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R6sumB - Les aimants permanents son t  essent iel lement  des compos4s 
ferromagnetiques e t  uniaxiaux. Certains  aimants son t  Blabores en f r i t t a n t  des  
poudres prealablement o r ien t6es  e t  comprim6es sous champ. La valeur  de 
l ' i n d u c t i o n  remanente Br depend directement du degrd d'alignement des 
c r i s t a l l i t e s  e t  nous prgsentons dans c e t  a r t i c l e  deux mdthodes quant i t a t ives  
d i f f e r e n t e s  pour l e  d8terminer.Ltanalyse aux rayons X permet de comparer l e s  
i n t e n s i t e s  des re f lex ions  de Bragg pour l e s  d i f f e r e n t e s  valeurs  de l ' a n g l e  
e n t r e  une d i rec t ion  [hk l l  e t  l ' a x e  c r i s ta l lographique  pr inc ipa l .  L'analyse 
magnetique permet de comparer l e s  courbes d'aimantation experimentales e t  
c e l l e s  calcul8es,  pour d i f f e r e n t e s  d i s t r i b u t i o n s  s t a t i s t i q u e s  des o r i e n t a t i o n s  
des g ra ins .  Les deux methodes ont 6 t6  appliquees & des aimants Nd-Fe-B e t  
SmCo5. E l l e s  reve len t  que l a  desorientat ion des p a r t i c u l e s  dans ces  systSmes 
conduit b une reduct ion d'environ 10 % de l ' induc t ion  remanente. 

Abstract - Permanent magnet compounds a re  bas ica l ly  ferromagnets with uniaxial  
anisotropy.  In  d i f f e r e n t  cases ,  the magnets a r e  elaborated by s i n t e r i n g  of 
powders previously or ien ted  and compressed under f i e l d .  The value of t h e  
remanent induction Br is d i r e c t l y  dependent on the  degree of c r y s t a l l i t e s  
alignment, and we present i n  t h i s  paper two d i f f e r e n t  quant i t a t ive  methods t o  
determine it. X-ray ana lys i s  involves the  comparison of the  i n t e n s i t i e s  of 
Bragg r e f l e c t i o n s ,  f o r  d i f f e r e n t  values of the angle of a  d i rec t ion  [hkl] with 
respec t  t o  the unique c rys ta l lographic  a x i s  of the  compound. Magnetic ana lys i s  
involves the  comparison between experimental magnetization curves and 
ca lcu la ted  ones f o r  d i f f e r e n t  s t a t i s t i c a l  d i s t r i b u t i o n s  of c r y s t a l l i t e s  
o r i e n t a t i o n s .  Both methods were applied t o  NdFeB and SmCo5 magnets. They 
reveal  t h a t  the misorientat ion of p a r t i c l e s  i n  these systems leads t o  a  
reduct ion of the  remanent induction by about 10 8 .  

I - INTRODUCTION 

Permanent magnet compounds a re  bas ica l ly  ferromagnets with uniaxial  anisotropy. The 
coerc iv i ty  of the magnets, c lose ly  r e l a t e d  t o  t h i s  anisotropy,  develops i n  mate r ia l s  
which a r e  inhomogeneous a t  a  microscopic sca le .  Such a  property is i n  p a r t i c u l a r  
obtained i n  f e r r i t e s  and r a r e  ea r th - t rans i t ion  metal magnets, by s i n t e r i n g  of powders 
previously or ien ted  and compressed under f i e l d .  The value of the  remanent induction 
Br is d i r e c t l y  dependent on the  degree of c r y s t a l l i t e s  alignment. A quick method t o  
determine an average value of t h e i r  degree of alignment cons i s t s  i n  measuring the 
remanent induction Br of the  magnet with respect  t o  the spontaneous induction of the 
compound / I / .  We present  i n  t h i s  paper a  more quant i t a t ive  ana lys i s  of the  
s t a t i s t i c a l  d i s t r i b u t i o n  of g ra ins  o r i e n t a t i o n ,  which was obtained by X-ray a n a l y s i s  
and magnetostatic measurements, on NdFeB and SmCo5 magnets. 

