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It has been a controversial  prospect about the roles 
of small additives such as Zr, Hf and Ga for the 
evolution of magnetic anisotropy in the HDDR 
(Hydrogenation,  Dispropotionation, Desorption and 
Recombination) treated Nd2Fe~4B-based magnets. 
XAFS measurements of the Zr K-edge were carried 
out for the Nd~6Fe75.sZro. 5 Bs, Nd~.6Zro.4Fe~4B and 
Nd2Fe~3.6Zro.4B magnets. Zr, in the as-cast 
Nd16Fe75.sZro.sB8 ingot, is found to occupy Fe(j2) 
sites in Nd2Fez4B structure. Small changes of the Zr 
XAFS spectra after disproportionation and 
recombination suggest that local portion of 
Nd2Fe~4B phase including Zr at Fe(j2) sites is 
stabilized against disproportionation. Effects of 
concentration, i.e. ratio of Nd to Fe, on Zr site 
occupancy are presented. 

K eywords: Nd2Fes4B, Magnetic anisotropy, HDDR, 
XAFS, Zr impurity. 

1. I n t r o d u c t i o n  
In recent years the Hydrogenation 
Disproportionation Desorption Recombination 
(HDDR)-process has been recognized as a suitable 
method for the production of NdFeB-based hard 
magnets. The process converts the coarse grains of 
homogenized or as-cast alloys into submicrometer 
grains; a heat treatment in hydrogen disintegrates 
of Nd2Fez4B-phase into mixture of Nd-hydride, a -  
Fe, Fe2B and a subsequent heat treatment in vacuum 
recombines the mixture into fine Nd2Fe~4B grains 
(Gutfleisch & Harris, 1994 and Hirosawa et al, 
1997). Furthermore, HDDR process results in high 
magnetic anisotropy by adding Co, Ga and/or Zr 
in NdFeB-based alloys (Takeshita & Morimoto, 
1996). However controversy exists about the roles 
of these additives for the evolution of magnetic 
anisotropy. Several possible explanations have been 
proposed to account for the origin of magnetic 
anisotropy (Buschow, 1994; Tomida et al, 1996, 
1997; Harris, 1992). 

The purpose of present study is to investigate the 
site occupancy of Zr and its role on the 
orientational memory mechanism by means of X- 
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ray Absorption Fine Structure (XAFS) analysis.  

2. E x p e r i m e n t a l  P r o c e d u r e  
The alloy ingots of off-stoichiometric  

composition Nd~6Fe75.sZr0.sB 8 and stoichiometric 
compositions Nd2(Fe 13.6Zr0.4)B and 
(Ndl.6Zr0.4)Fe~4B were prepared by arc-melting 
constituent elements in an argon gas atmosphere. 

For HDDR treatment,  the ingots were crushed 
into small pieces and those of 10g were located in a 
sample chamber for processing. Disproport ionation 
was carried out under 1 bar of hydrogen by heating 
from room temperature up to 800°(2 with holding 
for two hours and subsequently evacuating for one 
hour for recombination. 

Structural analysis was done by x-ray diffraction 
using Cu K a  radiation with a curved LiF (111) 
monochromator. XAFS measurements were carried 
out at BL7C in the KEK Photon Factory, Tsukuba, 
using a Si(111) double crystal monochromator at the 
temperature 20K. 
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Figure  1 
X-ray powder diffraction patterns of the as-cast ingots 
for stoichiometric and off-stoichiometric Nd2Fe~4B- 
based alloys along with Nd2Fel4B phase• 

3. R e s u l t s  a n d  D i s c u s s i o n  
Fig. 1 shows the x-ray diffraction patterns of the 

as-cast ingots Ndl6Fe7s.sZro.sBs, Nd2(Fel3.6Zro.4)B 
and (Ndz.6Zro.4)Fe14B along with the Nd2FeI4B phase 
( Shoemaker & Shoemaker, 1984 ). Dominant x-ray 
peaks are in good agreement with the Nd2Fej4B 
phase for Ndl~Fe75.sZro.sBs while additional peaks 
of o~ -Fe, are observed for the stoichiometric 
compositions Nd2(Fe ~3.6Zro.4)B and 
(Nd~.6Zro.4)Fe14B. The higher Nd content in off- 
stoichiometric ingot compared to stoichiometric 
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c o m p o s i t i o n  may suppress  the appea rance  of  free 
i ron.  

