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Introduction
Experimental studies of refractory nucleation (e.g., condensation of

metals, metal oxides or silicates) in terrestrial laboratories but applied

to astrophysical environments have been criticized due to the potential

for convection or other gravitational effects to distort the results.

Indeed, high temperatures required for evaporation of iron, SiO or even

magnesium metal (>750K) do cause significant convective currents that

confine the vapors to fast moving cylinders above crucibles that are

surrounded by even more rapidly moving background gases (such as H2,

He, Ar, etc.). The situation is more complex for two or more refractory

vapors. Modeling mixing in such systems is difficult, making the true

composition of the gas phase uncertain.

We report here the results of a series of nucleation experiments for

iron silicates, magnesium silicates and silica obtained during a sounding

rocket flight on October 7, 2019. The rocket launched from the White

Sands Missile Range. Preliminary data examination shows that the

particle sizes and morphology appear identical to materials from

ground-based experiments.

.

Experimental Description
Magnesium silicate, iron silicate and silica coatings were deposited

onto tantalum wires via the sol-gel process. The tantalum wires were

heated to ~2000K in atmospheres consisting of 38,000 Pa Ar plus 2000

Pa O2 or in 40,000 Pa of pure Ar at gravitational accelerations of less

than 10-4 g. Refractory vapors diffused through the background gas,

condensing in a ring around the filament (Figure 1). The temperature

and time of nucleation are recorded by a double wavelength Mach–

Zehnder-type interferometer using red and green lasers. A schematic

diagram of the experimental chamber is shown in Figure 2. From the

experimental data, we know both the concentration of the condensable

vapor and its temperature [2]. We also know the total gas pressure and

the time of nucleation. After payload recovery, the sizes and

compositions of the particles collected during the experiment (see Figure

3) were measured via TEM at Hokkaido University.

Figure 2. Schematic drawing of the double wavelength Mach–Zehnder-
type interferometer. The 70 mm long evaporation source is parallel to the 
optical path in the chamber. The particle collector is “under” the 
evaporation source.

Figure 3. An image of the dust collector in each experiment. Moving 
the cover during the experiment opens new TEM grids. The uncovered 
grid (bottom, left) collects grains throughout the experiment.

Figure 1. An image of the dust ring around the hot 
tantalum filament following nucleation of magnesium 
silicates. The image was obtained at 128.53 s after 
launch at a total pressure of 49362 Pa. 

Figure 4. The smallest particles collected from the 
experiment typically represent the original condensates, 
as they do not show evidence for fusion of two or more 
grains.

Figure 5. This is an example of a set of much larger, compound particles. 
The image in 5A shows a compound particle (circled). An iron grain (left) 
coalesced with a silica grain (right) that has absorbed several small iron 
particles. 5B shows the iron-rich nature of the compound grain. Peaks C 
and Cu are from carbon substrate and cupper TEM grid, respectively. 5C 
shows the compositional distribution of the partially fused dust

Particle Morphologies
Figure 4 shows a TEM image of an FeSiO smoke. Most grains in this

image are between 10 – 20 nm in diameter, are arranged in the typical

“string of pearls” morphology and represent the original condensates.

Figure 5 shows evidence for both coagulation and grain fusion. Each of

the morphologies in Figures 4 & 5 are seen in ground-based experiments.

The smallest particles show amorphous signatures in their electron

diffraction patterns and their elemental maps made using a STEM shows

uniform atomic composition (Si/Fe ~2), which corresponds to that of the

evaporation source. Larger compound particles are heterogeneous in

both composition and crystallinity, yet their atomic composition is also

similar (Si/Fe ~2) to that of the evaporation source, suggesting that most

particles formed from a vapor of uniform composition.

The larger compound particles in Fig. 5 show crystalline signatures in

their electron diffraction patterns. Strong contrast indicates more iron

than silicon; weaker contrast indicates much less iron.
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Formation of Compound FeSiO Particles
Different particle morphologies in Figure 5 are the result of

secondary processes after nucleation from the vapor phase. The larger

compound particles were initially totally molten. During cooling, an

iron-rich phase crystallized from the supercooled melt while the silicon-

rich phase remained amorphous. There are two possible formation

scenarios for this initial particle: melting due to heating by the hot

evaporation source or natural separation due to the volume differences

of the particles. Larger particles cool more slowly due to a smaller

surface/volume ratio. In addition, larger particles have a greater

probability of internal, liquid to solid nucleation, which is linearly

dependent on volume. Analysis of the size distribution should yield the

formation route: a double peak supports the first scenario while a

monotonic size distribution supports the second.

Figure 6. A. The image on the left shows particles condensed from an SiO 
vapor in pure Ar. Note the very uniform particle size distribution, “head-to-
tail” aggregation and significant level of grain fusion while still retaining 
distinct individual particles.  B. The image on the right shows particles 
condensed from Mg + SiO vapor in an Ar + O2 background gas. While MgSiO
grains condensed in pure Ar (see C) look like the FeSiO grains in Figure 4, 
addition of O2 appears to increase the surface tension or decrease the melting 
point (or both?) causing aggregates to form large “blobs.” Although 
aggregates do not form spherical particles, boundaries between silica grains 
on the edges are blurred or erased.  C. The image below shows particles 
condensed from Mg + SiO vapor in pure Ar. These grains resemble the FeSiO
condensates formed in Ar + O2 (Figure 4). Scale bars in A & B are 100 nm, but 
is 200 nm in C. 
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