
Résumé - L'anisotropie structurale d'un alliage amorphe due au 
fluage a été observée pour la première fois par diffraction X 
(méthode de la dispersion en énergie). Cette anisotropie vient 
uniquement de la polarisation inélastique et disparaît par recuit 
sous tension nulle. L'écoulement plastique ne fait apparaître 
aucune anisotropie de structure. 
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A b s t r a c t - We p r e s e n t the f i r s t e v i d e n c e of the s t r u c t u r a l 
a n i s o t r o p y of an amorphous a l l o y due t o creep de format ion , 
d e t e c t e d by energy d i s p e r s i v e x -ray d i f f r a c t i o n . The a n i s o t r o p y 
i s due s o l e l y t o the a n e l a s t i c p o l a r i z a t i o n and d i sappears a f t e r 
z e r o - s t r e s s a n n e a l i n g . The p l a s t i c f low l e a v e s no s t r u c t u r a l 
a n i s o t r o p y b e h i n d . 

I - INTRODUCTION 

Amorphous alloys show considerable anelasticity and plasticity [1], but 
the microscopic mechanism of deformation still remains poorly under­
stood. One of the reasons for this difficulty is that the traditional 
methods to observe microstructure of solids, such as transmission elec­
tron microscopy (TEM), are nearly powerless for amorphous materials. 
However, microscopic structural changes due to mechanical deformation 
could be detected by other more macroscopic probes as long as the probe 
has a high accuracy. In our study we used the energy dispersive x-ray 
diffraction (EDXD) technique [2] to detect the structural anisotropy 
induced by mechanical creep deformation. 

I I - EXPERIMENTAL METHODS 

The s a m p l e s u s e d i n t h i s s t u d y a r e amorphous F e 4 o N i 4 o M o 3 S i ^ 2 B 5 
( V i t r o v a c - 4 0 4 0 ) p r o d u c e d by V a c u u m s c h m e l z e and p r o v i d e d by D r . H. R. 
H i l z i n g e r . The d i m e n s i o n of t h e s a m p l e w a s 35 um x 15 mm x 70 mm. 
The s a m p l e was a n n e a l e d u n d e r t h e t e n s i l e s t r e s s o f 800 MPa, w h i c h i s 
a b o u t 1 / 4 t o 1 / 3 o f t h e f r a c t u r e s t r e s s , a t 3 0 0 ° C f o r 24 h r s i n vacuum 
o f 1 0 - 5 t o r r . U s u a l l y a n o t h e r p i e c e o f r i b b o n was a n n e a l e d s i m u l t a n ­
e o u s l y b u t w i t h o u t t h e a p p l i e d s t r e s s , and w a s u s e d a s t h e c o n t r o l 
s a m p l e . The t o t a l e l o n g a t i o n o f t h e s a m p l e i s a b o u t 3%, o n e t h i r d o f 
w h i c h i s a n e l a s t i c . 
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The EDXD method is a  s p e c t r o s c o p i c  t e c h n i q u e  of s t r u c t u r e  d e t e r m i n a t i o n  
u t i l i z i n g  a  w h i t e  x-ray s o u r c e  and a  s e m i c o n d u c t o r  e n e r g y  s e n s i t i v e  
d e t e c t o r  121. W e  u sed  a  r o t a t i n g  anode  x-ray g e n e r a t o r  w i t h  a  Mo 
t a r g e t  and  a n  i n t r i n s i c  G e  d e t e c t o r  w i t h  t h e  r e s o l u t i o n  of  a b o u t  250eV 
a t  20kV. The m a j o r  a d v a n t a g e  of t h i s  method is i t s  h i g h  s t a t i s t i c a l  
a c c u r a c y  b e c a u s e  of  h i g h  p h o t o n  c o u n t  r a t e s  and  p a r a l l e l  pho ton  coun t -  
i n g  w i t h o u t  a  s c a n n i n g .  F o r  t h e  p r e s e n t  s t u d y  w e  accumula t ed  t y p i c a l l y  
5  x l o 6  t o t a l  p h o t o n  c o u n t s  f o r  e a c h  run .  T h i s  e n s u r e s  t h e  s t a t i s t i c a l  
a c c u r a c y ,  f o r  i n s t a n c e  b e t t e r  t h a n  .5% f o r  t h e  h e i g h t  of t h e  f i r s t  peak 
of t h e  s t r u c t u r e  f a c t o r .  

