
F I ZIKA 2 Supp l .  2 (1 970) 26. 1

INTERRELATIONS BETWEEN METASTABLE PHASES FORMED BY 
RAPID SOLIDIFICATION AND BY MARTENSITIC TRANSFORMATION 

H .  Warlimont and P .  Furrer 

Max-Planck-Institut filr Metallforschung 
S tuttgart , Germany 

If  solidification or a solid state trans formation are induced 
by rapid cooling, both types of phase trans formation and their 
products assume common characteristics . The transformation 
mechanism is  characterised by a complete elimination or severe 
restriction of diffu"s ion , The transformation product's may , 
apart from being stab le phases , be  metastab le extensions of 
s table phases or new metas table phases , Furthermore , lattice 
defects are introduced which are characteristic of the mode 
of transformation , In this paper investigations of the rapid 
solidification and martensitic trans formations of  Cu,  Ag and 
Au base alloys , i . e .  of the so-called Hume-Rothery phases or 
electron compounds , will be compared ,  

Stab le and Martensitic Phases i n  Cu1 Ag and Au Base Alloys 

In a recent review ( 1 )  it has been shown that the electron­
to-atom ratios of the stable Hume-Rothery phases { e/a  < 3 / 2  
for a ( fee ) ; e/a = 3 / 2  for B ( bee ) and r; ( hep ) ;  e /a  = 2 1 /13  
for y (D81_ 3 ) )  are but rough approximations for the characte­
ristic concentrations , Metastable phases  comply rather well 
to the valency electron rules , The actual occurrence of  stable 
and metastable B ,  y and r; phases in a particular system is  a 
function of the solvent and solute atom prope�ties and is 
related to their position in the periodi c  system, 

The martensitic phases in Cu , Ag and Au base alloys ( 2 ) are 
formed by quenching the B phases or by de forming them in the 
supercooled , metastable state , The martensite phase symbols+ ) 

xJit should be noted that the Greek letters used as phase
symbols of the Hume-Rothery phas es and of the martensitic 
phases do not signify the same structures , But the notation 
is  straight forward s ince the Hume-Rothery phases have un­
primed, and the martensitic phases hav1! primed,  symbols , 
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and structures are ( 3 ) : S 1 phase ,  fee  or  long-period stacking 
(LPS ) structure ; S II phase •  conl3isting of alternating lamellae
of two structures ( fc� + LPS or hep + LPS) ; y 1 phase , hep . In 
the present context it is  interesting to note that the fee 
martensitic structures correspond to a supersaturated a phase ,  
the hep martensitic variants correspond to a t  phase , and the 
LPS structures , in particular the 3R-var1ant , are occasionally 
found as stable Phases as well ( 4 ) . 

Experimental observations on Splat Cooled Alloys 

The most characteristic features of Cu , Ag and Au rich alloys 
which have been rapidly qtienched from the melt are : ( 1 )  meta­
stable extensions of  the a and t phase fields , ( 1 1 )  formation 
of t and y phases Which do not occur in stable eqUilibrium,  
( 111 )  formation of  metas table phases with LPS structures , ( iv) 
heavy faulting up to a fault density and distribution -which 
leave no ordered s tacking sequence to be recogni zable by x-ray 
or electron diffraction, ( v) stabilization of high-temperature 
s phases at room temperature . Mos t ot these characteristics 
are '. also �bserved in a1loys Which have been transformed _
martensitically ( 2) , The stable phase equilibria ( 5 )  and the 
phases �structures ) formed by rapid solidification and marten­
sitic transformation in three typical alloy systems are com­
piled in FIG , i .  It is iminediateiy evident· that the new meta­
stable phases formed by both modes of trans formation occur in 
the same concentration ranges and that the cryl3tal. structures 

. are closely interrelated , Moreover , our recent study of a splat­
cooled Ou-Al alloy by electron microscopy ( 6 )  has shown that the 
transformation leads to a miorostructure which is almost identi­
cal to that of martehsiticUly trans formed CU-Al alloys (7-9 )  
as  well as  to  splat cooled Ag-Ge alloys ( 16 ) , FIG . 2 .  The meta­
stable extension of a and t phase ranges ahd the formation of 
new metastable t phases by both rapid solidification as . well as 
martensitic transformation appears to be directly related to the 
suppression of diffusion and the concomitantly enforced formation 
of phases with comparatiyely simple structures at or near the 
gross alloy composition .  Consequently , the a phase is formed at 
low solute concentrations and its range is extended up to e /a 
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FIG .  1 
Phase diagrams ( a . ) and phases  formed by rapid trans format ions 
(b . and c . ) o f  Cu-Al (b : 6 ;  c :  7- 9 ) , Ag-Al ( b : 1 0 ;  c :  1 1 , 1 2 )  
and Ag-Ge ( 1 3- 1 6 ) al l oys . 

