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Abstract . Unusually, a high-cncrgy-dcnsity as 10 to 20 kJ/m‘ appears in amorphous R-Fe-Al alloys at room temperature. This is a new
scncs of fcrroinagnets that presents a considerably high value of in an amorphous state The present value is comparable to that in well-
known high-energy-dcnsity rare-earth (R) magnets of R,Fc,^B and .similar inicrmetallics In principle, a high value of occurs on a high value of
u»cruviiy and/or remancncc A primary source of la the inagnetocrystalhnc anisotropy which appears in a crystalline ferromagnetic (or 
{oiiiniagnetic) material. It results in an optimal value of in an assembly of single domain particles of size D -  with 13 the critical value of D As
.in amorphous material does not have it is not expected to have a large value of observed in this example This is demonstrated with representative 
I< I'c Al (R -  Nd, Pr, or Er) amorphous alloys The values of Ĵ , Curie temperature, T̂ ., as well as are found to be optimal at an optimal Fe
 ̂ M) at % content over the senes.
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1. introduction

A trem en d o u sly  h ig h  v a lu e  o f  e n e rg y -d e n s ity , o f  2 0 0  to
MX) kJ/m^ o ften  a p p e a rs  in  R 2F cj^ B , RM^^, o r R 2M |.7 in ic rm e ia llic s  

1 1-H|, w h ere  R is  a  ra r e -e a r th  a n d  M  is tr a n s i t io n  m e ta l c le m e n t. 
In princ ip le , an  o p tim a l v a lu e  o f  o r  c o e rc iv ily  o c c u rs

m an a ssem b ly  o f  s in g le  d o m a in  p a r t ic le s  o f  s i / e  D  ~ w ith  
ihc critica l v a lu e  o f  D . T h e  v a lu e  o f  d e c re a s e s  re g u la r ly  on  

sm aller as w e ll a s  o n  b ig g e r  D  v a lu e s . A  v a lu e  o f  =  2 0  n m  h as  
k'cn rep o rted  in  a  p u re  f e r ro m a g n e t ic  F e , C o , o r  N i m e ta l [9 ]. A  

more o r le s s  s im i la r  v a lu e  o f  D^, a ls o  a p p e a rs  in  th e  p re s e n t 
m ierm etallics [5 -8 ]. In  p r in c ip le , a  h ig h  v a lu e  o f  /> . ,  as  la rg e  
‘is 50 k A /c m , in  th i s  s e r ie s  o c c u r s  d u e  to  a  h ig h  v a lu e  o f  
m a g n c io c ry s ta llin c  a n is o tro p y  In  g e n e ra l ,  is a s  la rg e  as

an o rder o f  la rg e r  m a g n i tu d e  o f  [4 ,8 ] .

Very re c e n tly , In o u e  etal  [1 0 -1 2 ]  in t ro d u c e d  an  a m o rp h o u s  
series of R -F c r A l a l lo y s  th a t p re s e n ts  u n e x p e c te d ly  a  la rg e  10 to  

-0  kJ/m^ v a lu e  o f  T h e  an rio rp h o u s p h a se  fo rm s  in  a  w id e
composition ra n g e  o f  0  to  9 0  a t  % F e  a n d  0  to  9 3  a t %  A l by  m e lt 
spinning [ 1 0 ] .  A  h ig h  o r  is  r e p o r t e d  in  th e

^  ~  c o m p o s it io n s  o b ta in e d  by  a
^^>pper m o ld  c a s t in g  m e th o d  [ 1 0 ,1 1  ]. B e in g  is o tro p ic  in  n a tu re , 
they hav e  an  e s p e c ia l  a d v a n ta g e  o v e r  th e  a b o v e  .series o f  th e  

in ic rm eia llics th a t  th e y  c a n  b e  u s e d  a ls o  a s  is o tro p ic  m a g n e ts .

T h is  is p re s e n te d  in th is  a r t ic le  w ith  sy n th e s is  a n d  m a g n e tic  
p ro p e r tie s  o f  R -F c -A l b u lk  a m o rp h o u s  a llo y s , w ith  R  =  N d , P r o r  
E r  T h e s e  a llo y s  w e re  p re p a re d  by  tw o  in d e p e n d e n t m e th o d s  o f  
a rc  m e ltin g  113] an d  m e c h a n ic a l a llr itio n  p ro c e s s  [ 14] u n d e r  h ig h  
p u rity  c o n d it io n s . B o th  o f  th e m  a rc  th e  e s ta b lis h e d  m e th o d s  fo r  

p re p a ra tio n  o f  a b u lk  a llo y  [1 3 -1 6 ].

