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THE STRUCTURE OF AMORPHOUS ALLOYS SYNTHESIZED BY MECHANICAL ALLOYING-

NON GLASS FORMING SYSTEMS 

C.C. Koch and M.S. Kim 

North Carolina State University, Box 7907, Raleigh, NC 27695-7907, U.S.A. 

Abstract - Preliminary results are reported of the amorphization of Nb-Sn 
and Nb-Ge alloys by mechanical alloying of the elemental powders. Nb-25 
at.% Sn, Nb-25 at.% Ge, and Nb-27 at.% Ge alloys were made amorphous. Dif
ferential scanning calorimetry (DSC) indicated a crystallization peak at 
995 K for Nb-25 at.% Sn but > 1000 K for the Nb-Ge amorphous alloys. A 
large endothermic DSC peak and the diffraction patterns of the as-mechani
cally alloyed vs. heated Nb-27 at.% Ge amorphous alloy suggest a large 
change in the structure of the amorphous phase. 

I - INTRODUCTION 

Amorphous alloys have been prepared by a variety of methods. These methods may be 
classified according to the nature of the precursor to the amorphous structure -
e.g. synthesis from the liquid state, vapor state, or aqueous solution. Synthesis 
of the amorphous structure from the crystalline solid has been given increasing 
attention in recent years. Techniques in this regard include ion implantation /l/, 
ion bombardment /2/, neutron-irradiation /3/, ion mixing of metallic bilayers /4/, 
and solid-state interdiffusion /5/. Koch et al /6/ have demonstrated that mechani
cal alloying of elemental Ni and Nb powders by high energy ball milling for extend
ed times leads to the formation of an amorphous alloy powder. Mechanical alloy
ing (MA) is a high-energy ball milling technique for producing composite metal 
powders with controlled microstructures by the repeated cold welding and fracture 
of powder particles. If MA is continued to the point where the starting powders 
are mixed to dimensions of a few atomic spacings, then an "alloy" of the elemen
tal powders can be formed. The composition range over which the amorphous struc
ture can be attained has been extended by MA over that produced by rapid solidifi
cation in both the Ni-Nb system (P. Y. Lee and C. C. Koch, unpublished research, 
North Carolina State University) and the Ni-Ti system (R. B. Schwarz and coworkers, 
Argonne National Laboratory, private communication). 

Both of the above alloy systems are "easy glass formers". That is, the amorphous 
structure can be produced by "conventional" rapid solidification processing (quench 
rate ~ 10& K/s) over fairly wide ranges of composition. While additional studies 
of such glass forming systems prepared by MA are being conducted in our laboratory 
we are also studying the feasibility of producing the amorphous structure by MA 

Résumé - Des résultats préliminaires, décrivant 1'amorphisation de Nb-Sn et 
Nb-Ge par mise en solution mécanique des composants, sont présentés. La ca-
lorimétrie d i f férent ie l le à balayage permet de caractériser l 'é ta t amorphe 
par l'observation des pics de cr is ta l l i sa t ion e t , associée aux mesures de 
d i f f rac t ion, suggère une évolution importante de la structure au cours du 
recuit thermique. 
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i n  non g lass forming systems. The two systems picked f o r  t h i s  study are Nb-Sn and 
N b - x  A l l o y s  w i t h  t h e  compositions i!b3Sn and Nb3Ge have been made amorphous by 
vapor quenching methods, e.g. /7 / .  However, no amorphous phases have been produced 
i n  these systems by r a p i d  s o l i d i f i c a t i o n  methods a t  usual quenching r a t e s  (106 K/s) 
- t h a t  i s ,  they are non glass forming. 

This  paper presents the  r e s u l t s  o f  p re l im inary  s tud ies o f  the  f e a s i b i l i t y  o f  syn- 
thes iz ing  the  amorphous s t r u c t u r e  by MA o f  Nb-Sn and Nb-Ge powders. The s t a b i l i t y  
o f  the  amorphous phases so formed was a lso  examined. 

