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Introduction:  The question to be answered by a se-

ries of vapor phase condensation experiments is to pre-

dict when refractory grains will condense from the va-

por. The results are important for the formation of re-

fractory materials in astrophysical environments. In a 

series of vapor phase condensation experiments using 

transmission electron microscopy (TEM) analyses of 

the smoke nanograins we discovered systematic DME 

(Deep Metastable Eutectic) vapor phase condensation 

[1] that (1) Al-Mg-Ox, (2) Al-Fe-Oy and (3) Al-Mg-Fe-

Oz was the defining systematic phenomenon in these

condensation experiments [2, 3]. The DME phenome-

non was previously observed in vapor condensed (1)

Mg-Si-O, (2) Fe-Si-O, (3) Al-Si-O, (4) Ca-Si-O, 5 (Al-

Fe-Si-O) and (Ca-Fe-Si-O) smokes [4].

The here reported work is conducted to test that the 

DME hypothesis of condensing refractory solids in the 

Fe-Mg-Al-O system could also yield amorphous Fe-alu-

minates and Mg-aluminates. There should be no mixed 

Fe-Mg-spinel condensates as primary solids.  

For our condensation experiments we prepared three 

refractory smokes, viz. (1) Al-Mg-Ox, (2) Al-Fe-Oy and 

(3) Al-Mg-Fe-Oz.  Details of the experimental condi-

tions used in these experiments can be found in ref. [5].

Results: All condensates displayed typical smoke 

textures, viz. (1) porous aggregates and dense clusters, 

(2) strings of nanograins and (3) compact nanograin

clusters. These features are typical for all smokes pro-

duced by rapid smoke condensation in our laboratory

[5]. The goal is to find the smallest amorphous conden-

sate grains in each smoke and determine their diameter

and composition: they will be the DME grains. The va-

por compositions used, (1) Al-Mg-O, (2) Al-Fe-O and

(3) Al-Mg-Fe-O, represent the full variation possible in

potential spinel compositions (see Fig.1). The smoke

textures reveal (1) porous Al-Mg aggregates of long

strings of condensates, (2) compact fine-grained Al-Fe

aggregates and (3) Al-Mg-Fe-O smokes that texturally

appear to be mixtures of Al-Mg and Al-Fe grains. These

experiments show the first evidence of grain formation

in our refractory smokes (~10 nm Fe-AlO grains and

~10 nm Mg-AlO grains), as well as mixed aggregates of

these initial condensates (i.e. larger Fe-Mg-AlO grains).

Figure. 1: Ternary diagram of Al-Mg-Fe (at.% ele-

ment) compositions of the smokes: (Al-Fe)-Mg (orange 

squares), Al-Fe (grey triangles) and  Al-Mg (orange cir-

cles).    

Al-Mg smoke: The Al-Mg grain compositions de-

fine three clusters (Fig. 1). It is a promising configura-

tion for a DME composition that is defined by the small-

est condensate grains which appear to be about 10 nm 

(Fig 3b). The MgO-Al2O3 phase diagram shows two eu-

tectics Mg/Al ratios [6]. This configuration allows a 

DME composition around 50 at.%, which is located in 

the intermediate condensate grain cluster on the Al-Mg 

join (Fig. 1, orange circles). This smoke, and the other 

two smokes, are typically open aggregates of tangled 

chains of numerous individual nanograins (Figs. 2 and 

3). Most grains are around 10 nm in size. Most grains in 

these three smokes (Fig. 1) are probably amorphous 

grains. 

NOTE: We encountered unexpected problems dur-

ing the characterization of these amorphous condensed 

refractory smoke samples, viz. (1)  the grains are modi-

fied under the electron beam during the acquisition of 

chemical compositions and (2) the grains crystalize dur-

ing the embedding process necessary for the preparation 

of ultramicrotome electron transparent sections.  

Al-Fe smoke: The refractory amorphous nanograins 

in this smoke define an elongated ‘cloud’ of nanograins 

(Fig. 3a) along the Al-Fe side of the diagram (Fig. 1, 

grey triangles). The compostions range between ~30 

at.% and ~40 at. % in the Al-Fe (at.) phase diagram [7]. 

This compositional range covers a FeAl3 liquidus 
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maximum and a eutectic FeAl3-Fe2Al5 (at. %) 

compostion [7]. It is a combination of a congruent 

melting phase and an adjacent eutectic point [7]. This 

configuration is represented by the elongated cloud of 

condensed Al-Fe (at.) nanograins and the single lone 

grain in Fig. 1 (grey triangles). 

Figure. 2: Dark-field scanning TEM image of Al-

Mg nanograins. The grain at the center listed “Spectrum 

1”) has a [Mg9Al1] composition.  

Mg-Al-Fe smoke: These nanograins compositions 

are on a Mg-(Al,Fe) mixing line (Fig. 1, orange squares) 

between the Mg (at.) Al-Fe eutectic  cloud. This smoke 

condensed smoke (Fig. 3c) that contained all three ele-

ments but did not yield any DME condensate grains.  

Conclusion: This work presents the first chemical 

compositions of the refractory grains produced by vapor 

phase condensation, i.e. a potential Mg-Al Deep Meta-

stable Eutectic (DME) phase from a Mg-Fe-Al-O-H 

gas. Future work will be analyzing the chemical compo-

sitions of the smallest individual condensate grains.  
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Figure 3. High-resolution (a) and dark-field scan-

ning TEM images of Al-Fe (a), Al-Mg (b), and Al-Mg-

Fe (c) smokes showing chains consisting of numerous 

nanograins. 
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