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MICROSCOPIC INVESTIGATIONS ON THE TRANSFORMATION 
OF METASTABLE INTO STABLE PHASES IN Al-Ge ALLOYS 

Uwe Koster , Institut fUr Werkstoffe 
Ruhr-Universitat Bochum 
Germany 

A large number of metastable phases have been produced by 
rapid cooling from the liquid state . However few investiga­

tions have been made on the transition of these metastable 
phases into stable ones .  Besides an analysis of the meta­
stable phases in Al-Ge alloys obtained by rapidly quenching 

from the melt the purpose of our investigations is the 
transformation of the metastable phases into stable ones , 
Under equilibrium conditions Al and Ge form a simple eutectic 
system ( fig . ! ) . After slowly cooling an Al-Ge melt a1 . eu­
tectic structure is  to be found besides Al or Ge primary 
�rystals .  After more rapidly cooling , i . e .  by quenching of 
small amounts of  melt (ea .  lg )  in water or by splat cooling , 

this eutectic cannot be formed . According to the concentra­
tion of the melt and to the quenching rate one or two meta­

stable phases can be found . 
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Splat cool ing has been carried out with Al- 20 wt . - %  Ge and 
Al-50 wt . -% Ge after levitation melting . The melts were super­
heated to at least 400 °c above the liquidus temperature . 
Suitable parts of the foils  were examined by transmission 
electron microscopy without any further thinning procedures . 
The microstructure of the Al-20% Ge alloy consists of a cell 
structure of Al primary crystals and a metastable phase lying 
between them, Thicker arrays of the splat had to be electro-. --
polished for electron microscopic investigations . These parts 
show the same structure except for a smaller ·. diameter of the 
cells . The microstructure of the Al-50%Ge alloy consists main­
ly of larg� grains of the same metastable phase ( fig .  2 ) . In 
both alloys there are oniy a few dislocations in the Al cry­
stals and none could be detected in the metastable phase . By 
electron diffraction we can determine the unit cell of this 
phase ( �1 ) : ·

'11 : rhombohedral a = 7 ,  65 A 
d- = 96 , S  o 

Fig . 3 shows the schematic electron diffraction pattern of a 
( 001 ) -plane . In an additional produced X-ray diffraction -
pattern all lines can be identified accepting this unit cel l .  
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FIG .  3 

Schematic electron diffraction pattern 
of a (001 ) -plane of t1

The combination of electron and X-ray diffraction seems ex-
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tremely suitable for determining the unit cells o f  unknown 
metastable phases in splat cooled foil s :  It is possible to 
distinguish different states of the foil by transmission elec­
tron microscopy and especially selected area diffraction en­

ables one to make diffraction of small areas with uniform 
structure , If one can select -single crystallites , additional 
information about the angles between lattice planes can be ·ob­
tained . This information makes it easier to determine the un-

. known structures ,  While this method is  suitable for observing 
only small areas of the sample ,  by X-ray diffraction larger 
areas can be investigated resulting in a better knowledge of 
the overall conditions . 

A second metastable phase < r2 > is se,dom found in a splat
cooled foil , but for the most part in water· quenched alloys . 
By electron diffraction we found a hexagonal unit cell : 

�2 : hexagonal a = 1 3 , 4 5  1l
C = 7 , 25 Jl 

This phase forms a lamellar eutectic with Al as can be seen 
by light and electron microscopy ( fig . 4 ) , In Ge-rich alloys 
we also found 1

2 
primary crystals .

The metastable states formed , by rapid quenching from the melt  
tend to approach the equilibrium state , i . e .  to decompose into 
Al and Ge . At room temperature both metastable phases are 
stable for longer periods of time , No significant decrease ·of 
volume ·fraction of the .metastable phases could be detected 
after half a year . A complete · transition from the metastable 
phases of the splat into the sta�le ones was achieved by an 

· . 0 annealing treatment of l h at 200 · c .  The disappearance of the 
X-ray lines of the metastable phases demonstrates this state­
ment . In water quenched specimens only the beginning of this
process could be observed after this annealing treatment , It
seems that the large difference of the diffusion coefficients
determines the kinetic of the transition (Al in Ge : o200oc «

- 20 2 - - 1 2  2 10 cm /sec , Ge in Al : ·  o2000c • 10 cm /sec ) ,
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Therefore the transformation of  the metastable into the stable 
phases does not take place by a direct transition , The rate 
controlling mechanism by which equilibrium is approached is 
once the formation of Ge crystal s in Al and on the other hand 
the diffusion of Ge from the dissolving metastable phases to 
the newly formed Ge crystal s .  Fig , 5 shows this mechanism 
schematical ly . It is the same for both metastable phases . 

