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Grav i t a t iona l  fo rces  e x e r t  an a p p r e c i a b l e  influence on shr inkage dur ing  the s in t e r ing  of p r e s s e d  c o m -  
pacts  as well  as  of loose powders  [1]. Unlike loca l ly  appl ied  ex te rna l  loads,  they ac t  s imul taneous ly  on a l l  
volume e lements  of a sol id .  Now the act ion of magnet ic  fo rces  on a d i s p e r s e  f e r r om a gne t i c  powder  sys tem 
is s i m i l a r  in c h a r a c t e r  to that  of g rav i ty ,  and in a magnet ic  f ield,  too, the magnitude of the force  ac t ing  on a 
spec imen  v a r i e s  ove r  i ts height.  Unlike that of g rav i t a t iona l  fo rces ,  however ,  the d i rec t ion  of magnet ic  fo rces  
can be va r i ed ,  and a p a r t  f rom this magnet ic  fo rces  can be much l a r g e r  than grav i ta t iona l  fo rces .  In view of 
this ,  i t  is of i n t e r e s t  to study the effect  of a magnet ic  f ield on dens i f ica t ion  and on the format ion  of p r o p e r t i e s  
dur ing  the s in t e r ing  of loose f e r romagne t i c  powders  - d i s p e r s e  s y s t e m s  capable  of being de fo rmed  under  the 
ac t ion of l ight loads.  Such an inves t iga t ion  can be of cons ide rab l e  p r a c t i c a l  impor tance  and at  the same t ime 
provide  a sc ien t i f ic  bas i s  for  a number  of product ion p r o c e s s e s  in which use is  made of the ac t ion of a m a g -  
netic  field on the s in t e r ing  of f e r r o m a g n e t i c  powders .  

In the p r e s e n t  work  a W e i s s - P o g o r e l y i  e l e c t r o m a g n e t  suppl ied with c u r r e n t  f rom two de power  sou rce s  
was employed.  At  a pole shoe d i a m e t e r  of 100 mm and a pole gap of 100 mm the f ield s t rength  a t ta ined  ~ 0.3 T. 
The fine e l e c t ro ly t i c  cobal t  powders  and ca rbony l  n ickel  and i ron powders  chosen for  inves t igat ion were  s i n -  
t e r ed  in the a s - p o u r e d  and tapped condi t ions .  Powder  s amples  were  p laced in a quar tz  tube through which a r -  
gon was passed .  The quar tz  tube was sur rounded  by a n i c k e l - c h r o m i u m  a l loy  heating e l emen t  which enabled 
a t e m p e r a t u r e  of 1473~ to be r eached .  E l e c t r i c a l  and heat  insulat ion was provided  by an a s b e s t o s  sheath and 
a w a t e r - c o o l e d  copper  tube unit (Fig.  1). The whole sys t em was held between the pole shoes of the e l e c t r o -  

magnet .  

Powder  s amp le s  were  s in t e red  in 8- and 1 7 - m m - d i a m e t e r ,  40- and 2 0 - m m - l o n g  capsu les .  During s i n -  
t e r ing  the capsu les  were  a r r a n g e d  p a r a l l e l  to the magnet ic  force  l ines .  The me ta l s  of the powders  s tudied 
have the following Curie points:  cobal t  1404, i ron 1041, and nickel  670~ The s in t e r ing  of the powders  in a 
magnet ic  field was pe r fo rmed  a t  t e m p e r a t u r e s  both below and above the Curie  points .  Fo r  purposes  of c o m -  
pa r i son  spec imens  were  a lso  s in te red ,  under the same condit ions and a t  the same t e m p e r a t u r e s ,  in the absence  
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Fig.  1. D i a g r a m m a t i c  a r r a n g e m e n t  of s e t -  
up for s i n t e r i ng  in magnet ic  field: 1) e l e c -  
t romagne t i c  pole shoe; 2) w a t e r - c o o l e d e o p -  
per  tube unit; 3) a s b e s t o s  lining; 4) e l e c t r i c  
heat ing e lement ;  5) quar tz  tube; 6) t h e r m o -  
couple;  7) conta iner  with powder.  
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TA BLE 1 

Rel. height 
of horizonta 
specimen 
section 

H, T F,N 

T A B L E  2 

Powder 
Sintering 
conditions Magnetic field 

Ppor" 10", 
f2-m 

As-poured 

0,1 0,221 6,5 COel 1393 K; 1800see Absent 240 
0,3 0,206 3,4 The same Present 68 
0,5 0,193 2,25 
0,7 0,183 0,96 Tapped 
0,9 0,175 0,45 

1393 K; 1800 sec Absent 90 
The same Present to 673~ 60 

~ Present 45 
Fecarb 973 K; 1800 sec Absent 125, 

The same Present 72 
Nicarb 1393 K; 1800 see Absent 52 

The same Present to 673~ 46 
~ Present 49 

of  a m a g n e t i c  f i e ld .  To s e n s u r e  tha t  a c o n s o l i d a t i n g  m a g n e t i c  f o r c e  was  g e n e r a t e d ,  d u r i n g  s i n t e r i n g  c u r r e n t  
was  p a s s e d  th rough  the w ind ing  o f  on ly  one  po le  shoe .  

