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TOPOLOGICAL ANG CHEMICAL SHORT RANGE O R D E R  I N  METAL-METAL GLASSES 

C.N..J. Wagner and D .  Lee 

Materials Department, Unitlersily of Cal iJomia ,  Los AngeLes, CaZifornia 90024, U S A ,  

The a tomic-scale  s t r u c t u r e  of m e t a l l i c  g l a s -  

s e s  can be  determined from t h e i r  x-ray s c a t t e r i n g  

p a t t e r n s .  For t h i s  sho r t  review,  we w i l l  r e p o r t  on 

t h e  topo log ica l  and chemical shor t - range a tomic  or- 

d e r  in metal-metal gla.sses,  c o n s i s t i n g  of t h e  e l e -  

ments Zr(Hf),  T i  and N i  w i th  d i f f e r e n t  atomic r a d i i  

i . e . ,  3.17, 2.89 and 2.49 i, r e s p e c t i v e l y ,  i . e .  

Ni-Zr-HE [ I ]  and Ni-Ti 121 prepared by melt-spin- 

n ing ,  The x-ray i n t e n s i t i e s ,  s c a t t e r e d  by t h e  a- 

morphous samples,  were measured in t r ansmiss ion  

u s i n g  AgKct r a d i a t i o n  and a S i ( L i )  s o l i d  s t a t e  de- 

t e c t o r  i n  t h e  convent ional ,  scanning 28 mode 131. 

I n  a d d i t i o n ,  t h e  neutron s c a t t e r i n g  p a t t e r n  of a  

Ni-Ti a l l o ; ~  has been obta ined by Ruppersberg 121. 

The measured i n t e n s i t i e s  were used t o  ca lcu-  

l a t e  I a ( k ) ,  t h e  s c a t t e r e d  i n t e n s i t y  pe r  atom, from 

which t h e  t o t a l  i n t e r f e r e n c e  func t ions  were evalu- 

a t e d  us ing  t h e  d e f i n i t i o n s  [3] 

I ( k )  = {I (k)- [<f2> - < f > 2 ] l / < f > 2  

o r  

S(k) = l a ( k ) / < f 2 >  

where < f >  and < f 2 >  a r e  t h e  mean and mean squa re  

s c a t t e r i n g  f a c t o r s ,  r e s p e c t i v e l y .  

I n  t h e  con tex t  of t h e  p resen t  paper ,  it is 

advantagecus t o  expres s  I ( k )  and S(k) in terms of 

t h e  Bhatia-Thornton p a r t i a l  s t r u c t u r e  f a c t o r s  

SNN(k), S,C(k) and SCC(k) [41. 

It has  been shown [3]  t h a t  

(1) < f > 2 [ ~ ( k )  - 1 1  = < f 2 > [ s ( k )  - 11 = 

<f>'[Sm(k) - 11 + 2Af<f>SNC(k) + 

[< f  '> - <f>']  {[sCC(k)/(c1c2) 1 - 1) 
where Af = f  - f l .  The Four i e r  t ransform of  

k [ I ( k )  - 1 1  = < f " [ ~ ( k )  - l ] ~ < f > ~  is  given by G( r ) ,  

i . e . ,  G(r) = (217~) 1 k [ I ( k )  - 1 1  s i n  k r  dk. 

I n  terms of Bhatia-Thornton p a r t i a l  f u n c t i o n s ,  we 

can w r i t e  131: 

(2) : f > ' ~ ( r )  = < f > ' [ ~ ~ ~ ( r ) ]  + 2Afcf>GNC(r) + 

[ < f 2 >  - < f > 2 ~ ~ C C ( r ) .  

In t roduc ing  t h e  q u a n t i t y  pi(') which repre-  

s e n t s  t h e  number of atoms pe r  u n i t  volume about an  

i - type  atom, we can w r i t e  [3] 

( 4 )  Ghw(r) = 4r r [c lp l ( r )  + c2pz( r )  - pol 

( 5 )  GNC(r) = 4 ~ r [ ~ ~ ( r )  - 0 2 ( r ) l  

( 6 )  GCC(r) = 4.rrr[c2pl(r) + clp2(r) - ol2(r)/c21 

Using t h e  a b b r e v i a t i o n  pw(r) = c  p  ( r )  + 2 1 

c1p2(r) # clpl ( r )  + c2p2( r )  = ~ ~ ( r ) ,  we can ex- 

p r e s s  GCC(r) i.11 terns of t h e  Warren chemical sho r t -  

range o rde r  (CSRO) parameter  a ( r ) ,  i.e., 

(7) GCC(r) = 4arow( r )a ( r )  

and 

(8)  a ( r )  = 1 - ~ ~ ~ ( r ) / [ c ~ ~ ~ ( r ) l .  