B a c k g r o u n d  sub t r ac t i on  and n o r m a l i z a t i o n  
p rocedu re  was ach i eved  for the observed  XAFS data 
us ing  A U T O B K  ( N e w v i l l e ,  1995). The resu l t s  for 
the Zr K-edge  of  the as -cas t  o f f - s t o i c h i o m e t r i c  and 
s t o i c h i o m e t r i c  ingots  are p resen ted  in Fig.  2. 
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Figure 2 

Observed XAFS data (solid line) of t h e  Zr K-edge of the 
as-cast ingots and the calculated one (broken line) for Zr 
occupying Fe(j2) site using FEFF. 

The un i t  ce l l  o f  Nd2Fea4B crys ta l  (P42/mmm space 
group)  cons i s t s  of  68 a toms (Herbs t  et al, 1984) 
w h e r e N d  atoms occupy two i n e q u i v a l e n t  s i tes  (4 f  
& 4g),  Fe a toms s ix  i n e q u i v a l e n t  s i tes  (16k, ,  16k2, 
8j~, 8j2, 4e & 4c)  and B atoms one site (4g). The 
c a l c u l a t i o n  of  x ( k )  o f t h e Z r K - e d g e  for cases  of  Zr 
subs t i t u t i ng  one of  these  two Nd and six Fe s i tes  in 
Nd2FeI4B s t ruc ture  were car r ied  out us ing  FEEF6 
(Rehr  et al, 1991) and resu l t s  are shown in Fig. 3. 

The ca l cu l a t ed  k2x  (k) curve for the case with Zr 
subs t i t u t i ng  Fe(j2) s i te  f i ts  very wel l  wi th  the 
obse rved  one for the o f f - s t o i c h i o m e t r i c  ingot  but 
does not  for the s t o i c h i o m e t r i c  one. Ca lcu la t ed  
r e su l t s  for o ther  s i tes  do not fit  wi th  the 
s t o i c h i o m e t r i c  one as shown in Fig. 2. U n l i k e  the 
o f f - s t o i c h i o m e t r i c  case,  s t o i c h i o m e t r i c  ingots  
cons i s t  o f  at leas t  two phases .  Fu r the rmore  , Zr 
con ten t  for the s t o i c h i o m e t r i c  ingot  is much h i g h e r  
( - 2 . 4  a t .%) than the o f f - s t o i c h i o m e t r i c  one ( -0 .5  
at .%).  There fo re ,  Zr can not  s imply  subs t i tu t e  one 
of  the Nd2Fe~4B s i tes  and it seems to be d i s t r i bu t ed  
into mu l t i  phase s  (Gao et al,  1 997). 

Fig .4 shows the x-ray pa t t e rns  of  the 
d i s p r o p o r t i o n a t e d  and the r e c o m b i n e d  states  of  the 
o f fo s to i ch iome t r i c  compos i t ion .  The resu l t  con f i rms  

the fo rmat ion  of  N d - h y d r i d e ,  a - F e  and Fe2B in the 
d i sp ropo r t i ona t ed  stage and Nd2Fe,4B in the 
r e c o m b i n e d  one. 
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Figure 3 
C a l c u l a t e d  k2x  (k) r e s u l t s  u s i n g  FEFF o f  the Zr K - e d g e  

for  the  Nd2Fe~4B s t r u c t u r e  w i th  Zr  s u b s t i t u t i n g  one o f  t he  
s ix F e - s i t e s  and two N d - s i t e s .  
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Figure 4 
X- r ay  d i f f r a c t i o n  p a t t e r n s  o f  the (a) a s - c a s t  
( b ) d i s p r o p o r t i o n a t e d  and (d)  r e c o m b i n e d  s ta te  o f  off-  

s t o i c h i o m e t r i c  c o m p o s i t i o n  Ndi6Fe75 5Zr0.sBs. 

Fig.5 shows the resu l t s  of  k2x (k) for the as -cas t ,  
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d i s p r o p o r t i o n a t e d  and r e c o m b i n e d  s ta tes  of  the off-  
s t o i c h i o m e t r i c  a l loy.  The XAFS spec t ra  of  the 
as -cas t  ingot  and d i s p r o p o r t i o n a t e d  s ta tes  are 
s imi l a r  as a whole  excep t  some de ta i l s  but 
somewha t  d i f f e r e n t  f rom the r e c o m b i n e d  one. Based 
on th is  o b s e r v a t i o n  it can be in fe r r ed  tha t  Zr a toms 
occupy  Fe(j2) s i tes  in Nd2FeI4B c rys ta l  for the as- 
cast  s ta te  and 
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F i g u r e  5 

