TEM investigations reveal a broad 
variety of microstructures and compositions. Typically, 
clusters of mixed sintered microscrystals are embedded 
in an amorphous and porous matrix (Fig. 4a). As 
expected from mass balance calculations, magnesium 
rich crystals (Mg/Si ~ 2) with low calcium content are 
surrounded by calcium rich microcrystals or glasses 
(Ca/Mg ~ 3). Beside, large micrometric crystals of 
forsterite composition but enriched in calcium (around 
1 wt%) were also observed (Fig. 4b). In addition, these 
crystals contain intragranular porosity that probably is 
remnants of porosity of parent material. Such broad 

range of compositions and microstructures reveals that 
low temperature annealing of a diopside precursor 
induces a metastable and polyphasic crystallization. 

A comparison between the behavior of these 
analogs with other amorphous starting materials (i.e. 
glasses formed by fast quenching of a silicate liquids) is 
currently under our scope. Despite the fact that 
common features are observed in terms of phase 
metastability, the reactivity of sol-gel materials seems 
to be higher. Though more work is required to quantify 
the effect of the ratio surface/volume, we note that 
around Tg, bulk diffusion is very slow [11] and 
primarily restricted to network modifying cations (e.g. 
Mg and Ca). On the other hand, surface diffusion is 

known to occur faster than bulk diffusion. It is then 
possible that the fast diffusion of cations at the cluster’s 
surfaces enhances the reactivity of such sol-gel derived 
analogs. If true, the coupled study of analogs prepared 
by different methods could be required to have an 
accurate insight on the fate of interstellar dusts; again 
because actual structures and reactivity of irradiated 
silicates are still poorly known. 
 In this framework, our sol-gel method seems 
particularly well adapted to the preparation of fine-
grain, porous, amorphous and homogeneous analogs of 
virtually any silicate compositions. Preliminary results 
on their crystallization at low temperature indicate that 
the process is complicated. This original crystallization 
behavior may participate, via radial or turbulent mixing 
to the diversity of crystalline phases, which are 
observed in natural objects such comets, meteoroids 
and stellar shells.  
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Fig. 4. TEM observation of annealed amorphous 
diopside powder at 740°C for 15 days. a. 
Agglomerated micrometric monocrystals of 
merwinite and forsterite. These crystals are 
sometimes embedded in an amorphous porous 
matrix. (Bar scale is 300 nm) b. calcium enriched 
forsterite monocrystals which contain intragranular 
porosity. (Bar scale is 250 nm) 

 
 
Fig. 3. SEM observation of an annealed macroscopic 
sol-gel derived amorphous diopside bloc at 740°C for 
10 days. Surface of is a mosaic of nanocrystals of  
250-500 nm width.  
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