2. Experimental detaUs
A s m e n tio n e d  a b o v e , w c  p re p a re d  th e  a m o rp h o u s  b u lk  a llo y s  

by tw o  in d e p e n d e n t m e th o d s  o f  (i) a rc  m e ltin g  an d  (ii)  m ech a n ica l 
a ttr i tio n  p ro c e s s  as  fo l lo w s . In m e th o d  (i) , th e  p u re  R . F'e an d  A l 

m e ta ls  w e re  m ix e d  to g e th e r  in re q u is ite  a m o u n ts  an d  th e n  m e lte d  
by  an  a rc  m e ltin g  in  an  a rg o n  a tin tisp h e rc . It y ie ld e d  in g o ts  o f  

th e  R -F c -A l a llo y . T h e  in g o ts  w e re  c u t a n d  c ru s h e d  in  sm a ll 
p ie c e s  o f  1 to  3 m m  d ia m e te r  an d  th e n  w e re  re m e ltc d  in  a s im ila r  

m a n n e r  to  e n su re  its c h c r r ic a l  h o m o g e n e ity . A s  d e sc r ib e d  e a r l ie r
[1 6 ], m ill in g  o f  a  re q u is ite  m ix tu re  o f  th e  th re e  m e ta ls  (p o w d e rs )  

in  m e th o d  (li)  g iv e s  a s im ila r  b u lk  a m o rp h o u s  b u lk  a lloy .

T h e  fo rm a tio n  o f  th e  a m o rp h o u s  R -F c -B  b u lk  a llo y  p h a se  in 

th e  tw o  m e th o d s  is  a n a ly z e d  b y  v a r i o u s  m e t a l l o g r a p h i c  
te c h n iq u e s . T h e  th e rm a l s ta b il i ty  o f  th e  a m o rp h o u s  s t ru c tu re  is  

d e te r m in e d  b y  th e  a n a ly s is  o f  th e  s t r u c tu r a l  p a r a m e te r s  o f  

A T w h ic h  is  d e s i ra b ly  fo u n d  to  b e  a s  sm a ll  a s  9 0  K ,
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a n d  /  7^ ra t io , w h ic h  is d e s i ra b ly  e x tre m e ly  h ig h  as  0 .9 , H e re ,

a n d  a rc  th e  o n s e t  o f  th e  m e l t in g  a n d  re c ry s ta l l iz a t io n  

te m p e ra tu re s  o f  th e  a llo y . Its  c h e m ic a l c o m p o s it io n , a m o rp h o u s  

s t r u c t u r e ,  a n d  m i c r o s t r u c t u r c  a r e  s t u d i e d  w i th  e l e c t r o n  
m ic r o s c o p y  ( h a v in g  th e  p ro v i s io n  f o r  e le c t r o n  m ic ro p ro b c  

a n a ly s is )  a n d  X -ra y  d if f ra c to m e try . T h e  m a g n e tic  p ro p e r tie s , 
t>., s a tu ra tio n  m a g n e t iz a t io n  7^., / / . ,  7  a n d  C u r ie  te m p e ra tu re  

a re  s tu d ie d  w ith  th e  h e lp  o f  a  v ib ra tin g  s a m p le  m a g n e to m e te r . 
O th e r  e x p e r im e n ta l d e ta i ls  a rc  th e  s a m e  a s  r e p o r te d  e a r l ie r  [5 -8 ].

3. Results and discussion

A. X-ray dijfractograni and micros tract are :

U n u s u a lly , th e  R -F c -A I  a llo y  e a s i ly  fo rm s  in  an  a m o rp h o u s  

s t ru c tu re  i f  c o o lin g  f ro m  th e  m e lt  in an  in e r t a tm o s p h e re  e v e n  a t 
a  s lo w  10 to  0.1 K /s  ra te . It is  th e re fo re  e a s i ly  a c h ie v e d  by  u s in g  

v a r io u s  k in d s  o f  s o l id if ic a t io n  te c h n iq u e s , e.g,, w a te r  q u e n c h in g , 

m o l d  c a s t i n g ,  h i g h  p r e s s u r e  d i e  c a s t i n g ,  a r c  m e l t i n g ,  

u n id i r e c t io n a l  a r c  m e l t in g ,  a n d  s u c t io n  c a s t in g  [8 -1 2 ] , T h e  
m e c h a n ic a l  a t t r i t io n  o f  a n  e le m e n ta l  m ix tu re  in a  c o n tro l le d  
a tm o s p h e re ,  u s e d  in  th e  p re s e n t  s tu d y , g iv e s  an  a l to g e th e r  a  
d if fe re n t o f  a w a y  o f  v itr ify in g  it in a  b u lk  a m o ip h o u s  a llo y  w ith o u t 

