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Introduction 

Metastable phases in physical metallurgy are the rule rather than the ex­
ception. These phases are generally obtained by quenching a solid alloy 
from high temperature and tempering, or aging it at a lower temperature 
in order to obtain the desired physical properties. Quenching alloys from 
the liquid state did not receive much attention from the metallurgist until 
approximately ten years ago when new techniques became available to 
reach high enough a rate of cooling to affect the norinal process of nuc­
leation and growth during the transition from liquid to solid, Obviously, 
the well known techniques of cooling a solid with a fluid, either a liquid 
or a gas moving at high speed, are not applicable to liquid alloys, and the 
only other method of heat removal is by conduction to a solid surface. Tl-e 
two methods now widely used to achieve this purpose are the "gun" tech­
nique in which a liquid globule is projected at high speed on a copper sub­
strate, and the "piston and anvil" technique in which a liquid globule is 
sque_ezed between two copper lined flat surfaces (Duwez et al. 1963,
Pietrokowsky 1963). The rate of cooling obtained by these techniques ,is 
not yet very accurately known, but the orders of magnitude of the average 
rate of cooling are 105 to 1060c/sec for the piston and anvil technique 
and as high as 106 to 108°C/sec for the gun technique. The first meta­
stable phases obtained by rapid cooling from the melt were a complete 
series of solid solutions in Ag-Cu alloys (Duwez et al. 1960) which under 
equilibrium conditions are two-phase eutectic-type alloys. These results 
were predictable since in this system a solid solution would be expected 
from the Hume-Rothery rules governing the formation of solid solutions, 
The second type of metastable phase discovered soon after the Ag-Cu 
alloys was a new crystalline hexagonal closed packed phase in Ag-Ge 
alloys :(Duwez et al. 1960), which does not exist under equilibrium condi­
tions. The third and probably last type of metastable alloy obtained by 
quenching from the liquid state was an amorphous phase in the Au-Si 
system (Klement et al. 1960) which represents the ultimate in quenching 
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rate, since a liquid-like atomic arrangement could be obtained in the 
solid state. Many papers presented at this conference deal with the first 
two types of metastable alloys and I will limit my discussion to amorphous 
metallic alloys. 

Amorphous Metallic Phases 

Soon after the first amorphous phase obtained by liquid quenching was re­
ported in binary Au-Si alloys, it wa·s pointed out that the composition of 
this phase lies close to equilibrium eutectic and that this eutectic occurs 
at a very low temperature compared with the melting point of gold (Cohen 
et al. 1961). This simple observation served as a guide to discover other 
binary alloys susceptible to lead to an amorphous phase after quenching. 
The Pd-Si binary alloys, with a eutectic at about· 16 at.% Si �nd a eutectic 
temperature of about B00°C, compared with a melting temperature of l550°C 
for Pd, turned out to be the easiest to quench by both the gun and the piston 
and anvil technique and have been the subject of numerous investigations 
(Duwez et al. 1965). The Pd-Si amorphous alloys are quite stable , with a 
rapid crystallization temperature of about 4Z0 °C. Kinetics data indicate 
that no crystallization can be detected after more than 6 months at zoo0c 
(Duwez 1967). 
Many- binary allow systems involving a transition metal and phos,:>horus; 
have· low eutectics comparable to that in Pd-Si alloys. Quenching from the 
liquid state, however, generally results in an amorphous matrix in which 
microcrystals of either the transition metal or of a phosphide or both are 
present in small quantities, Binary alloys belonging to this class are 
Fe-P, Ni-P, Pd-P and Pt-P. It was found, further, that pseudo-binary 
alloys containing two of the above mentioned compositions can be quenchecl 

into an entirely amorphous structure, Studies have been reported on thu 
ternary system Pd-Ni-P, Pd-Fe- P 

0

(Maitrepierre 1969) and Pt-Ni-P (Sinha 
1970). Another ternary alloy of interest is FePC, which is amorphous 
around the atomic composition Fe7 5-P 15 .. c 10 and is strongly ferromagnetic
(Duwez et al. 1967, Un 1969), 
The number of amorphous alloys obtained sofar by liquid quenching is not 
large enough to formulate definite rules governing the occurohce of amor­
phous phases. Three observations can be expressed as follows: 1/ An 
amorphous pha�e is likely to be found near a eutectic composition provid­
ing the eutectic is of the "deep" type, meaning that the eutectic temperature 
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i s  l ow with re spect  t o  the melting point of the pred ominant me tall ic con­

s tituant and· the liquidus curve d r ops sharply with the addition of the alloying 

e lement. This c ondition may be c alled "The deep eutectic c ondition " ,  

2 /  Terna r y  o r  quaternary alloys a re in gene r al easier  to quench into an 

amorphous s tate than bina r y  a ll oy s ,  providing the fir s t  c ondition is fulfilled 

for the tw o b inary alloys involve d ,  This s eems t o  imply that in a n  alloy con ­

taining a la r ge numb e r  of diffe r ent atoms i t  i s  e a s ie r  t o  prevent the normal 

p r oc e s s  of crysta llization , This c ondition may b e  called " The c onfusion 

principle " .  3 /  Th e amorphous alloys obtained by liquid quenching reported 

in the lite rature s ofa r always c ontain a transition metal as a maj or con­

stituant (from about 7 0  t o  80 at , %) arid a non- metal s uch as B, C, Si,  Ge , 