I n  t h e  EDXD method t h e  d i f f r a c t i o n  a n g l e  0 is k e p t  c o n s t a n t  d u r i n g  t h e  
measurement ,  and  t h e  d i f f r a c t i o n  v e c t o r  i s  g i v e n  by 

131 = 2/hc E . s i n  0 = 1.014 . E s i n  0 (1) 

w h e r e  g is i n  A-l , a n  E i s  t h e  pho ton  e n e r g y  g i v e n  i n  keV. Thus t h e  
s p e c t r u m  of  t h e  d i f f r a c t e d  beam g i v e s  t h e  s t r u c t u r e  f a c t o r  of  t h e  
s ample ,  a f t e r  c o r r e c t i o n s  f o r  i n e l a s t i c  s c a t t e r i n g ,  m u l t i p l e  s c a t t e r -  
i n g ,  a i r  s c a t t e r i n g ,  d e t e c t o r  e f f i c i e n c y  and e s c a p e  p e a k s  and normal- 
i z a t i o n  by t h e  i n c i d e n t  beam spec t rum[21 .  The measurements  were 
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F i g .  1 The EDXD d i f f r a c t i o n  spec t rum of  amorphous Fe40Ni40Mo3Si12B5 
a t  28 = 15O ( b o t t o m ) ,  and t h e  d i f f e r e n c e  s p e c t r a ,  I(//) - 
I(1) , f o r  t h e  s a m p l e s  a s - r e c e i v e d ,  m e c h a n i c a l l y  c r e p t ,  
and a n n e a l e d  w i t h o u t  stress ( t o p ) .  



c a r r i e d  o u t  w i t h  t h e  d i f f r a ~ t i o n ~ v e c t o r  p a r a l l e l  and p e r p e n d i c u l a r  t o  
t h e  a x i s  o f  t h e  a p p l i e d  s t r e s s ,  a ,  i n  o r d e r  t o  d e t e r m i n e  t h e  s t r u c t u r a l  
a n i s o t r o p y .  A  t r a n s m i s s i o n  geometry  was chosen  t o  minimize  t h e  e f f e c t  
of  g e o m e t r i c a l  a n i s o t r o p y  of t h e  sample  s u r f a c e ;  t h e  s u r f a c e  of t h e  
sample  was m a c r o s c o p i c a l l y  uni form,  b u t  u s u a l l y  t h e r e  a r e  v e r y  s m a l l  
p o c k e t s  due  t o  t r a p p e d  g a s  d u r i n g  t h e  p r o d u c t i o n  of t h e  a l l o y  hy m e l t  
s p i n n i n g ,  which a r e  e l o n g a t e d  a l o n g  t h e  d i r e c t i o n  of t h e  r ibbon .  A l so  
i n  o r d e r  t o  a v o i d  t h e  e f f e c t  o f  d r i f t s  i n  t h e  e l e c t r o n i c z ,  t h e  measure- 
men t s  were done a l t e r n a t i n g l y  i n  two sample  d i r e c t i o n s ,  a / / e  and 2 1 9, 
t y p i c a l l y  1 hour  e a c h ,  and t h e  s p e c t r a  were accumula t ed  s e p a r a t e l y .  