in v o lv in g  a  m e l t in g  o f  it. A  sm a ll a d d it io n  o f  a  v o la t i le  a d d it iv e  
o f  a  h y d ro c a rb o n  liq u id  d u r in g  th e  a ttr i tio n  o f  s ig n if ic a n tly  h e lp s  

its  v i t r i f ic a t io n  in  a  r e f in e d  a m o r p h o u s  s tru c tu re . It f a c i l i ta te s  
th e  r e a c t io n  b e tw e e n  th e  r e f in e d  m e ta l p a r t ic le s  w ith  n a sc e n t 

s u r fa c e s  a n d  re s u lts  in  a  f in e ly  d iv id e d  lo o se  p o w d e r  in  th e  

v itr if ie d  a lloy .

F ig u re  1 sh o w s  x -ra y  d if fra c to g ra m s  o f  N d ,^ jjj^F c^A l|^ ,.r- 3 0 ,  
a llo y  o b ta in e d  by  th e  tw o  d if fe re n t m e th o d s  o f  (a )  th e  a rc  m e ltin g  

a n d  ( b )  th e  m e c h a n ic a l  a t t r i t i o n  p r o c e s s .  A  s in g le  b r o a d  
d if f ra c t io n  h a lo , c h a ra c te r i .s tic  o f  a n  a m o rp h o u s  p h a se  [1 2 -1 4 ] , 

a p p e a rs  in  e i th e r  c a s e . T h e  h a lo  lie s  a t d if f ra c t io n  a n g le  iQ  =  
32.3*^ o r  s c a t te r in g  v e c to r  k =  2 2 .7  nm"^* (w h ic h  is  d e f in e d  by  

it =  4 ; r s i n 0 / A, w ith  A = 0 .1 5 0 5  n m  th e  w a v e le n g th  o f  th e  
ra d ia t io n  u s e d  to  m e a s u re  th e  d if f r a c to g ra m )  w ith  a  b a n d w id th  

A29yf2 3.3^ in  s a m p le  (a ) . T h a t  is  v e ry  l i t t le  sh if te d  a t  lo w e r  

26 ^  31.5® o r  a  lo w e r  k =  2 2 .1  n m * \  w ith  d 2 0 „ 2  -- 4.3® in 

s a m p le  (b ) . A  s im i la r  d i f f r a c t io n  h a lo  o c c u rs  a t a  m o re  o r  le s s

F ig u re  1. X-ray d iffractogram s o f a hard ferrom agnetic Nd^FCj^Al,^ 
amorphous alloy obtained by two different process of (a) arc melting and 
(b) mechanical attrition for 25 h in a pure argon atmosphere.

s im i la r  / : -v a lu e  in  th e  a llo y  p re p a r e d  b y  th e  su c tio n  casung 

m e th o d  [1 0 ] . A lso  a  m e l t  s p u n  r ib b o n  in  N d ^ ^ ^ F e^ A lj^  {x ~ 3 0 j 
o r  in  a  m o re  g e n e ra l R ^ j^ F e^ A l a llo y , w h ic h  is b e lie v e d  to have 

a p e if c c t  a m o rp h o u s  p h a se , h a s  a  s im ila r  d if f ra c to g ra m  o f  a broad 
h a lo  a t k -  2 2  n m ~ ‘ (c f . re f . 10 to  12). A v e ra g e  p o s itio n  ot 

d if f ra c t io n  h a lo  d o c s  n o t c h a n g e  m u c h  o n  a c h a n g e  o f  R  over a 
w id e  ra n g e  o f  x.

T h e  s in g le  b ro a d  h a lo  o f  th e  d if f ra c to g ra m  in d ic a te s  a single 
p r o m in e n t  p a i r  d i s t r i b u t i o n  f u n c t io n  o f  th e  a to m s  m i Ik  

R 9 )̂ ĵ Fc^A1,q a llo y s . A  m a rg in a l v a r ia tio n  in  its  a v e ra g e  position 
o c c u rs  in  th e  s p e c im e n s  d e d u c e d  w ith  d if f e re n t  m e th o d s  owino 
to  a  m a rg in a l v a r ia tio n  in  th e ir  a v e ra g e  in te ra to m ic  d is tance  J  
T h e  s a m p le  o b ta in e d  th ro u g h  th e  m e c h a n ic a l  a ttr i t io n  process 
th e re fo re  p re s e n ts  a  s m a l le r  v a lu e  o f  /c =  22 .1  n m " ‘ (a hirgci 

