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Ab str ac t  

The microstructure of sintered permanent magnets with a composition 
17Nd-76.5Fe-5B--1.5Cu was investigated by optical microscopy, electron probe mi- 
croanalysis and transmission electron microscopy. Using the hydrogen decrepitation 
processing route, maximum magnetic properties of H~ = 950 kA m-1 and (BI-t)~,= 230 
kJ m -3 were obtained after high temperature homogenization and low temperature 
annealing. The main effect of the heat treatment procedure was to change the proportion 
of phases in the four phase microstructure. In addition to q5 and a neodymium-rich phase, 
two new phases were found: an NdlCul-type phase and a phase NdsoFe6~Cus. The latter 
seems to play an important role in obtaining high coercivity. 

1. I n t r o d u c t i o n  

Regard ing  the  p r o d u c t i o n  of  ra re  e m t h - F e - B  magne t s ,  c o p p e r  addi t ions  
were  first  r e p o r t e d  by  S h i m o d a  et  al. [ 1 ] in P r -Fe - -B  m a g n e t s  to  ob ta in  h igh  
coerc iv i ty  in cas t  mater ia l .  Coppe r - con t a in ing  P r - F e - B  al loys  a re  n o w a d a y s  
u sed  fo r  m a g n e t  p r o d u c t i o n  rou t e s  such  as  die upse t t i ng  o f  m e l t - s p u n  ma te r i a l  
fo l lowed by  diffusion al loying [2] and  ho t  rol l ing [3] ( the la t te r  ha s  a lso  
b e e n  e m p l o y e d  fo r  n e o d y m i u m - b a s e d  al loys [4]), which  p r o d u c e s  an i so t rop ic  
m a g n e t s  f r o m  p o w d e r  or  cas t  mater ia l .  Coerc iv i t ies  a b o v e  1000 kA m - 1  
are  ach ieved  us ing  c o m p o s i t i o n s  of  1 3 . 6 P r - 8 0 . 6 F e - 5 . 3 B - 0 . 5 C u ,  
1 5 P r - 7 8 . 5 F e - - 5 B - 1 . 5 C u  and  1 4 N d - 7 9 . 8 F e - 5 . 2 B - - 1 C u .  Thus  c o p p e r  h a s  
p r o v e d  to  b e  a v e r y  p r o m i s i n g  addi t ion  even  t h o u g h  its effect  ha s  no t  ye t  
b e e n  clarified. All ibert  [5l r e p o r t e d  tha t  c o p p e r  addi t ion  in N d - F e - B  s in te red  
m a g n e t s  de t e r io ra t ed  the  m a g n e t i c  p r o p e r t i e s  dras t ical ly  fo r  a m o u n t s  o f  2 
at .% or  m o r e  fo r  a bas ic  c o m p o s i t i o n  1 5 . 1 5 N d - ( 7 9 - x ) F e - - 5 . 8 5 B - x C u  
( 0 _ < x <  4). Lin et  al. [6] o b s e r v e d  a dras t ic  d e t e r i o r a t i o n  of  coerc iv i ty  in 
1 5 N d - 7 7 . 5 F e - 6 B - - 1 . 5 C u  s in te red  al loys c a u s e d  by  the  o c c u r r e n c e  o f  f ree  
iron. Con t r a ry  to  t h e s e  o b s e r v a t i o n s  w e  w e r e  able  to  p r o d u c e  g o o d  qual i ty  
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Nd-Fe -B-Cu  sintered magnets by applying the hydrogen decrepitation (HD) 
route and a particular two-step heat treatment. 

2. Processing 

Magnets were produced from cast ingot of the composition 
17Nd-76.5Fe--5B-1.5Cu supplied by Rare Earth Products Ltd. (UK). The 
as-cast alloy was hydrogen decrepitated at room temperature at a He pressure 
of about 2 × 105 Pa and subsequently roller milled under cyclohexane. The 
green compacts were sintered at 1060 °C for 1 h in vacuum and furnace 
cooled to room temperature. After homogenizing the as-sintered magnet at 
1100 °C for 1 h, it was quenched in liquid argon. Finally it was annealed 
at 600 °C for up to 10 h. 

3. Magnetic properties 

Kianvash and Harris [7] showed that, using the above route, good 
magnetic properties are obtained. Figure 1 shows the Hcj dependence on 
the annealing time at 600 °C for an as-sintered and a homogenized magnet. 
An increase in coercivity of  more than 20% is evident in the latter case. 

4. Microstructure 

The microstructure was studied using optical microscopy, electron probe 
microanalysis (EPMA) and transmission electron microscopy (TEM). 