FIG ,  5 

Schematic sketch of the 
transformation of meta­
stable phases into Ge 
and Al 

By hot stage electron microscopy we can investigate this 
transformation of y

1 
into Al and Ge of a splat cooled foil 

( fig . 6 ) , Fig . 7 shows the transition of Y2 into Al and Ge of
a water quenched sample , which .was prepared for microscopy 
after annealing , 

The apparent , different thermal stability of the metastable 
phases in the splat or in the water quenched sample can be ex­
plained by size and distribution of the metastable phases in 
Al . The splat shows a finer distribution of the met�stable 
phases than the water quenched specimen , Therefore the meta­
stable i;:>hases of splat cooled samples· are much fas.tar dissol­
ved than those of water quenched ones , 
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B y  co- evaporation o f  A l  and G e  amorphous filma a t·e obtained 
which cry stallize  after annealing . By i sothermal or i eo chro-:­
nal annealing equilibrium i s  app ro ached by direct cry stalli ­
z ation o f  the Al-rich o r  .Ge- ri ch- solid solutions as can ·be 
seen by hot stage electron micro scopy . However pulse h�ating 
the specimen by the electron beum just below the melting 
point yiel d s  cry stallization of the metastable phases d e­
scribed above .  We suggest therefore these metastab l e  phases 
to be high temperature phases , 



FIG . 2 :  Electronmicrograph 
of the metastable 
phase 'i 1
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FIG . 6 :  Electronmicrograph 
of the transforma­
tion �l i nto Al + Ge 

F IG . 4 :  Metastable eutectic 
�

?.
-Al . Deeply etched 

in KOH . �2 - whi t e  

F IG .  7 :  Transformati on of  'i 2 into Al + Ge 
white - Al , grey - �2 ,
dark - Ge 
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D I SCUS S ION 

1 .  What are the specific volumes or  mean atomic volumes of 
the metastable phases ? 

2 .  Is the process of decomposition of the metastable phases 
simi lar to that of the decomposition of Fe3C ? 

1 .  We have not ye t  estimated the spec ific volumes of the two 
phases . 

2 .  Typ ieal ly the process of decomposition of these metastable
phases is such that there is in the most part no connection 
of the grow;,ig g-Ctystals with the reaction front . 

Prof . Anantharaman (Banaroas Hindu University) and co-workers 
recently completed a thorough study of the whole Al/Ge system , 
with 3 different cool ing rates . The paper is in process of 
pub l ication in Journal of Materials Science . They inc lude 
detai ls of the atomic volumes of the f.i and (,, phases as a
function of composition . Incidental l y  they also i nc l ude a kind of 
"meta-equi l ibrium d iagram" :  here, compusition is plotted 
horizontal l y  and log (cool ing rate) vertica l ly  the various single 
and two-phase fields are drawn relative . to these coord inates, 
extrapolating to very low and very h igh cool ing rates . I t  seems 
to me that the presentation of such d iagrams would be most 
useful as a matter of routine in the study of splat-cooled a l l oys . 

I as we I I  as my col leagues at Pennsylvan ia, and indeed in the 
USA, are puzzled by the reports of the lack of defects, 
e . g .  col lapsed vacancy aggregates,  dis locations, voids, in
fresh ly  quenched specimens not subjected to deformation as 
with the p iston/anvil technique . Concentration of vacancies 
of 1 0-4 are considered to exist just below the me l ting point
in pure metals and one would be l ieve that metals  quenched 
from the l iquid state shou ld show evidence of defects : Yet a 
few, if any, are in electron micrographs publ ished to date . 
Why is this so ? 

In Al-Ge we found after quench ing from the o( -region 
(ca . 550°C) no dis location loops formed by precipitation
of excess vacanc ies . The binding energy between vacancy 
and germanium atoms is considerably larger than the 
corresponding va lue for most other Al -al loys and larger than 
the binding energy vacancy-vacancy.  Ge-atoms and vacanc ies 
stay In  random d istribution during the cool ing or after annea l i ng 
at temperatures at which i n  other a l loys precipitation of 
vacancies occurs . 
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The dislocation may be Invisible because of the imperfections 
distributed in the matrix which decrease the contrast between 
the dislocation l ines and the surrounding matrix . 

High concentrations of vacancies have been found In Cu-Zr 
a l loys splat cooled as fine films . Concentrations as high as 
25 at% are regarded as probably the h ighest valve reported ' 
to date . The Zr content was about 20% . The a l loys are stable 
at 20°c for long periods of time , How this :l;igh concentration 
of vacancies can be maintained Is an interesting question . 

In what range of concentration did you have an amorphous 
phase by coevaporation and what Is the exact shape of the 
diffraction pattern of this phase T 

If we cooled the substrate to the temperature of l iquid nitrogen,  
we could obtain amorphous films in the composition range 
from A l-30 at% to the pure Ge . The e lectron diffraction 
patterns are in the shape of those from amorphous �ure Ge , 

If a large number of vacancies are present In splat cooled 
a l loys as very sma l l  c l usters which are invlslble in the 
e lectron microscope, as suggested by prof. Guinier, Jltl3n ; it 
shoulcl be possible to grow these defects to a size which is 
visible in the e lectron microscope by a critical anneal ing 
treatment . 