Amorphous Ni-Zr-Hf Al loys:  S ince  Zr and Hf belong 

t o  t h e  same column in t h e  p e r i o d i c  t a b l e ,  and t h e  

atomic d i ame te r s  of  3.1'7 and 3.15 i, f o r  Zr and Hf 

r e s p e c t i v e l y ,  a r e  ve ry  c l o s e ,  i t  is n o t  s u r p r i s i n g  

t h a t  t hey  form an  almost i d e a l  s o l i d  s o l u t i o n .  
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These f a c t s  seem t o  i n d i c a t e  t h a t  t h e  chemical be- 

havior  of Z r  and Hf is a lmost  i d e n t i c a l ,  and t h a t  

each can f r e e l y  s u b s t i t u t e  f o r  t h e  o t h e r  without 

a f f e c t i n g  t h e i r  l o c a l  environment in l i q u i d  o r  a- 

morphous a l l o y s .  Thus, t h e  t e r n a r y  a l l o y  Ni-Zr-Hf 

may be considered t o  be a  quasi -binary  system of M i  

and average Zr-Hf atoms. However, t h e  IIf atom has 

many more e l e c t r o n s  and consequent ly ,  a  much l a r g -  

e r  s c a t t e r i n g  f a c t o r  f o r  x-rays.  It seems, t he re -  

f o r e ,  p o s s i b l e  t o  change t h e  weight ing f a c t o r s  < f > ,  

Af, and < a f 2 >  i n  equa t ions  (1) and (2) by i n c r e i s -  

i n g  t h e  Hf concen t ra t ion  i n  a  s e r i e s  of  N i 3 5  (Zr- 

Hf)65 a l l o y s ,  i . e .  by performing an  isomorphous 

s u b s t i t u t i o n  of  Z r  by Hf [ 5 ] .  

The i n t e r f e r e n c e  f u n c t i o n s  I ( k )  of seven N i 3 5  

Zr65-xHfx wi th  x  = 0 ,  5 ,  10, 15 ,  20, 25 and 30 a t .  

% were obta ined from t h e  x-ray s c a t t e r i n g  p a t t e r n s  

[ I ] ,  and, a s  an  example, I (k )  is  shown i n  Fig.  1 

f o r  t h e  N i 3 5 Z r 6 5  a l l o y .  The Four i e r  t ransform of 

k [ l ( k )  - 11,  i .e .  t h e  reduced r a d i a l  d i s t r i b u t i o n  

func t ion  G(r) e x h i b i t s  a  s p l i t  f i r s t  peak a s  shown 

i n  Fig.  2 f o r  t h e  same Ni35Zr65 a l l o y .  The f i r s t  

maximum, which dec reases  in he igh t  w i th  i n c r e a s i n g  

Hf c o n t e n t ,  l ies a t  r i  = 2.69 A, and t h e  second is 

r;l = 3.19 A and becomes l a r g e r  in he igh t  w i t h  in- 

c r e a s i n g  Hf concen t ra t  ion. This s t r o n g l y  suggest  s 

t h a t  t h e  peak a t  r", corresponds  t o  t h e  Zr-Zr in- 
1 

t e r a tomic  d i s t a n c e s .  

The Bhatia-Thornton p a r t i a l  s t r u c t u r e  f a c t o r s  

were c a l c u l a t e d  from t h r e e  I ( k )  u s i n g  equa t ion  (1) 

and a r e  a l s o  shown i n  Fig.  1. It' is  r e a d i l y  seen 

t h a t  SNN(k) s t r o n g l y  resembles ~ ( k )  because  t h e  

f a c t o r  ( f 2  - f l ) / < f >  < - 0.50 and t h e  f u n c t i o n s  SNC 

(k)  and [SCC(k) - c c ] a r e  r e l a t i v e l y  smal l .  
1 2  

A s i m i l a r  conclus ion can be reached when com- 

pa r ing  G(r) of t h e  N i 3 5 Z r 6 5  a l l o y  wi th  Gm(r),  t h e  

Four i e r  t ransform of K[SNN(k) - 11 a s  shown i n  Fig.  

Fig.  1: I n t e r f e r e n c e  func t ion  I ( k )  of an  amor- 
phous Ni35Zr6.j a l l o y  prepared by melt-  
spinning.  Also shown a r e  t h e  Bhatia- 
  horn ton s t r u c t u r e  f a c t o r s  SNN(k), SNC(k), 
and s ~ ~ ( ~ ) / ( c ~ c ~ ) .  