I1 - X-RAY DETERMINATION OF THE DEGREE OF G R A I N  ALIGNMENT 

For a  r e f l e c t i o n  Qkl ,  Bragg s c a t t e r i n g  occurs i f  the d i rec t ion  [hkl] is along t h e  
s c a t t e r i n g  vector  K ,  defined a s  the  b i s s e c t r i c e  of the  angle between the  d i rec t ion  of 
the incident  beam and t h a t  of the sca t te red  beam. I n  a  po lycrys ta l l ine  sample, i n  
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Fig. 1  - X-ray diffractogram of a  Nd-Fe-B magnet obtained with the  Co rad ia t ion  
( A C o  = 1.7903 A ) .  

which c r y s t a l l i t e s  o r ien ta t iqns  a r e  per fec t ly  a t  random, t h e  probabi l i ty  f o r  any 
d i r e c t i o n  [hkl l  t o  be along K is constant .  In  the  case of a  s ing le  c r y s t a l 4  it is 
necessary t o  a d j u s t  t h e  c r y s t a l  o r i e n t a t i o n  i n  order  t o  a l i g n  [hkl] along K. 
Permanent magnets elaborated by s i n t e r i n g  of powders, can be,considered a s  an 
assembly of s ing le  c r y s t a l s ,  f o r  which t h e  c rys ta l lographic  c-axes, i . e .  the  
d i rec t ions  [0011 of the rec iproca l  space, a r e  d i s t r i b u t e d  w%thin a  c e r t a i n  s o l i d  
angle. I f  t h e  a x i s  of t h e  s o l i d  angle,  z ,  is al igned along K,+the probabi l i ty  p(w ) 

f o r  c rys ta l lographic  c-axes t o  be along a // 
given d i r e c t i o n  a t  an angle w~ with respec t  
t o  z is simply equal t o  the p robabi l i ty  f o r  
a  d i r e c t i o n  Lhkl] a t  an+angle whkl = w / / ,  
from C O O 1 1  t o  be along K .  Thus the  compa- 
r i s o n  of the i n t e n s i t y  of a  r e f l e c t i o n  
[hkl],  ~ ~ ~ g ~ ~ ~ ,  t o  t h a t  observed i n  a  
p o l y c r y s ~ ! $ ~ l i n e  sample, 01y, is a  measu- 
rement of the proportionI!~~crystallites 
along any d i r e c t i o n  a t  w// from z. 

We used t h i s  method t o  determine the degree 
of g ra in  alignment i n  Nd-Fe-B and SmCog 
magnets. X-ray diffractograms were recorded 
on s l i c e s  of Nd-Fe-B permanent magnets, cu t  
a t  d i f f e r e n t  thicknesses  perpendicular ly t o  
z .  The r e s u l t s  obtained show t h a t  the  degree 
of g ra in  alignment is a  constant  over the 
volume of t h e  magnet, except on a  very t h i n  
sk in  of about 0.1 mm a t  the surface.  Typical 
X-ray p a t t e r n  is  presented i n  f igure  1 .  
Comparison t o  the i n t e n s i t i e s  measured on a  
non-oriented powder /2,3/ l eads  t o  the 
determination of Ima net/lpoly which is 

hkB hkl 
C 

plo t ted  a s  a  funct ion of whkl in figure 2. 
V 
c A s  shown i n  f i g u r e  3, the decrease of 

Fig. 2 - ~magnet /~PolY a s  funct ion of Ib,fnet/ipoly hkl hkl 
the angle whkl between d i rec t ions  Lhkll hkl 

and C0011. 

"the sample Of SmCog was kindly provided t o  us  by "Aimants UGIMAG S.A." 



with w is approximately a  
gaussian exp(-w2 /202) with a 

// 
= 18.7". This  would mean t h a t  
99 % of c r y s t a l l i t e s  make an 
angle smaller  tQan 55O with 
respec t  t o  the  z-axis of the 
magnet. However, the 
observation of weak 
r e f l e c t i o n s  with w// > 45O 
revea ls  a n  addi t iona l  small 
contr ibut ion of another 
gaussian with a' = 36O, 
corresponding t o  a  much 
broader d i s t r i b u t i o n  of 
c r y s t a l l i t e s  o r i e n t a t i o n  
(Figure 3 ) .  The proportion of 

O0 such c r y s t a l l i t e s  is 
approximately 15 $ of t h e  
t o t a l  number of c r y s t a l l i t e s .  
This property can be 
understood by considering 

0 4000 8000 t h a t  a  proportion of 
c r y s t a l l i t e s  obtained a f t e r  

Fig. 3  - togk1 dependence of the  logarithm of grinding of the  bulk ingots  
normalized Bragg r e f l e c t i o n s  i n  Nd-Fe-B and a re  not s ing le  c r y s t a l s .  Such 
SmCo5 magnets. c r y s t a l l i t e s  a r e  not 

e f f i c i e n t l y  or iented i n  the 
f i e l d  appl ied during the 
compression. 