=  A / 2 s i n 0  =  2 ; n c “ ‘ v a lu e ) i f e o m p a r e d w i th / :  =  2 2 .7 nm 'in 
th a t o b ta in e d  by  th e  a rc  m e l t in g  p ro c e s s  as  it s to re s  a large 
a m o u n t  o f  e x c e s s  e n e r g y  A t  ( o r  e n th a lp y  A H )  o v e r the 
e q u il ib r iu m  v a lu e  T q in  th e  fo rm s  o f  s t ru c tu ra l im p erfec tio n s 

a n d  d e fe c ts  d u r in g  th e  a t t r i t io n  p ro c e s s . T h e  e x c e s s  A t  o r ^  H 
re s u lts  in  a n  e x c e s s  v o lu m e  A V  of  th e  s a m p le  a s  p e r  the  lirsi 
la w  o f  th e rm o d y n a m ic s .  T h is  e x c e s s  v o lu m e  re le a se s  in a board 
e x o th e rm ic  s tru c tu ra l r e la x a tio n  s ig n a l i f  h e a tin g  th e  sam p le  in a 

th e rm a l a n a ly s e r  as  w ill b e  d is c u s s e d  la te r  in  s e c t io n  B.

In  th e  a tt r i t io n  p ro c e s s  o f  a  m ix tu re  o f  R , Fc a n d  Al mciaK 
(p o w d e r)  in a  p re d e te rm in e d  c o m p o s it io n , b a ll-p o w d c r  ball and 
b a ll-p o w d e r-c o n ta in e r  c o ll is io n s  re p e a te d ly  o c c u r  an d  plastically 
d e f o n n ,  c o ld -w e ld ,  a n d  f r a c tu re  th e  p o w d e r  p a r t ic le s . Strain 
h a rd e n in g  a n d  f r a c tu re  o f  p a r t ic le s  d u r in g  th e  c o ll is io n s  create 
n e w  s u r fa c e s  b y  a d e c re a s e  o f  th e i r  o n e  o r  m o re  dimensions 
a c c o rd in g  to  th e  e x p e r im e n ta l  c o n d it io n s .  W h e n  tw o  o r moa 
r e f in e d  s u r fa c e s  in  c a s e  c o m e  in  c o n ta c t  re a c t to g e th e r  instantly 
by  d is s o lu t io n  o f  o n e  c o m p o n e n t  in to  o th e r ( s ) ,  a n d  re su lt in a 
v itr if ie d  a llo y . T h e  p ro c e s s  is  c a l le d  m e c h a n ic a l a llo y in g . Its 
sc a n n in g  e le c tro n  m ic ro g ra p h  in d ic a te s  a  la y e re d  s tru c tu re  ol u 
fo rm e d  b y  a  p e c u lia r  re a c t io n  w ith in  th e  c o m p o n e n ts  an d  a cold 
w e ld in g  o f  la t te r  in  la y e r  b y  la y e r  [1 6 ] .

T h e  m o n o la y e r  o f  th e  a llo y  g e ts  a s  th in n e d  a s  possible in 
th e  c o n tin u o u s  c o ll is io n s  d u r in g  th e  a t t r i t io n  p ro c e s s . As per 
u su a l m ic ro s t ru c tu re  in  a ttr i t io n  o f  p u re  m e ta ls  [ 16], it  assumes a 
d e f in i te  th ic k n e s s  (t), w h ic h  a p p e a r s  to  b e  s m a lle r  i f  compared 
w ith  th e  c ritic a l d ia m e te r  (D ) in  a  s ta b le  c ry s ta ll ite  o f  it, Le., t < P 
In  in s ta n ta n e o u s  c o ld - w e ld in g  o f  a  f re sh ly  c re a te d  n a sc e n t layer 
s t ru c tu re  o v e r  a  s ta b le  la y e r  s u p p o r ts  its  o r ig in a l ly  th in  layered 
s tru c tu re . A s  a  re s u lt ,  th e  m a te r ia l  in  th e  th in  la y e r  d o es  n(̂ t 
r e c r y s ta l l iz e  in  th e  c o u r s e  o f  an  e x te n d e d  m il l in g  p ro c e ss  and 
th e  f in a l s a m p le  u l t im a te ly  s u c c e e d s  to  a tta in  a n  am orphous 
s tru c tu re  in  in d iv id u a l la y e rs , w h ic h  a re  a rra n g e d  o n e  o v e r others 
W e a n a ly z e d  t r a n s m is s io n  e le c tr o n  m ic ro g ra p h s  o f  selected 
s a m p le s  w ith  in-situ s tu d ie s  o f  th e i r  c o m p o s it io n a l  m a p s  and 
th e  c o r r e s p o n d in g  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s .  A  single 
a m o r p h o u s  s t r u c tu r e ,  in  c o m p o s i t io n  o f  th e  a llo y , appears 

th r o u g h o u t th e  s p e c im e n  w ith  a  c h a ra c te r i s t ic  b ro a d  diffraction 
r in g  a t  it =  2 2 .1  nm "* , a s  o b s e r v e d  in  th e  x - ra y  d iffractogram
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(Figure 1). N o  impurities o f  a crystalline phase were observed in 
a significant I %  o r  la r g e r  t r a c e .