Fig.  2: Reduced atomic d i s t r i b u t i o n  f u n c t i o n  G(r) 
f o r  t h e  amorphous Ni35Z1-65 a l l o y .  Also 
shown a r e  t h e  p a r t i a l  reduced a tomic  d i s -  
t r i b u t i o n  f u n c t i o n s  of t h e  Ni35Z1-65 a l l o y ,  
i. e., GNN(r), G N ~ ( ~ ) ,  and GCC(r) which 
r e p r e s e n t  t h e  Four i e r  t ransform of 
k[sNN(k) - 1 1 ,  k  sNc(k) and k[ScC(k) - 
c  c ] / ( c  c ), r e s p e c t i v e l y .  

1 2  1 2  
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2. Again, GNN(r) shows t h e  s p l i t t i n g  of t h e  f i r s t  

peak wi th  maxima a t  r = 2.68 and 3.20 A. Also 

shown in Fig. 2  a r e  t h e  func t ions  GNC(r) and GCC(r). 

It is r e a d i l y  seen tha t  GCC(r) has  a  s t rong  m i n i -  

mum a t  r = 2.68 A which r e s u l t s  in a  nega t ive  v a l u e  

of i n d i c a t i n g  p re fe rence  f o r  u n l i k e  neighbors .  

Thus, t h e  maximum in GNN(r) a t  r = 2.68 A co r res -  

ponds t o  Ni-(Zr-Hf) neighbors .  The p o s i t i v e  peak 

in GCC(r) a t  r = 3 .1  corresponds t o  l i k e  neighbors  

and conf i rms our suggest ion t h a t  t h e  second peak i n  

G ( r )  o r  G(r) must correspond t o  Z r - Z r  neighbor NN 

p a i r s .  The i n t e g r a l  of t h e  r GNC(r) over t h e  

range of r corresponding t o  t h e  f i r s t  coord ina t ion  

s h e l l  i n  t h e  r a d i a l  d i s t r i b u t i o n  func t ion  r GNN(r) 

+ 4nr2p0 is q u i t e  s m a l l .  This permits  u s  t o  u s e  

t h e  coord ina t ion  number 17 = cl'll + c2n2 = 12.6 t o  

c a l c u l a t e  t h e  Warren CSRO parameter [equat ion (8) 1, 

i . e . ,  

a1 = ( l / n )  f r[Gcc(r)Idr 

where t h e  i n t e g r a l  is t aken  aga in  over  t h e  v a l u e s  

of r of t h e  f i r s t  coord ina t ion  s h e l l ,  which y ie lded  

t h e  v a l u e  of -0.50. Thus, t h e  Warren CSRO parame- 

t e r  a, was c a l c u l a t e d  a s  -0.04, i n d i c a t i n g  a  s l i g h t  

p re fe rence  f o r  u n l i k e  neighbors  i n  t h e  f i r s t  coor- 

d i n a t  ion s h e l l .  

Amorphous Ni-Ti Alloys: X-ray d i f f r a c t  ion 

measurements were made on t h e  amorphous b ina ry  al- 

l o y s  of Ni35Ti65 and Ni40Ti60, and a  neutron ex- 

periment was c a r r i e d  ou t  on Ni40Ti60 by Ruppers- 

berg [3] .  The corresponding i n t e r f e r e n c e  f u n c t i o n s  

n 
~ ~ ( k )  f o r  x-rays and S (k) f o r  neu t rons  a r e  shown 

in Fig. 3,  t o g e t h e r  wi th  t h e  Bhatia-Thornton par- 

t i a l  s t r u c t u r e  f a c t o r s  S (k) ,  sNC(k) and sCC(k)  / NN 

(c1c2) which were obta ined from t h e  two x-ray and 

t h e  neu t ron  d i f f r a c t  ion curves., assuming t h a t  t h e  

35% and 40% N i  a l l o y s  possess  t h e  s a m e  l o c a l  s t r u c -  

t u r e .  

Fig. 3: I n t e r f e r e n c e  f u n c t i o n  I (k )  evaluated from 
t h e  x-ray s c a t t e r i n g  Ia(k)  of an amor- 
phous Ni40Ti60 a l l o y ,  prepared by m e l t -  
sp inning,  and t h e  corresponding s t r u c t u r e  
f a c t o r  S(k) determined from t h e  nea t ron  
s c a t t e r i n g  Ia(k) .  PJso shown a r e  t h e  
p a r t i a l  f u n c t i o n s  SNN(k). S ~ c ( k )  , and 
SCC(k)/(clc2) f o r  t h e  Ni40Ti60 a l l o y .  

Fig. 4: Reduced atomic d i s t r i b u t i o n  func t ion  
GX(r) determined from I (k )  f o r  t h e  a- 
morphous Ni,1+~Ti60 a l l o y .  Also shown a r e  
GNN(r>, GNC(r) and GCC(r). 