The same a n a l y s i s  was performed f o r  a  SmCo5 magnet. The r e s u l t s  a r e  presented i n  
f i g u r e s  2 and 3. Very s imi la r  r e s u l t s  a r e  obtained. The main gaussian describing the 
s t a t i s t i c a l  d i s t r i b u t i o n  of g ra ins  o r i e n t a t i o n  is determined by a = 14". The 
accuracy of the r e s u l t s  is not s u f f i c i e n t  t o  revea l  a  possible  add i t iona l  contribu- 
t i o n  from another gaussian describing a  broader d i s t r i b u t i o n  of g r a i n s  o r ien ta t ion .  
Such a  con t r ibu t ion  is i n  any case much weaker than i n  NdFeB, and suggests therefore 
t h a t ,  i n  SmCo5 magnets, almost a l l  g ra ins  can be considered a s  s ing le  c r y s t a l s .  

I11 - MAGNETIC DETERMINATION OF THE DEGREE OF GRAINS ALIGNMENT 

The f i e l d  dependence of the  magnetization of an un iax ia l  s ing le -c rys ta l l ine  compound 
has been za lcu la ted  by N6el e t  a1 /4 /  f o r  any angle between the applied f i e l d  and 
the easy c-axis. The f i r s t  magnetization curve can be divided i n t o  two p a r t s  
assoc ia ted  with d i f f e r e n t  physical  processes. I n  low f i e l d s ,  the c r y s t a l  is 
decomposed i n t o  severa l  domains, and the  magnetization measured along the f i e l d  H is 

2 2 
m(4, H )  = H x ~ ~ C c o s  4/HD + s i n  $/(HD + HA)] ( 1  1 
where MS is the spontaneous magnetization, HD t h e  demagnetizing f i e l d  f o r  sa tura ted  
magnetization and HA t h e  anisotropy f i e l d .  The magnetization follows t h i s  law u n t i l  
a  threshold f i e l d ,  Hs($), f o r  which the  c r y s t a l  becomes s ing le  domain. Above As,  t h e  
angle 0 between the magnetization and t h e  easy a x i s  is given by : 

and the magnetization measured along the f i e l d  is : 

The ca lcu la ted  r e c o i l  magnetization curve, assuming t h a t  t h e  coerc iv i ty  impedes t h e  
nucleat ion of reverse domains, corresponds t o  the second process alone. 

A s  described i n  the previous sec t ion ,  the  permanent magnets considered here a r e  
formed of independent c r y s t a l l i t e s  whose easy axes a r e  d i s t r i b u t e d  about a  preferred 
d i rec t ion  z .  When the f i e l d  is appl ied along z ,  c r y s t a l l i t e s  which make the  same 
angle w / /  with respect  t o  z ,  i . e .  with respect  t o  the  f i e l d ,  exh ib i t  i d e n t i c a l  
magnetization law. The number of C r y s t a l l i t e S  between w// and w / / +  is obtained 
by in tegra t ing  over a around t h e  z-axis : 
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where p(wN) is t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  c r y s t a l l i t e s .  When t h e  f i e l d  is 
a p p l i e d  pe rpend icu la r  t o  z ,  t h e  c r y s t a l l i t e s  behaving i d e n t i c a l l y  make t h e  same 
ang le  w w i t h  r e s p e c t  t o  t h e  f i e l d .  The number o f  c r y s t a l l i t e s  between w and 

+ d d i s  : 211 I 
I 

I 

wi th  w// depending on a through : 

cos  wl = s i n  w// x c o s  a ( 6 )  

I n  Both c a s e s ,  t h e  c a l c u l a t e d  magne t i za t ion  of t h e  magnet is t h e r e f o r e  : 
r r / 2  

where m ( w ,  H) is deduced from r e l a t i o n s  ( 1 )  t o  ( 3 )  w i th  $I = w// o r  Y depending 
whether t h e  f i e l d  is a long  o r  pe rpend icu la r  t o  H. 