A s im ila r  s t ru c tu r e le s s  f e a tu re  o f  m ic ro s t ru c tu rc  a p p e a rs  in  

the alloy o b ta in e d  b y  th e  a rc  m e l t in g . I t d o e s  n o t h a v e  d is tin c t 
pa r t i c l e  s t r u c tu r e s  w i th  d e f i n e d  b o u n d a r i e s  e x p e c t e d  in  

aysta llinc  p a rtic le s . N o  s ig n if ic a n t liq u id - liq u id  p h a se  sep a ra tio n  
>r a p re c ip ita tio n  is  v is ib le  a t  a  m e a s u ra b le  sc a le . I t  a p p e a rs  th a t 

(he alloy  c o m p o n e n ts  a re  p e c u lia r ly  h ig h ly  so lu b le  o n e  in to  
Other and e a s i ly  fo rm  a  s in g le  s ta b le  h o m o g e n e o u s  m e lt. T h e  

melt, therefore*  e a s i ly  re ta in s  i ts  l iq u id  s tru c tu re  e v e n  if  c o o lin g  
It slowly at -  1 K /s  (w h ic h  is  e a s i ly  o b ta in e d  in  th is  m e th o d )  in  
small in g o ts  o f  d ia m e te r  a s  b ig  a s  4  to  5 m m  d ia m e te r .

li Phase diagram and strong glass formability :

* '̂gurc 2. DSC thermogram of a hard ferromagnetic Nd^j,Fe,„Alio 
amorphous alloys obtained by the arc melting process. The thermogram 
•s recorded during heating the specimen at 0.33 K/s.

The v a lu e s  fo r  a n d  fo r  th e  s e le c te d  R -F c -A l a llo y s  a rc  

5>ummarizcd in  T ab ic  1. T h e  te m p e ra tu re  in te rv a l  4  -  Tjr,

the su p e rc o o le d  liq u id  d e f in e d  b y  th e  d if fe re n c e  b e tw e e n

a n d  is  a s  sm a ll  a s  90 K  a n d  th e  re d u c e d  c ry s ta l l iz a t io n  

te m p e ra tu re  <T> =  is a s  h ig h  a s  0 .9 . T h e  sm a ll A an d

la rg e  0  v a lu es  seem  to  be  re sp o n s ib le  fo r  th e  la rg e  g la s s  fo rm in g  
a b ility  in  th e s e  a llo y s .

Table 1. Thermal stability data tor the hard ferromagnetic R-Fe-AI 
ainorphou.s bulk alloys

Composition Thermal stability*

N cl^e,A I..

Nd«?^e,Al„

I \ ( K ) T „ ,(K )

7 5 0 8 6 6 1 16 0  8 7

7 6 3 9 1 0 1 4 7 0  8 4

7 0 5 X 55 9 0 0  9 0

K 20 9 5 0 1 3 0 0  8 6

As m e n tio n e d  a b o v e ,  th e  N d^j^^Fc^A l,^j e a s i ly  fo rm s  in  an  
am orphous p h a se  in  e th e r  m e th o d  o v e r  th e  x s e r ie s . F o r  ex m iip lc , 
! igurc 2 sh o w s  a  D S C  th e r m o g ra m  o b ta in e d  fo r a ty p ic a l .v =  3 0  
alloy o b ta in e d  in  sm a ll  in g o ts  o f  4  to  5 m m  d ia m e te r  b y  th e  a rc  

melting. It e x h ib i ts  a  b ro a d  e x o th e r m ic  p e a k  o v e r  500 to  7 5 0  K  

( wi th a ch a n g e  o f  e n th a lp y  A / / ,  - \ 2 J / g )  fo llo w e d  by  a  s tro n g  

cvoiiierm ic p e a k  a t =  7 9 5  K  (w ith  e n th a lp y  AH2 =  3 5 . /  /  g) 
w all T =  7 6 3  K  a n d  T 9 1 0  K . T lic  p re s e n t T an d  T v a lu e s  a rc

in a fairly  g o o d  a g re e m e n t w ith  th e  v a lu e s  r e p o r te d  by  o th e r  
methods. T 'hc f irs t s ig n a l is a  c h a ra c te r is t ic  s tru c tu ra l re la x a tio n  

signal w ith  a  la rg e  AH  ̂ —]2J Ig  e x c e s s  e n e rg y  re ta in e d  in  th e  

alloy a b o v e  its  e q u il ib r iu m  e n e rg y  s ta te  £(). T h e  m e c h a n ic a l 

aitriiion p ro c e s s  re s u lts  in  a  p re s u m a b ly  fu r th e r  la rg e r  v a lu e  o f  