I 1  - EXPERIMENTAL 

The MA was c a r r i e d  ou t  on pure elemental powders o f  Nb ( A l f a  Products, 99.8% - 325 
mesh),Sn ( A l f a  Products, 99.5%, - 325 mesh), and Ge ( A l f a  Products, 99.999%, - 325 
mesh). Mechanical a l l o y i n g  was performed i n  a Spex Pl ixer /Mi l l  Model 8000. Mar- 
t e n s i t i c  s t a i n l e s s  s tee l  b a l l s  (AISI  440C), which were 7.9 mm i n  diameter, were 
used i n  t h e  c y l i n d r i c a l  hardened t o o l  s t e e l  v i a l  (76 x 57 mm diameter).  The e le -  
mental powders were loaded i n  the  v i a l  under a i r  w i t h  a b a l l  t o  powder weight r a t i o  
of 6 : l .  I n  some cases the v i a l  was opened a f t e r  a given t ime and a small sample o f  
powder was removed f o r  x-ray d i f f r a c t i o n  analys is .  I n  o ther  cases MA was continued 
t o  a f i n a l  processing t ime before the  v i a l  was opened. Recently several exper i -  
ments were conducted w i t h  a s l i t  i n  the v i a l  cap t o  a l low f o r  the  i n s e r t i o n  o f  a 
thermocouple. Th is  provided a continuous source o f  a i r  (oxygen) t o  the  powders. 
The oxygen t h a t  i s  c e r t a i n l y  incorporated i n  the  MA powder has n o t  y e t  been analy- 
zed f o r .  However, based on previous r e s u l t s  on MA o f  Mi60 Nb40 i n  a i r  161, i t i s  
expected t h a t  a t  l e a s t  3 wt.% oxygen may be contained i n  t h e  present powders. 
Three condi t ions were used i n  terms o f  the  average temperature o f  the  v i a l  dur ing 
MA. I f  no attempt were made t o  remove the  heat generated by the  k i n e t i c  energy o f  
the b a l l s  etc.,  the  v i a l  temperature, as measured by e i t h e r  external  o r  i n t e r n a l  
thermocouples, would reach approximately 650C a f t e r  extended periods. Forced con- 
vec t ion  f o r  heat removal w i t h  a f a n  lowered t h e  average temperature t o  about 35OC. 
I n  order  t o  ob ta in  a d d i t i o n a l  coo l ing  a f l ow o f  l i q u i d  n i t rogen  was impinged upon 
the v i a l  dur ing MA. The average temperature a t t a i n e d  was n o t  as reproducib le  as 
the above cond i t i ons  due t o  d i f f i c u l t i e s  i n  c o n t r o l l i n o  t h e  l i q u i d  n i t rogen  f l o w  
on the  r a p i d l y  moving v i a l .  Temperatures o f  -150C + ~ O C  were observed. 

The s t ruc tu res  o f  the  MA powders were fo l lowed by x-ray d i f f r a c t i o n  measurements 
us ing c y l i n d r i c a l  samples (powder un i fo rm ly  coated on a glass f i b e r )  i n  a 57.3 mrn 
diameter Debye-Scherrer camera. The x-ray r a d i a t i o n  used was CuKa ( A  = 0.154 nm). 
Several samples were a lso  examined i n  a P h i l i p s  APD 3600-02 automated powder d i f -  
f ractometer.  

The powder morphology as a f u n c t i o n  o f  VA t ime was fo l lowed by o p t i c a l  and scanning 
e lec t ron  microscopy. Microhardness measurements were made on meta l log raph ica l l y  
mounted powders us ing a Buehler Micromet microhardness t e s t e r .  

I n i t i a l  s tud ies o f  the  amorphous phase s t a b i l i t y  were c a r r i e d  ou t  by heat ing the  
amorphous powders i n  a Perkin-Elmer d i f f e r e n t i a l  scanning ca lor imeter  (DSC 11) 
a t  20 K/min. 

I 1  1. - RESULTS 

A. Amorphous Phase Formation 

1. Nb-Sn System 

The on ly  a l l o y  s tud ied  t o  date i n  the  Nb-Sn system i s  Nb-25 at .% Sn. It was ne- 
cessary t o  cool t h e  v i a l  dur ing F?A t o  prevent excessive co ld  welding o f  the  Sn 
powders t o  the  v i a l  wa l l  and the  b a l l  s .  Because o f  t h i s  experimental inconven- 
ience more compositions have been examined i n  the  Nb-Ge system. 