Subsequent ly ,  t h i s  method was used t o  deduce t h e  degree  o f  g r a i n s  o r i e n t a t i o n  from 
magnet ic  measurements. The f i e l d  dependence o f  t h e  magnet iza t ion  f o r  a Nd-Fe-B 
magnet, under f i e l d s  a p p l i e d  r e s p e c t i v e l y  a long  z and pe rpend icu la r  t o  z ,  a r e  
p re sen ted  i n  f i g u r e  4 .  S a t i s f a c t o r y  agreement between c a l c u l a t e d  f i r s t  magnet iza t ion  
c u r v e s  and expe r imen ta l  r e s u l t s  can  be  ob ta ined  i f  c o n s i d e r i n g  a unique g a u s s i a n  
d i s t r i b u t i o n  f o r  p(w//). However a b e t t e r  f i t  is ob ta ined  wi th  t h e  s u p e r p o s i t i o n  o f  

M (uem / g )  

150 - Nd-Fe-B magnet 

100- . 

T=300 K 

SmCog magnet 
T=300 K 

Fig.  4 - Experimental  (---I and F ig .  5 - Experimental  (-•=) and c a l c u l a t e d  
c a l c u l a t e d  (-) magne t i za t ion  c u r v e s  (-) magne t i za t ion  c u r v e s  o f  a SmCo5 
o f  a NdFeB magnet. C a l c u l a t i o n  para-  magnet. C a l c u l a t i o n  parameters  : 
mete r s  : M, = 150 e.m.u./g, M, = 98 e.m.u./g, HA = 350 kOe. 
HA = 7 3  k0e. 

two g a u s s i a n s  w i th  a = 1 7 O  and at = 28O, and r e s p e c t i v e  weight 90 % and 10 % (Figure  
4). The d i f f e r e n c e s  between expe r imen ta l  and c a l c u l a t e d  magne t i za t ion  c u r v e s  i n  
i n t e r m e d i a t e  f i e l d s  can  be  a t t r i b u t e d  t o  t h e  inhomogenei t ies  o f  t h e  demagnetizing 
f i e l d  i n  t h e  c u b i c  specimen s t u d i e d ,  a s  v e r i f i e d  by measuring a n  Fe sample of 
i d e n t i c a l  shape .  

A same a n a l y s i s  f o r  SmCog magnet is p resen ted  i n  f i g u r e  5. The c a l c u l a t e d  c u r v e s  
were ob ta ined  f o r  a main (95  %) g a u s s i a n  wi th  a = 1 5 O ,  and a weak a d d i t i o n a l  
c o n t r i b u t i o n  ( 5  %) wi th  a = 30°. 



I V  - CONCLUSION 

C r y s t a l l i t e s  o r i e n t a t i o n  i n  permanent magnets was determined by two d i f f e r e n t  
methods involving X-ray and magnetic ana lys i s  respec t ive ly .  Consistent r e s u l t s  were 
obtained. The reduct ion of t h e  remanent induction B,, due t o  misalignment of t h e  
g ra ins ,  reaches about 10 i n  both Nd-Fe-B and SmCo5 magnets. Comparing both 
methods, X-ray ana lys i s  is more quant i t a t ive ,  but not a s  easy t o  r e a l i z e  a s  magnetic 
ana lys i s .  I t  is worth r e c a l l i n g  t h a t  the  usual way t o  determine gra ins  o r i e n t a t i o n  
involves a  d i r e c t  measurement of B,. The r e s u l t  may be a f fec ted  by a possible  
decrease of the induction r e s u l t i n g  from domain nucleat ion i n  g ra ins  of small 
coerc iv i ty .  The measurement of the  f i r s t  magnetization curve considered i n  t h i s  
s tudy,  is obviously not a f fec ted  by such a  phenomenon. F ina l ly ,  a  s t r a i g h t  
genera l iza t ion  of t h i s  method would permit a  more quant i t a t ive  ana lys i s  of magnetic 
p roper t i es  i n  uniaxial  systems where s i n g l e  c r y s t a l s  a r e  not ava i lab le  /3,5/.  
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