=^\5J/g (w ith  =  8 0 0  K , T  =  7 6 0  K  a n d  =  9 1 5  K ) 

stored in th e  a llo y  in  th e  fo rm  o f  a n  e x c e s s  e n e rg y  in s tru c tu ra l 
im p e rfe c tio n  a n d  d e f e c t s  w i th  a n  e n h a n c e d  v o lu m e  in  its  

deform ed s t ru c tu re  in  th in  la y e rs .

data are deduced from DSC thermograms measured at 0 33 K/s 
healjing.

A  la rg e  g la s s - fo rm in g  a b ility  in  th is  sy s te m , le a d in g  to  th e  

fo rm a tio n  o f  b u lk  a m o rp h o u s  a llo y , o r ig in a te s  fro m  th e  h ig h  
th e r m a l  s t a b i l i t y  o f  th e  l iq u id  ( o r  s o l id  s o lu t io n )  a g a in s t  
c ry s ta l l iz a t io n  a t a n d  a b o v e . It c a n  b e  d e s c r ib e d  by  th e  

te m p e ra tu re  in te rv a l, AT^ =  ~  , o f  th e  su p e rc o o le d  liq u id

re g io n  b e fo re  c ry s ta l l iz a t io n , w h e re  is its  g la s s  tr a n s it io n  
t e m p e r a t u r e .  I n o u c  et r / / |1 2 1  s t u d i e d  th e  c o m p o s i t i o n a l  

d e p e n d e n c e  o f  AT^ fo r  a  s e r ie s  o f  R -F c -A l a m o rp h o u s  a llo y s . 

A s  p ro p o s e d  by  th e se  a u th o rs , th e  la rg e  g la s s  f o n n in g  a b ility  in 

th is  s e r ie s  s a t is f ie s  th re e  e m p ir ic a l  ru le s ,  ( i )  a llo y  s y s te m s  
c o n s is tin g  o f  m u ltic o m p o n e n ls , (ii)  s ig n if ic a n tly  d iffe re n t a to m ic  
s iz e  ra t io s  a b o v e  12%  a m o n g  th e  m a in  c o n s t i tu e n t  e le m e n ts , 
a n d  ( i ii)  a  la rg e  n e g a tiv e  h e a t o f  m ix in g  a m o n g  th e  c o n s t itu e n t 
e l e m e n t s .  F o r  e x a m p l e ,  a  t y p i c a l  p h a s e  d ia g r a m  f o r  a  
m u ltic o m p o n e n t a llo y  s e r ie s  o f  so f t m a g n e tic  m a te r ia ls , a f te r  
In o u e  et al [ 12], is r e p ro d u c e d  in  F ig u re  3. A c c o rd in g  to  it, th e  

l a r g e s t  v a lu e  o f  AT^ =  4 9  K  is  o b t a i n e d  a t  th e  

F c ^ ^ A l^ G a .P j^ B ^ S i^  c o m p o s i t io n .  A  F e - r ic h  F c ^ ^ P ,23^51^ 

c o m p o s itio n  h as a sm a lle r  AT^=26 K . S im u lta n e o u s  d is so lu tio n  

o f  G a  a n d  A l w ith  la rg e r  a to m ic  s iz e s  a n d  la rg e  n e g a tiv e  h e a t o f

p

16.

k18

®  \ l 6

5) @  \ l ^

^  ©  @  O
10/  ©  @ ©  ©

®  ©  o  o  o

© © # # # #
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F igure 3. Phase diagram of an amorphous phase formation (.soft 
fe r r o m a g n e tic )  in r a p id ly  s o l id i f i e d  Fc^^AI^Ca^ (P, B, Si) ,̂, a llo y s .  The 
numbers represent the temperature interval, = of the
su p e r c o o le d  region.