I I1 - RESULTS 

D e t a i l e d  s t u d y  o f  s t r u c t u r a l  a n i s o t r o p y  and t h e  e f f e c t  of a n n e a l i n g  
r e c o v e r y  was c a r r i e d  o u t  a t  t h e  d i f f r a c t i o n  a n g l e s  o f  20 = 15O and 
25O. The d i f f r a c t i o n  spec t rum and t h e  d i f f e r e n c e  between t h e  s p e c t r a  
w i t h  a  p a r a l l e l  and p e r p e n d i c u l a r  t o  q,  A 1  = I ( / / )  - I ( l ) ,  a r e  
g i v e n  i n  F i g .  1. A t  t h i s  d i f f r a c t i o n  a n g l e  ( 2 8  = 15 ' )  t h e  photon 
e n e r g y  E is r e l a t e d  t o  q  by q  = 0.132 E. Thus t h e  peak a t  a round  
23 keV c o r r e s p o n d s  t o  t h e  f i r s t  peak of t h e  s t r u c t u r e  f a c t o r  a t  3.1 
Two s h a r p  p e a k s  a t  17 .4  and 19.6 keV a r e  due  t o  f l u o r e s c e n t  r a d i a t i o n  
from Mo atoms, w h i l e  s m a l l e r  p e a k s  a t  6  - 9 keV a r e  t h e  F e  and N i  
f l u o r e s c e n t  peaks .  

The d i f f e r e n c e  spec t rum A 1  f o r  t h e  a s - r e c e i v e d  sample  shows t h i s  
p a r t i c u l a r  sample  is n e a r l y  i s o t r o p i c .  T h i s ,  however,  i s  n o t  a lways  
t r u e .  O t h e r  s amples  of s i m i l a r  c o m p o s i t i o n  o f t e n  showed s m a l l  an i so -  
t r o p y .  The c o n t r o l  s amples  a n n e a l e d  w i t h o u t  t h e  a p p l i e d  stress remain- 
ed i s o t r o p i c  a£  te r  a n n e a l i n g ,  b u t  two samples  deformed by m e c h a n i c a l  
c r e e p  showed s i q n i f i c a n t  a n i s o t r o p y  a s  i l l u s t r a t e d  i n  F i g .  1; t h e  
magni tude  of A 1  is  a s  l a r g e  a s  10% of I i t s e l f .  The s i m i l a r i t y  of 
t h e  two s p e c t r a  f o r  d i f f e r e n t  s amples  shows a  good r e p r o d u c i b i l i t y  o f  
t h e  r e s u l t s .  The d i f f e r e n c e  spec t rum r e s e m b l e s  t h e  d e r i v a t i v e  of t h e  
o r i g i n a l  spec t rum.  T h i s  means t h a t  t h e  f i r s t  peak s h i f t e d  toward 
s m a l l e r  v a l u e s  of q f o r  t h e  p a r a l l e l  (5,'s) d i r e c t i o n  wheras  f o r  t h e  
p e r p e n d i c u l a r  d i r e c t i o n  it s h i f t e d  t o  l a r g e r  v a l u e s  o f  q. Such a  s h i f t  
i n  e x p e c t e d  when t h e  sample  is u n i f o r m l y  e l a s t i c a l l y  deformed;  a t o m i c  
d i s t a n c e s  i n  t h e  d i r e c t i o n  of t h e  stress i n c r e a s e  w h i l e  t h o s e  pe rpend i -  
c u l a r  t o  t h e  stress d e c r e a s e .  The e q u i v a l e n t  e l a s t i c  s t r a i n  which  
would p roduce  s u c h  a  s h i f t  is a b o u t  0.5%. T h i s ,  however,  does  n o t  
imply t h a t  t h e r e  is a  r e a l  macroscop ic  e l a s t i c  s t r a i n  i n  t h e  sys t em,  
s i n c e  t h e  measurement was done i n  a  z e r o  stress c o n d i t i o n .  I t  was 
found t h a t  t h e  a n i s o t r o p y  i n  t h e  s t r u c t u r e  f a c t o r  a t  t h e  p o s i t i o n  of 
t h e  second  peak does  n o t  r e semble  t h e  d e r i v a t i v e  of t h e  s t r u c t u r e  
f a c t o r ,  b u t  it r e s e m b l e s  t h e  s t r u c t u r e  f a c t o r  i t s e l f .  T h e r e f o r e  we 
c o n c l u d e  t h a t  t h e r e  i s  a  long  r a n g e  un i fo rm i n t e r n a l  s h e a r  s t r a i n  of 
0.5% which is b a l a n c e d  by t h e  s h o r t  r ange  ( m o s t l y  n e a r e s t  ne ighbour )  
a t o m i c  r e a r r a n g e m e n t s .  I n  o t h e r  words t h e  a p p a r e n t  l o n g  r a n g e  s t r a i n  
i s  produced by t h e  l o c a l  t r a n s f o r m a t i o n  of t h e  a tomic  c l u s t e r s  which 
a c t  l i k e  s h e a r  t r a n s f o r m e d  i n c l u s i o n s .  