A s ,  or P .  It seems that a s ·  a c ondition for gla s s  formation from the liquid 

state , a c e rtain amount of c ovale nt bonding is  requi r e d .  This c ould b e  

c alle d the "C ovalent b onding c ondition " .  I t  is  inte r e sting t o  note that the 

"deep e utectic c onditi on" mentioned above is gene r ally found in binar y  alloy 

s ys ten1s involving a trans ition metal and a non - metal of valenc e 3 or mor e . 

Henc e ,  c onditions l and 3 may e ventually be r e duced to one more funda ­

mental c ondition related to the e lectr onic c onfi guration of the c onstituants 

of the alloys , 

P r operti e s  of Amorphous Metallic Pha s e s  

Amorphous metallic alloys a r e  likely t o  have unusual phy sical pr ope rti e s  

b e caus e of thei r  unusual structure , The electrical re s i s tivity o f  a n  amor ­

phous Pd80 - Si 20 alloy has a ve r y  small temperature c oefficient between

1 . 5 °K and 200 °C (about 17 - 5 / °C ) .  Such a singular behavior for a metallic

alloy i s  attr ibute d to the fa ct that most of the s c atte ring i s  due to the 

structural atomi c dis orde r and the c ontribution of the the rmal s c atte r ing 

is very small . When a t ran sition metal s uch as chr omium is s ub stituted 

for Pd in the alloy, a minimum in the ele ctrical r e s i s tivity curve is ob ­

s e rved ( T s ue i  e t  al . 1969) . The tempe r atur e at whi ch the minimum occurs 

inc r e a s e s  w ith inc r e'asing c oncentration of C r  and i s  a b out zoo0c for 7 at . %

C r  whi ch is ab out the m.aximurn c onc entration a b ove which the amorphous 

state c annot be obtained ,  B etw een the minimum and a b s ol ute z e r o ,  the re ­

s i stivity inc r e as e s  ste adily with d e c r e a s ing tempe r atur e ,  and this alloy 

c onstitute s a ve ry s e n s itive r e s i s tanc e  the rmome te r for l ow ten1pe rature s .  

In addition it has been found that the r e si stivity of this all oy i s  not affected 

by ve r y  heavy d os e s  of r adiation ( L e sueur 1968) . The probable r e a s on for 
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this insensitivity to radiation is  the fact that radiation cannot introduce 
more defects than those already pre sent in the amorphous alloy, The ex­
istence of a minimum in the ele ctric al re sistivity-tempe rature curve of 

amorphous alloys c ontaining Cr is related to the s a-called K ondo effect  
previously observed in c rystalline alloys , One maj or diffe rence , howeve r ,  
i s  that the Kondo effect in  crystalline· alloys is gene rally found in  alloys 
c ontaining a rather low pe rcentage of magnetic impurity·, and the tempe ra­
ture at which the minimum occurs is very low , In  amorphous alloys the 

magnetic impurity c ontent may be as high as 10 at, % , Previous the ori e s  
based on the hypothe sis of a dilute impurity alloy a re n ot applicable ,  and 
this problem is an important one in theoretical s olid state physic s ,  Seve ral 
amorphous alloys have been found to be fe rromagnetic . In  particular ,  the 
Fe7 5 -P 1 5 -C 10 alloy has a s aturation magnetization of about 7000 G,  a
c ohe r sive force of 3 Oe and a Curie temperatu re of 320 °C (Duwez et al.  
1967) , A lthough the existence of fe rromagnetism in a n on - c rystalline s olid 
has been predicted  by Gubanov (Soviet Phys , Solid Sta_te I, 468 , 1960) no
such fer r omagnets were found until recently,  Many que stions are still un­
answe red on the exact nature of fe rromagnetism in amorphous s olids ,  It  
i s  n ot yet clea rly established whethe r or not d omain b oundarfe s  exist in 
amorphous fe r r omagnets, and if s o, what is their origin, thei r  width and 
their  mobility,  These  new alloys pre sent a challenge to expe rimental and 
the oretical physicists , The study of the mechanical prope rtie s of met ­
a stable phases  has n ot yet received_ much attention, pr obably because o f  the 
difficultie s a s s nciated with the small size of the available spe cimens . Judg­
ing from the relatively large number of pape rs dealing with this  subject  
presented at this c onfe renc e ,  it is anticipated that an  ihc r�asing and c on ­
tinuing effort will be made t o  ove rc ome thi s apparent lack of intere st in 

the subject.  

* Work supported by the U,  S ,  Atomic Ene rgy Commi s s i on
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