382 S Ram

m ix in g  a g a in s t th e  o th e r  c o n s t i tu tc n t  e le m e n ts  is» th e re fo re , v e ry  

e f f e c t i v e  f o r  e x t e n s i o n  o f  t h e  AT^ r e g i o n  b e f o r e  th e  

c ry s ta l l iz a t io n  a t

T h e  a llo y  a c h ie v e d  w ith  th e  e x te n d e d  AT^ =  4 9  K  is tru ly  

a m o r p h o u s  in  n a tu re  a n d  it in v o lv e s  a  la rg e  v a lu e  o f  e n th a lp y  o f  

r e la x a tio n  AH^ î in  th e  T , re g io n  in  a c c o rd  w ith  th e  p re s e n t  

re s u lts .  T h e  la rg e  v a lu e  o f  AH^ î (e.g., 15 J /g  o b s e rv e d  in  th e  
a llo y  in  F ig u re  2 )  m a s k s  th e  re la tiv e ly  w e a k  e n d o th e rm ic  s te p  o f  

th e  , I t is , th e r e fo re ,  n o t v is ib le  in  th e s e  e x a m p le s . A s  sh o w n  

in  F ig u r e  2 , th e  e x c e s s  AH^ f̂ r e l e a s e s  w i th  a  p r o m in e n t  

e x o th e n n ic  s t ru c tu ra l r e la x a tio n  s ig n a l o n  h e a tin g  th e  s a m p le  

th r o u g h  it. In  g e n e ra l ,  th e  AN^^f s ig n a l is m o re  p ro m in e n t in  

s h e a r  v i t r i f ie d  a l lo y s .  A ll th e s e  a l lo y s  e x is t in  n o n e q u il ib r iu m  

m e la s ta b lc  s ta te s  fa r  a b o v e  th e i r  e q u il ib r iu m  e n e rg y  s ta te s  eQ. 
T h e  e x c e s s  AH^f e n e rg y  th e re fo re  re le a s e s  in  an  e x o th e rm ic  

re la x a tio n  s ig n a l o n  h e a tin g  th e  sa m p le  th ro u g h  it. In  an  iso th e rm a l 
h e a tin g  T ^  7^, a t  , i t  r e s u l ts  in  a  m o n o lo n ic a l ly  d e c re a s in g  

e x o th e r m ic  s ig n a l  a s  a  fu n c tio n  o f  tim e . T h is  h a s  b e e n  s tu d ie d  
a n d  d is c u s s e d  w ith  th e r m o d y n a m ic  m o d e l in g  in  o th e r  re p o r ts  in  
th e  s e r ie s  [ 1 4 ,1 5 ] .

T lie  R -F c -A l sc r ie s  p re s e n ts  an  e x c e p tio n a lly  e x te n d e d  p h a se  

d ia g r a m  (F ig u re  4 )  o f  fo rm a tio n  o f  an  a m o r p h o u s  a llo y  o v e r  a  
w id e  c o m p o s it io n a l ra n g e , A  th m  a m o rp h o u s  r ib b o n  e a s ily  fo rm s 

a t  0  to  9 0  a t  %  F e  a n d  0  to  9 3  a t % A l b y  ra p id  q u e n c h in g  [ lO j. 
A ls o  a  b u lk  a m o r p h o u s  a llo y  fo rm s  o v e r  a  p re tty  w id e  ra n g e  o f  

2 0  to  4 0  a t %  F e  a n d  10 to  3 0  a t % A l by  c o p p e r  m o ld  c a s t in g  an d  
o th e r  m e th o d s  [ 1 0 ,1 1  ]. T h e  a s  c a s t  in g o ts  o f  th e  R -F c -A I a llo y s , 

4  to  5  m m  d ia m e te r , b y  th e  a rc  m e l t in g  in  th is  w o rk , th e re fo re , 
h a v e  a  s m o o th  su r fa c e  a n d  a  m e ta ll ic  lu s te r  a t 2 0  to  4 0  a t  % F e  in 

fo n n a t io n  o f  th e  a m o r p h o u s  p h a se . A  sy s te m a t ic  c h a n g e  in  th e  
a to m ic  s iz e  o f  N d > F c > A I a n d  la rg e  n e g a tiv e  h e a ts  o f  m ix in g  fo r  

N d -A l ,  A l-F e , a n d  N d « F e  a to m ic  p a ir s  s u p p o r t  a  la rg e  g la s s  
fo rm in g  a b il i ty  o f  it a s  p e r  th e  a b o v e  th re e  e m p ir ic a l ru le s .

Ai o Glassy

v a lu e s  o f  r e m a n e n c e  7^, s a tu ra t io n  m a g n e t iz a t io n  7 ,̂, energy, 

p ro d u c t a n d  C u r ie  te m p e ra tu re  T ^  a t x ~  3 0 . A s given in
T a b le  2 , th e  a llo y  w ith  /? =  N d  h a s  th e  h ig h e s t  v a lu e  o f  (JH )

19 k J /m ^  w ith  th e  h ig h e s t  v a lu e  o f  T ^  =  6 1 0  K . T ^  is a  strong 
fu n c tio n  o f  F e -F c , R -F e  a n d  R -R  e x c h a n g e  in te ra c t io n s  o f the

Table 2. Magnetic properties for the hard ferromagnetic R-Fc Al 
amorphous bulk alloys.