The progress o f  s t r u c t u r a l  changes dur ing MA was observed i n  Nb-25 at.% Sn by x-ray 
d i f f r a c t i o n  measurements taken as a f u n c t i o n  o f  t ime o f  MA. The d i f f r a c t i o n  pat -  
terns changed w i t h  MA t ime i n  the f o l l o w i n g  manner: f i r s t  the  Nb and Sn l i n e s  
broadened; then the  Sn l i n e s  could n o t  be resolved; the  peak p o s i t i o n  o f  the  (110) 
Nb l i n e  moved t o  lower angles and the  l i n e  width increased; f i n a l l y ,  a d i f f r a c t i o n  
pa t te rn  t y p i c a l  o f  the amorphous s t r u c t u r e  developed. There i s  an almost l i n e a r  
decrease i n  (110) peak 28 up t o  about 14 hours o f  MA, ( a t  -15'~) a f t e r  which t ime 
2e stays constant and the  amorphous d i f f r a c t i o n  p a t t e r n  develops. S i m i l a r  r e s u l t s  
were obtained p rev ious ly  f o r  the  Ni60 Nb40 a l l o y  /6/. The changes i n  2e must r e -  
f l e c t  the " a l l o y i n g "  stage of the  process as the dimensions o f  the  component pow- 
ders are reduced t o  the  atomic l e v e l .  A f t e r  " a l l o y i n g "  i s  complete the t r a n s f o r -  
mation t o  the  amorphous s t r u c t u r e  occurs. 

The t ime a t  which the amorphous s t r u c t u r e  forms var ied  w i th  temperature as i s  i n d i -  
cated i n  Table 1. The hime f o r  attainment 8 f  the  amorphous phase appears t o  go 
through a maximum a t  35 C and MA a t  -15 ? 5 C g ives the  shor test  time. The same 
temperature dependence has a lso  been observed f o r  amorphization t ime i n  t h e  Nb-Ge 
a l l o y s  t o  be discussed below. 

Table 1 

Amorphization o f  Nb-Sn, Nb-Ge A l loys  by Mechanical A l l o y i n g  

Phase Formed Time f o r  Amorphization 
A1 1 oy Composition by M.A. by M.A. (hours) 

Time Ave. Temp. 

Nb-25 at .% Sn Amorphous 18.5 -15 + 5Oc 
27 35Oc 
2 3 6 5 ' ~  

Nb-25 at.% Ge Amorphous 10 -15 ? 5Oc 
11 6 5 ' ~  

2. Nb-Ge System 

Due t o  the b r i t t l e  mechanical behavior o f  Ge, excessive co ld  welding was no t  a 
problem i n  MA o f  the  Nb-Ge a l loys .  I n  a l l  cases the s t a r t i n g  mate r ia l  consisted 
o f  the elemental Nb and Ge powder. O f  the f i v e  compositions s tud ied t o  date, 
on ly  the  25 at.% Ge and 27 at.% Ge a l l o y s  could be made amorphous by MA (see 
Table 1 ) .  The 38, 59, and 67 at.% Ge compositions formed the s t ructures,  l i s t e d  
i n  Table 1, which are cons is ten t  w i t h  the  phases found i n  the  e q u i l i b r i u m  diagram 
a t  those compositions. 

B. S t a b i l i t y  o f  the  Amorphous S t ruc tu re  

Pre l iminary measurements o f  the  s t a b i l i t y  o f  the amorphous phases i n  the Nb-25 
at.% Sn, Nb-25 at .% Ge, and Nb-27 at.% Ge a l l o y s  were made by d i f f e r e n t i a l  scann- 
i n g  ca lo r imet ry  (DSC). 

On heat ing i n  the DSC a t  20 K/min the  Nb-25 at.% Sn sample exh ib i ted  a l a r g e  en- 
dothermic peak which s t a r t e d  a t  540 K, peaked a t  660 K, then merged i n t o  the  
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exothermic c r y s t a l l i z a t i o n  curve a t  about 920 K. The exothermic peak occured a t  
995 K, amost a t  the temperature l i m i t  o f  the  DSC 11. X-ray d i f f r a c t i o n  o f  the  
powder a f t e r  the DSC r u n  ind ica ted  the  presence o f  the  Nb6Sn5 and NbSnp phases. 

S i m i l a r  DSC experiments on the  Nb-25 at.% Ge and Nb-27 at .% Ge amorphous powders 
a lso  revealed broad endothermic peaks which s t a r t e d  a t  about 600 K and peaked a t  
about 780 K (25 at .% Ge) o r  about 860 K (27 at.% Ge). While the DSC t races of 
both these a l l o y s  became exothermic a t  temperatures above 900 K (920 K f o r  25 at.% 
Ge, 960 K f o r  27 at.% Ge) no exothermic peak could be obtained up t o  the  tempera- 
t u r e  l i m i t  o f  t h e  DSC (1000 K). 