It is r e a d i l y  appa ren t  t h a t  t h e  t o t a l  x-ray 

i n t e r f e r e n c e  f u n c t i o n s  e x h i b i t  a prepeak a t  k - 
1.8 A-I which becomes t h e  main peak i n  t h e  neu t ron  

d a t a .  T h i s  can be  r e a d i l y  understood when one  

r e a l i z e d  t h a t  fNi and fTi a r e  p o s i t i v e  and equa l  t o  

- 28 and ZTi = 22 a t  k = 0 ,  whereas t h e  neu t ron  
z ~ i  - 

s c a t t e r i n g  c r o s s - s e c t i o n  b of N i  and T i  a r e  oppo- 

s i t e  in s i g n ,  i . e .  b - 1.03 and bTi = -0.34. 
N i 

Thus t h e  v a l u e  a = < f > 2 / < f 2 >  = 0.986 f o r  x- rays  is 

q u i t e  d i f f e r e n t  from t h e  va lue  a = <b>'/<b2> = 

0.088 f o r  neu t rons ,  and a s  a consequence,  t h e  x- 

r a y  i n t e r f e r e n c e  f u n c t i o n s  a r e  dominated by SNN(k), 

whereas SCC(k) is t h e  major component in t h e  neu- 

t r o n  i n t e r f e r e n c e  f u n c t i o n ,  because t h e  f a c t o r  

y = [ < f 2 >  - < f > 2 ] / < f 2 >  = 1 - a is 0.014 and 0.912 

f o r  x-rays and n e u t r o n s ,  r e s p e c t i v e l y .  The s t r o n g  

modulation of t h e  neu t ron  s t r u c t u r e  f a c t o r  gn(k)  - 
S ( k ) / ( c  c ) is a l r e a d y  an  i n d i c a t i o n  f o r  t h e  ex- 

CC 1 2  

i s t a n c e  of chemical shor t - range o r d e r  in t h e  a l l o y .  

It is r e a d i l y  appa ren t  from Fig. 3, t h a t  s n ( k )  and 

S ( k ) / ( c  c ) resemble  each  o t h e r  q u i t e  c l o s e l y .  
CC 1 2  

The F o u r i e r  t r ans fo rms  G(r) of t o t a l  i n t e r -  

f e r e n c e  f u n c t i o n s  and t h e  Bhatia-Thornton p a r t i a l  

s t r u c t u r e  f a c t o r s  a r e  shown in Fig. 4. The p a r t i a l  

f u n c t i o n  G ( r )  is s i m i l a r  t o  t h e  x-ray t o t a l  d x ( r )  
NN 

a s  should  be expected  from t h e  v a l u e s  of <f > 2 /  

<f,2 i n  equa t ion  (1) .  GNN(r) shows a broad f i r s t  

peak r e s u l t i n g  from t h e  s u p e r p o s i t i o n  of G  NIT^(^) 
w i th  a maximum a t  r ' 2.58 1 corresponding t o  NiTi 

t h e  s h a r p  minimum i n  GCC(r),and GTiTi(r) w i th  

r ~ i ~ i  
= 2.92 1. The Ni-Ti i n t e r a tomic  d i s t a n c e  is  

much sma l l e r  t han  t h e  mean v a l u e  of t h e  N i  a tomic  

d i ame te r  ( r  = 2.5 1) and Ti-Ti d i s t a n c e s .  

The Warren CSRO parameter  a ,  has  been evalu-  

a t e d  u s i n g  equa t ion  (8).  The i n t e g r a t i o n  of r G  ( r )  
CC 

was c a r r i e d  o u t  w i th  t h e  i n t e g r a t i o n  l i m i t s  

r = 0 and 3.7 which aga in  co r r e sponds  t o  t h e  m i n i -  

mum of GNN(r) ,  and y i e lded  a v a l u e  of -2.80. The 

v a l u e s  of nNi and oTi a r e  q u i t e  c l o s e  a s  i n d i c a t e d  

by t h e  smal l  o s c i l l a t i o n s  i n  GNC(r),  and can be 

t aken  from t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n ,  i . e . ,  

v = 13. Thus t h e  Warren CSRO va lue  al was found 

t o  be  -0.21, which is sma l l e r  t han  t h e  v a l u e  of 

-0.67 f o r  a complete ly  o rde red  a l l o y .  Again t h e  

n e g a t i v e  s i g n  co r r e sponds  t o  p r e f e r e n c e  f o r  u n l i k e  

n e a r e s t  ne ighbors .  The v a l u e  of al = -0.21 cor-  

responds  t o  a N i  atom having 9.5 T i  ne ighbor s  in- 

s t e a d  of 7.8 f o r  a random d i s t r i b u t i o n .  
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