I t  was found t h a t  t h i s  s t r u c t u r a l  a n i s o t r o p y  i s  g r a d u a l l y  d e c r e a s e d  by 
t h e  s u b s e q u e n t  a n n e a l i n g  w i t h o u t  a n  a p p l i e d  s t r e s s ,  a s  shown i n  F ig .  
2. The l o g a r i t h m i c  p l o t ,  F ig .  3 ,  shows t h a t  t h e  r e l a x a t i o n  of t h e  
a n i s o t r o p y  is  l o g a r i t h m i c  w i t h  t i m e ,  a s  is o f t e n  s e e n  f o r  r e l a x a t i o n  
phenomena i n  g l a s s e s .  I t  i s  i m p o r t a n t ,  however,  t h a t  t h i s  l o g a r i t h m i c  
decay  a p p e a r s  t o  e x t r a p o l a t e  t o  z e r o .  I n  o t h e r  words t h e  s t r u c t u r a l  
a n i s o t r o p y  is e s s e n t i a l l y  r e c o v e r a b l e ,  t h e r e f o r e  it is a l m o s t  p u r e l y  
due  t o  a n e l a s t i c i t y .  The t o t a l  s t r a i n  o f  3% induced  by t h i s  c r e e p  
e x p e r i m e n t  i n c l u d e s  a  l a r g e  f r a c t i o n  ( -  2/3) o f  u n r e c o v e r a b l e  p l a s t i c  
s t r a i n  due  t o  v i s c o u s  f l o w ,  b u t  a p p a r e n t l y  s u c h  a  p l a s t i c  d e f o r m a t i o n  
l e a v e s  no s t r u c t u r a l  a n i s o t r o p y  beh ind .  
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Recovery 

2 8  = 1s' 

I I 
3.68 h o u r s  

t--r 
720 hour s  

F i g .  2 D i f f e r e n c e  s p e c t r a  d u r i n q  t h e  r e c o v e r y  a t  3 0 0 ° C  f o r  s p e c i f i e d  
l e n g t h s  o f  a n n e a l i n g  t i m e .  

- 

F i g .  3 T h e  a m p l i t u d e  
o f  t h e  d i f f e r e n c e  
s p e c t r a  ( t h e  f i r s t  
p e a k  r e g i o n )  i n  F i g .  
2 p l o t t e d  a g a i n s t  t h e  
l o q a r i t h m  o f  t h e  
a n n e a l  i nq t i m e .  

1 

Time ( hou r s )  

I f I 
0. 8. 1s. A. 6. 90. Y8. 

Energy ( k e V )  



T h i s  p o i n t  was a l s o  con f i rmed  by t h e  p r e a n n e a l i n g  e x p e r i m e n t .  When 
t h e  sample  was p r e a n n e a l e d  a t  300°C f o r  24 h r s . ,  t h e  t o t a l  c r e e p  
s t r a i n  i nduced  by t h e  same t r e a t m e n t  a s  above  was o n l y  a b o u t  1% which  
was a l m o s t  e n t i r e l y  a n e l a s t i c  s t r a i n .  But  t h e  s t r u c t u r a l  a n i s o t r o p y  
induced  by t h e  c r e e p  d e f o r m a t i o n  was o n l y  s l i g h t l y  r e d u c e d ,  by a b o u t  
1 /4 ,  compared t o  t h e  c a s e  w i t h o u t  p r e a n n e a l i n g .  T h i s  r e s u l t ,  c o u p l e d  
w i t h  t h e  e a r l i e r  o b s e r v a t i o n  t h a t  t h e  p r e a n n e a l i n q  g r e a t l y  r e d u c e s  t h e  
v i s c o u s  p l a s t i c  s t r a i n  b u t  a f f e c t s  o n l y  s l i g h t l y  t h e  a n e l a s t i c  s t r a i n  
[31 ,  s u p p o r t s  o u r  v i ew  t h a t  t h e  i nduced  s t r u c t u r a l  a n i s o t r o p y  is  due  
p r i m a r i l y  t o  a n e l a s t i c  l o c a l  p o l a r i z a t i o n .  