Observed XAFS results of k2g (k) of the Zr K-edge for 
the (a) as-cast (b) disproportionated and (c) recombined 
state of off-stoichiometric Ndl6Fe75 5Zro.sBs. 

r ema in  there  even in the d i s p r o p o r t i o n a t e d  stage 
wi th  keep ing  Nd2Fe~4B s t ruc tu re  unchanged  at the 
local  r eg ion  c o n t a i n i n g  Zr. The Zr subs t i t u t i on  for 
Fe is also sugges ted  by the magne t i c  m e a s u r e m e n t s  
where  i n c o r p o r a t i o n  of  Zr into Nd2Fe~4B resu l t s  in 
r educ t i on  of  l o w - t e m p e r a t u r e  magne t i c  momen t s  
( Jurczuk  & Wal lace ,  1986). It seems s t range  that  
loca l  s t ruc tu re  of  Zr in r e combined  stage is 
qu i te  d i f f e r en t  from the as -cas t  one even though  
both  of  x - ray  d i f f r a c t i o n  resu l t s  show same pa t t e rns  
as tha t  for Nd2Fe~4B s t ruc ture .  For th is  r e combin e d  
s ta te ,  more p rec i se  s t ruc tu re  ana lys i s  us ing  TEM is 
necessary .  

In the Nd2Fe,4B s t ruc tu re  Fe(j2) s i tes  seem to 
have spec i f i c  cha rac t e r s  compared  to o ther  Fe s i tes;  
it connec t s  h e x a g o n a l  nets  c o n s i s t i n g  of  six Fe 
a toms and it is su r rounded  s p h e r i c a l l y  by twe lve  Fe 
nea res t  ne ighbors .  Because  of  s t rong bond ing  na ture  
be tween  Fe and Zr (Boer  & Fe t t i fo r ,  1988), Zr is 
l i ke ly  to sit  in a Fe(j2) s i te  where  al l  nea res t  
ne ighbo r s  are Fe. F u r t h e r m o r e  F e ( j 2 ) s i t e  seems to 
be a key p o s i t i o n  to cons t ruc t  th is  complex  s t ruc ture  
c o n n e c t i n g  h e x a g o n a l  p lanes .  It is very l i ke ly  that  a 
loca l  po r t i on  of  Nd2Fe,4B phase  i nc lud ing  Zr in to  

Fe(j2) s i tes  is s t ab i l i z ed  aga ins t  d i s p r o p o r t i o n a t i o n  
and stays unde c ompose d .  C o n s e q u e n t l y  it acts  as a 
n u c l e a t i o n  si te  o f  g ra in  g rowth  dur ing  
r e c o m b i n a t i o n  and r ecove r s  the o r ig ina l  c rys ta l  
o r i en t a t i on .  

C o n c l u s i o n  

Site occupancy  of  Zr in the off-  s t o i c h i o m e t r i c  and 
s t o i c h i o m e t r i c  NdFeB magne t s  was s tud ied  by 
XAFS. The resu l t s  show tha t  in case of  the 
s t o i c h i o m e t r i c  c o m p o s i t i o n  the p re sence  of  a large  
amount  of  o~-Fe and /o r  o ther  phases  makes  
d i f f i cu l t  to de t e r mi ne  the spec i f i c  s i te  o c c u p a n c y  of  
Zr. The Zr in the o f f - s t o i c h i o m e t r i c  c o m p o s i t i o n  
Nd,6Fe755Zr05B occup ies  an Fe(j2) s i te  in the 
Nd2Fe,4B s t ruc tu re  in the as -cas t  and in the 
d i s p r o p o r t i o n a t e d  s tates .  Because  Fe(j2) s i te  in the 
Nd2Fe,4B s t ruc ture  is s i tua ted  at the pos i t i on  
c o n n e c t i n g  the h e x a g o n a l  nets ,  Zr in Fe(j2) s i te  
s t ab l i zes  the Nd2Fe~4B s t ruc tu re  due to s t rong Fe-Zr  
bonding .  This  he lps  to p r e ve n t  the 
d i s p r o p o r t i o n a t i o n  wi th  ke e p i ng  as the n a n o s c a l e  
o r ig ina l  gra ins  which  la ter  can serve as seeds for 
gra in  growth and leads  to the ma gne t i c  an i so t ropy .  
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to the KEK Pho ton  fac to ry  for p r o v i d i n g  the 
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