Composition

J,(T)

Magnetic properties 

H^(kA/m) (kJ/m>) Tf (K)

Nd„,Fc.,AI,„ 0.08 239 13.0 550

Nd„,Fe„Al„, 0 12 277 19 0 610

0.09 300 13.0 51 s

0.10 280 12.0 590

’ in
content.

the amorphous bulk alloy at 30 at % he

m a g n e tic  R  a n d  F c  a to m s  in  th e  sy s te m . A s  a  re su lt, it sensitively 

v a r ie s  w ith  a  fu n c t io n  o f  R  a s  w e ll a s  w ith  a  fu n c tio n  o f  j  m a 
g iv e n  R “S crics . P r(4 f^ ), w h ic h  h a s  a  s m a lle r  m a g n e tic  m om ent 

th an  N d  ( 4 f ’), a c c o u n ts  fo r  th e  s m a lle r  v a lu e  o f  7^, (5 1 5  K against 
6 1 0  K  a t -  3 0 )  in  th e  Pr^^^j^Fe^Al a llo y  w ith  r e s p e c t to  that in 

t h e  N d ^ Q ^ F e ^ A ljQ  a l l o y  ( T a b i c  2 ) .  M o r e o v e r ,  in 
th e r m o m a g n e to g ra m s  in  F ig u re  5 , an  in c r e a s e  in  th e  v a lue  \ 

fro m  (a ) jr =  2 0  to  a t (b )  Jtr =  3 0  in  th e  N d^^ J^e^A l se r ie s  leads to 
an  in c re a se  in  th e  T^^,*value b y  6 0  K w ith  th e  fin a l v a lu e  o f  610 K 

A c c o rd in g  to  it, th e  F c -F c  e x c h a n g e  in te ra c t io n s  h a v e  a more 
p r o n o u n c e d  e f f e c t  o n  T^. th a n  th e  R -F e  o r  R -R  cxchan^ie 

in te ra c t io n s .

T h e  P r - b a s e d  a l lo y  is c h a r a c te r i s t i c a l ly  m o re  o x id a tio n  

c o r r o s i o n  r e s i s t a n t  th a n  th e  N d - b a s e d  a l l o y  in  a m b ien t 
a tm o s p h e r e  [8 ] , It t h e r e f o r e  p r e s e n t s  i t s  s t a b le  m agncin . 
p ro p e r tie s . T h is  is  h ig h ly  n e c e s s a ry  fo r  p ra c t ic a l  a p p lic a tio n s  til 

thc.se a l lo y s  in  m a g n e t  te c h n o lo g y  a n d  r e la te d  d e v ic e s  and 

c o m p o n e n ts .  In  th is  c a se , a  p a r t ia l  s u b s t i tu t io n  o f  N d  by  Pr in 
th e  (N d | y P ry )^ ^ F e^ A l,j^  se r ie s  th u s  c o u ld  b e  a  b e lte r  allernaiivc 

to  h a v e  a  p r a c t ic a l ly  u s e f u l  a l lo y  w ith  i ts  s ta b le  m agnciic

Figure 4. Phase diagrom of an amorphous phase formation (hard 
ferromagnetic) in rapidly solidified Nd-Fe-AI alloys.

C. Magnetic properties:

The R9o.jiFCĵ Al,Q alloy series irrespective of R exhibits optimal

3 0 0 6 0 04 0 0  5 0 0
Tem pe rature (K )

Figure 5. The thermomagnetograms showing a significant increase i 
the value by 60 K with a mall 10 at % increase tn Fc-content »n i 
Nd^Fc^Al,  ̂and (b) alloys.
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4. Conclusions

Amorphous bulk R-Fc-Al alloys form a new class o f high- 
cnergy-density (HED) magnetic materials. As compared to wcll- 
l̂ niiwn intermetallics and other HED magnetic materials,
the amorphous bulk alloys exhibit a relatively large electrical 
rcM.sii vity, which make them particularly suitable for applications 
in high frequency devices at a low power loss. The as-received 
amorphous bulk R-Fe-Al alloys present an energy-density as 
large as -  19 k J /m \ i.e. comparable to that for the
,.onvcntK>nal high frequency ceramic magnets. Unusually, the 
K-Fc-A I alloys if rccrystalliscd behave to be extremely soft 
magnetic in nature and extremely hard in mechanical strength. 
Several unusual magnetic transitions appear at low temperatures 
in the virgin as well as in the rccrystalliscd alloys with small 
:rysiallttes at a nanometer scale. This is a subject of eminence 
.icadcmic interest nowadays in modeling of the dynamics of 
magnetic spins in correlated sy.stems o f small particles of a 
quantum  confined size.
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