X-ray d i f f r a c t i o n  pa t te rns  f o r  the amorphous Nb-27 at.% Ge powder i n  the  as-MA con- 
d i t i o n  and a f t e r  heat ing i n  the  DSC a t  20 K/min t o  1000 K, (and subsequent coo l ing  
t o  room temperature) are i l l u s t r a t e d  i n  Figures I b  and l a  respec t i ve ly .  F igure 
l b  shows a d i f f r a c t i o n  p a t t e r n  which i s  t y p i c a l  o f  those we have observed f o r  
"amorphous" MA powders. The i n t e n s i t i e s  o f  t h e  f i r s t  and second peaks are con- 
s ide rab ly  lower than u s u a l l y  observed f o r  l iquid-quenched amorphous a l l o y s .  A f t e r  
the temperature excursion t o  1000 K i n  t h e  DSC t h e  d i f f r a c t i o n  p a t t e r n  (F igure l a )  
more c l o s e l y  resembles t h a t  f o r  a l iquid-quenched a l l o y .  That i s ,  t h e  i n t e n s i t i e s  
o f  both the  f i r s t  and second peaks have increased and the  second peak shows the  
c h a r a c t e r i s t i c  s p l i t t i n g .  Very small Bragg peaks can be seen above the  amorphous 
p a t t e r n  as evidence o f  the  s t a r t  o f  c r y s t a l l i z a t i o n ,  which i s  cons is ten t  w i t h  the  
beginnings o f  t h e  exothermic r e a c t i o n  observed i n  the  DSC experiment. 

10 30 50 70 90 110 

20 (degrees) 

Figure 1 (a)  D i f f r a c t i o n  p a t t e r n  o f  Nb-27 at.% Ge amor- 
phous a l l o y  produced by MA heated t o  1000 K 
a t  20 K/min i n  DSC. 

(b) D i f f r a c t i o n  p a t t e r n  o f  Nb-27 at .% Ge amor- 
phous a l l o y  as-mechanically al loyed. 



I V .  DISCUSSION 

While the  p re l im inary  r e s u l t s  presented above are n o t  extensive enough t o  draw gen- 
e r a l  conclusions regarding the  amorphization tendency by MA f o r  t h e  Nb-Sn and Nb- 
Ge systems, some comments on poss ib le  mechanisms are i n  order. C r y s t a l l i n e  s o l i d s  
have been amorphized by ion, neutron, and e lec t ron  i r r a d i a t i o n  (e.g. /2/,/3/,/8/ 
respec t i ve ly ) .  A mechanism f i r s t  proposed by Swanson e t  a1 /3/ has been used t o  ex- 
p l a i n  amorphization by i r r a d i a t i o n  o f  c r y s t a l  1  i n e  sol i ds .  It involves t h e  concept 
o f  a  c r i t i c a l  de fec t  concentrat ion in t roduced by i r r a d i a t i o n  such t h a t  spontaneous 
t ransformat ion t o  the amorphous s t a t e  w i l l  occur when the  f r e e  energy o f  the c r y s t a l  
1  i n e  phase (GC) p lus  the  f r e e  energy increase due t o  defects  produced by i r r a d i a t i o n  
(GD) i s  greater  than the  f r e e  energy o f  the  amorphous phase (GA): t h a t  i s ,  GC + GD 
> GA. A c r i t i c a l  de fec t  dens i t y  may be the  c o n t r o l l i n g  mechanism f o r  amorphization 
by mechanical a1 loy ing.  

The mechanism presented f o r  amorphization by s o l i d  s t a t e  d i f f u s i o n  involves systems 
w i t h  la rge  negat ive heats o f  mix ing i n  the  l i q u i d  ( o r  amorphous) a l l o y s  and anomal- 
ous ly  f a s t  d i f f u s i o n  /5/. I f  s o l i d  s t a t e  d i f f u s i o n  were the c o n t r o l l i n g  mechanism 
i n  the  amorphization o f  Nb-Sn and Nb-Ge a l l o y s  by MA then i t  might be expected t h a t  
the  t ime o f  MA,for amorphization would decrease w i t h  increasing temperature. Our 
p re l im inary  r e s u l t s  do n o t  i n d i c a t e  such a trend. C l e a r l y  more work i s  needed t o  
determine the  mechanism(s) responsib le  f o r  amorphization by MA as a f u n c t i o n  of 
composition. 

The above p re l im inary  r e s u l t s  on the  occurrence and s t r u c t u r e  o f  the  MA amorphous 
Nb-Sn and Nb-Ge a l l o y s  have provided several important quest ions t o  be resolved by 
f u r t h e r  research. 
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