Figure 2 shows an optical micrograph of an annealed magnet  which is 
not significantly different from that of the as-sintered material. It shows @ 
(Nd2Fe14B) as the major phase (bright), an intergranular phase (slightly 
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Fig. 2. Optical micrograph of a 17Nd-76.5Fe--5B--1.5Cu magnet in the as-sintered condition 
showing ~ (white), Nd30Fe65Cu5 (light grey), neodymium-rich areas (dark grey) and oxide 
(black). 

darker), intergranular neodymium-rich eutectic (dark grey) (not resolved on 
the micrograph) that  seems to be composed of neodymium-rich material and 
another phase. The black roundish areas are oxides. Kianvash and Harris 
[7] report the existence of two copper-containing grain boundary phases 
whereas no copper was found in ¢.  In addition the Nd2Fel~ phase was found 
in very isolated areas of as-sintered magnets and a more uniform grain size 
could be observed in the annealed condition. 

To obtain information about the fine microstructure in the intergranular 
regions, TEM was applied on as-sintered as well as homogenized and annealed 
samples. The main findings of these studies are as follows. 

(1) No Nd2Fel~ could be detected. This might be because of its very 
limited occurrence as reported by Kianvash and Harris [7l. 

(2) 4) proved to be copper free within the detection limit of TEM-energy- 
dispersive X-ray analysis (about 0.5 at.% Cu). 

(3) A small amount of copper was found in the neodymium-rich phase 
where an average composition of 96 .0Nd-3 .0Fe- l .0Cu was measured. As 
known from other magnet compositions, this phase is heavily faulted [8] as 
can be seen in Fig. 3. This image shows phase boundaries between 4) and 
neodymium-rich phase and between neodymium-rich and a copper-rich phase. 

(4) The copper-rich phase appears to be part of a binary eutectic 
composed of the neodymium-rich and this copper-rich phase, shown clearly 
in Fig. 4 where both adopt an alternate lamellar structure. The copper-rich 
composition exhibits quite a variation from area to area but seems to be 
based on an NdlCul compound containing a minor amount of iron. It could 
act as a separator of 4) grains which seemed to be the case in the annealed 
magnets in particular. However, a statistical analysis is impossible owing to 
the restricted observation area in TEM. 
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Fig. 3. Eutectic structure of alternating neodymium-rich (n) and copper-rich (1) phase between 
grains. 

Fig. 4. Grain boundary region between (/), neodymium-rich phase (n, heavily faulted) and 
copper-rich phase (1). 

Fig. 5. Nd~0Fe05Cu5 phase (2) between ¢ grains showing its typical appearance in the non- 
oxidized condition. 

(5)  Finally the last  o f  the  four  phases  de t ec t ed  can o c c u r  as grains as 
well as a m o r e  in te rgranula r  type  of  phase  and has  a compos i t ion  NdsoFe05Cu~. 
It p roved  to have  a fixed compos i t ion  within an accu racy  o f  m u c h  less t han  
1 at.%. 

This phase  has  no t  been  r e p o r t e d  before  bu t  seems  to be crucial  in 
obtaining s in tered  magne t s  with good  magne t ic  p roper t i e s  f rom this type  of  
alloy. Thus  it occu r s  m u c h  more  abundan t ly  in the  homogen ized  and  annea led  
ma gne t  than  in the as-s in tered  case  and the anneal ing  resul ts  in an increase  
in coerc ivi ty  of  abou t  5095 (see  Fig. 1). A TEM mic rog raph  conta in ing  this  
phase  is shown in Fig. 5. The  significance o f  the  banded  mic ros t ruc tu re  of  
this phase  is no t  u n d e r s t o o d  at  this  s tage and this could  be a p r epa ra t i on  
a r te fac t  or  could  be a charac te r i s t ic  of  this  par t icu la r  phase .  Unfor tunate ly ,  
this phase  is p rone  to  oxidat ion  in TEM samples ,  thus  compl ica t ing  its study. 

As m e n t i o n e d  ear l ier  the  p re sen t  resul ts  are  different  f rom those  of  
Allibert  [5] and  Fidler  [9]. One exp lana t ion  m ay  be the different  compos i t ion  
o f  15 .15Nd- (79-x )Fe- -5 .85B- -xCu  (0 < x < 4) em p lo y ed  by  these  resea rchers .  
On the  cont ra ry ,  an indicat ion of  similar resul ts  is given in ref.  3 where  hot-  
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rolled magnets based on the composition 15Pr-76.5Fe-5B-1.5Cu have been 
investigated. These workers found no copper in Pr2Fe14B and two different 
spectra of praseodymium-rich phases which might be related to the new 
phases detected in our measurements.  Recent work [10] in this laboratory 
on P r - F e - B - C u  alloys also indicates the presence of phases similar to those 
obtained in the present work. 

5. C o n c l u s i o n s  

The formation of a previously unreported Nd3oFe05Cu5 phase seems to 
be crucial for the development of coercivity in sintered Nd-Fe-B-Cu-based  
magnets even though we cannot yet give an explanation for this phenomenon. 
Whether it is an NdlFe2-type Laves phase stabilized by copper is not yet 
clear. Further information about the formation and properties of this phase 
in particular as well as the copper-rich eutectic phase are necessary and 
experiments in this regard are already in progress. The results will be 
published elsewhere [ 11 ]. 
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