IV - DISCUSSION 

The p r e s e n t  s t u d y  c o n f i r m e d  f o r  t h e  f i r s t  t i m e  t h a t  t h e  a n e l a s t i c  p o l a r -  
i z a t i o n  o f  t h e  amorphous a l l o y  i n d u c e s  s t r u c t u r a l  a n i s o t r o p y  [ 4 ] .  The 
e x p e r i m e n t a l l y  d e t e r m i n e d  a n i s o t r o p i c  p a i r  d i s t r i b u t i o n  f u n c t i o n  com- 
p a r e d  w i t h  t h e  computer  s i m u l a t i o n  (Y. Su u k i ,  T h e s i s ,  U n i v e r s i t y  of 
P e n n s y l v a n i a ,  1 9 8 5 ) ,  which w i l l  be p u b l i s h e d  e l s e w h e r e  i n  d e t a i l ,  
s u g q e s t s  t h a t  t h e  s t r u c t u r a l  a n i s o t r o p y  is p roduced  by t h e  a t o m i c  bond 
r e o r i e n t a t i o n s  from t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  stress t o  t h e  per -  
p e n d i c u l a r  d i r e c t i o n .  The a t o m i c  r e a r r a n g e m e n t s  o c c u r  a p p a r e n t l y  i n  
v e r y  l o c a l i z e d  r e g i o n s .  The a n i s o t r o p y  i s  m a i n t a i n e d  hy t h e  e l a s t i c  
stress f i e l d  a round  i t ,  s o  t h a t  it c o u l d  d i s a p p e a r  when t h e  d e n s i t y  of  
t h e  p o l a r i z e d  r e g i o n s  becomes h igh  enough t o  s t a r t  t h e  p e r c o l a t i o n  
which would r e s u l t  i n  p l a s t i c  d e f o r m a t i o n ,  a s  h a s  been  s u g g e s t e d  by 
Argon and S h i  151. T h e r e f o r e  i t  is r e a s o n a b l e  t h a t  t h e  p l a s t i c  d e f o r -  
m a t i o n  l e a v e s  no  s t r u c t u r a l  a n i s o t r o p y  beh ind .  

ACKNOWLEDGEMENT 

T h i s  work was s u p p o r t e d  by t h e  O f f i c e  of Naval  Resea rch  th rouqh  t h e  
c o n t r a c t  N00014-80-C-0896. The r e s e a r c h  was conduc ted  i n  p a r t  u s i n q  
t h e  f a c i l i t i e s  of  t h e  L a b o r a t o r y  f o r  Resea rch  on t h e  S t r u c t u r e  of 
M a t t e r ,  s u p p o r t e d  by t h e  N a t i o n a l  S c i e n c e  Founda t ion  by t h e  MRL G r a n t  
DMR-82-16718. 

REFERENCES 

[ l ]  H.  S. Chen, Rep. P rog .  Phys.  43 ( 1 9 8 0 )  353. 
[ 2 ]  T. Egami, i n  G l a s s y  M e t a l s  I ,  ed .  H . - J .  ~ G n t h e r o d t  and H .  Beck 

(Sp r inge r -Ver l ac j ,  B e r l i n  1981)  p. 25. 
[3 ]  J .  Haimovich and T. Egami, P la ter .  S c i .  Eng. 61 ( 1 9 8 3 )  89 .  
[ 4 ]  A p r e l i m i n a r y  r e s u l t  of t h e  p r e s e n t  work was r e p o r t e d  i n  J. 

Haimovich,  T. J a g i e l i n s k i  and T. Egami, J .  Appl.  Phys.  57 ( 1 9 8 5 )  
7 5 8 1 .  

[ 5 ]  A .  S. Argon and L. T. S h i ,  A c t a  E l e t a l l . ,  31 ( 1 9 8 3 )  499. 