FIG . 2 
Micros tructures o f  splat cooled Ag-1 5  at . %  G� ( a . ) and Cu- 25 
at . %  Al  alloys . Transmiss ion elec tron micrographs taken dire ct ­
ly from thin regions o f  the foils . 
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< 3 / 2 ,  e . g . Ag-Ge ( 1 3 ) , Ag-Sn ( 1 7 ) , Since the Hume-Rothery
rules indicate a stabilizing effect of e/a = 3/2 for t phases
at low temperatures this phase is expected to form if the for­
mation of more stable phases in this range is suppressed for 
kinetic reasons . The degree metas tability may be expressed as 
the difference in free energy of formation between the meta­
stab le t phase and the corresponding equilibrium mixture of 
stable phases , The di fference has been determined for Au-Sb 
alloys ( 1 8 )  to be AG ( 298°K) = 0 , 67 � 0 . 15 kcal /g-atom. Thfs
is typical of the amount of free energy differences between 
different solid alloy phases , Therefore , it  is to be expected 
and actually found that the suppression of the stable phases 
for · kinetic reasons can lead to the formation of new hexagonal 
phases by martensitic transformation ( 2 )  and by rapid solidi­
fication (Ag-Si : 1 7 ,  1 9 ;  Ag-Ge : 20, i 3 ;  Au-Ge : 21 , 2 2 ;  Au-Sb :
1 8 ,  22 )  and of y phases by rapid solid�fication (Au-Si : 22;  
Au-Sn : 23) . 

Metastable states with LPS structures in rapidly solidified 
alloys have been reported for the Cu-Al ( 6 ) , Cu-Sn ( 24 ) , Ag-Al
( 10 ) ; Ag-Ge ( 1 4-16 ) ,  Au-Ge ( 21 )  and Au-Si ( 19 )  sy-stems . They
may have formed directly from the melt . But alternatively they 
can b e  due to the martensitic transformation of a B phase which 
had crystallized · from the melt first . This latter two-stage 
process cannot be derived from x-ray di ffraction alone but it 
can only be determined by a combination with electron micro­
scopic observations . It has been firmly established to oCC\S'

in Cu-Al ( 6 ) 1 Cu-Sn ( 24 )  and Au-Cd ( 25 )  alloys and may be
supposed to occur in Ag-Al alloys from indirect evidence ( 10) , 
LPS s tructures which have formed directly from the melt can 
be  recognized from the prevalence or growth faults (but this 
is not a sufficient criterium)  and from their microstructure 
( grain shape and fault distribution) . 

The high fault density �n rapidly solidified allo)•s which has 
been observed by x-ray diffraction line broadening and shifting 
in numerous oases as wel� as by electron microscopy ( 6 1 1 6 )  is
closely related to the metastability of the a or t ( or LPS ) 
phases since it is well known that the stacking fault energy 
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decreased considerably towards the phase boundaries of close­
packed phases ,  Growth faults are mos t likely to be due to  the 
process of rapid solidi fication . Deformation faults can be 
due to plastic  deformation during further cooling in the 
solid state or to martensitic trans formation . The high fault 
densities may sometime s preciude or falsify s tructure deter­
mination based solely on x-ray diffraction . Electron diffrac­
t ion patterns combined with dark field electron microscopy 
reveal thin lamellae with several different stacking sequences 
within one specimen ( 1 6 )  of alloys which have been assigned 
very large unit cells based on x-ray diffract ion ( 1 4 ) ,  It is  
interesting to note that the  high temperature B phase is  
partially retained in splat cooled and martensit ically trans­
for!.Red Cu-Al ( 6 ) ,  Ag-Al ( 10 )  and AU-Cd · ( 25 )  alloys . This is  
unu�bal since res idual 8 has never been . found . in Cu-Al alloys 
quen6hed from the 8 phase field.  However,  recen t observations 
on ;Fe-Ni alloys have shown that the scarcity of potent marten­
s ite nuclei in thin foils may result in a severe depress ion of  
Ms- ( 26 ) , The same effect is  likely to occur in  splats which are
locally extremely thin as shown by the fact that they are par­
t.ially transparent to 100 kV electrons , 1 .  e .  < 10·00 R in thick­
nes .s .  

Conc lusions 

Rapidly solidified and martensitically transformed Cu , Ag and 
Au alloys have numerous common structural characteristic s , 
These are due to their mode of format ion and to the stabili­
ty criteria for Hume-Rothery phase s .  In rapidly solidifi ed 
alloys the structures observed at room temperature may e ither 
have formed directly from the melt or by martens itic  transfor­
mat ion of  a transiently stable 8 phase . 
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D ISCUSSION 

What kind of splat cool ing hove you used ? 

The gun technl que according to Duwez . 

How soon after splat cool ing did you observe the micro 
structure ? Also d id you perform any thermal anneal lng 
after the splQt cool ing to study the reverse transformation ?

Within a few minutes to a few hours . We observed no time 
dependent change in  the foi Is . 