A f t e r  s i n t e r i n g  the s p e c i m e n s  w e r e  s u b j e c t e d  to p o r o s i t y  and vo lume  s h r i n k a g e  d e t e r m i n a t i o n s  i n v o l v -  
ing  h y d r o s t a t i c  we igh ing .  To a s s e s s  the d e g r e e  of  p e r f e c t i o n  of  i n t e r p a r t i c l e  c o n t a c t s ,  wh ich  is  a c r i t e r i o n  
of  q u a l i t y  of  s i n t e r i n g ,  m e a s u r e m e n t s  w e r e  m a d e  o f  the e l e c t r i c a l  r e s i s t i v i t i e s  of  s p e c i m e n s  and ,  u s i n g  the 
m e t h o d  d e s c r i b e d  in [2], of  the r a t e s  of  p r o p a g a t i o n  of  u l t r a s o n i c  v i b r a t i o n s  t h rough  them in a d i r e c t i o n  p a r -  
a l l e l  to the m a g n e t i c  f i e ld  l i n e s .  

The m e a n  m a g n i t u d e  of  the m a g n e t i c  f o r c e s  a c t i n g  on a p o w d e r  s y s t e m  in a m a g n e t i c  f i e ld  was  found by 
d e t e r m i n i n g  the f o r c e  n e c e s s a r y  to pu l l  a c a p s u l e  wi th  the c o b a l t  p o w d e r  in a t apped  cond i t ion  off  a pole  shoe  
a t  r o o m  t e m p e r a t u r e  (a 1 0 - g  p o w d e r  s a m p l e  in a 1 7 - r a m - d i a m e t e r ,  2 0 - m m - h i g h  c a p s u l e  was  used) .  The d i s -  
t ance  f r o m  the s p e c i m e n  to the  m a g n e t i c  po le  was  the s a m e  a s  d u r i n g  the s i n t e r i n g  of  s p e c i m e n s .  The f o r c e  
was  found to be e q u a l  to 6.5 N. A s  the m a g n e t i c  f o r c e s  a c t i n g  in h o r i z o n t a l  s e c t i o n s  of  a s p e c i m e n  w e r e  g r e a t -  
e s t  a t  i t s  b a s e  ( ly ing  n e a r  the s u r f a c e  of  the po le  shoe)  and l e a s t  a t  i t s  u p p e r  f a c e ,  d e t e r m i n a t i o n s  w e r e  m a d e  
of  the m a g n e t i c  f o r c e  g r a d i e n t  o v e r  the s p e c i m e n  he ight .  The m a g n e t i c  f o r c e  d i m i n i s h e d  wi th  i n c r e a s i n g  
he igh t  owing  to d e c r e a s e  in the v o l u m e  o f  the f e r r o m a g n e t i c  (in the s a m e  way the g r a v i t a t i o n a l  f o r c e  d e c r e a s e s  
wi th  i n c r e a s i n g  he igh t  owing  to d e c r e a s e  in the m a s s  of  m a t e r i a l )  and with  i n c r e a s i n g  wid th  of  the gap be tween  
the shoe  and s p e c i m e n  s e c t i o n  u n d e r  c o n s i d e r a t i o n .  

A s  m a g n e t i c  f i e ld  s t r e n g t h  is  an e x p o n e n t i a l  funct ion of  d i s t a n c e ,  t h i s  r e l a t i o n s h i p  can  be e x p r e s s e d  with  
the f o r m u l a  [3] 

=-  ~to~o . c . V . H ~  . e - 2 o r ,  (1) 

w h e r e  ~ is  the  p o n d e r o m o t i v e  f o r c e ;  V0, m a g n e t i c  p e r m e a b i l i t y  of  vacuum;  •0, m a g n e t i c  s u s c e p t i b i l i t y  of  a 
p a r t i c l e ;  V, vo lume  of  the f e r r o m a g n e t i c ;  H0, m a x i m u m  m a g n e t i c  f i e ld  s t r e n g t h ;  r ,  s i z e  of  the gap ,  and c ,  a 
g e o m e t r i c  c o n s t a n t .  

The v a r i a t i o n  o f  the m a g n e t i c  f i e ld  s t r e n g t h  a s  a funct ion o f  d i s t a n c e  f r o m  the po le  s u r f a c e  was  d e t e r -  
m i n e d  by e x p e r i m e n t ,  u s i n g  a t e s l a m e t e r ,  and the v a r i a t i o n  of  the m a g n e t i c  f o r c e  o v e r  the s p e c i m e n  he igh t  
was  c a l c u l a t e d ,  a s s u m i n g  the f o r c e  a t  the  s p e c i m e n  b a s e  to be equa l  to the f o r c e  n e c e s s a r y  to pu l l  off a s p e -  
c i m e n  (6.5 N) (Tab le  1). F r o m  the m a g n e t i c  f o r c e  g r a d i e n t  o b t a i n e d  we f ind tha t  the m e a n  va lue  of  the f o r c e  
a c t i n g  on the s p e c i m e n  was  ~ 2.7 N.  Th i s  f o r c e  c o r r e s p o n d s  to a m e a n  e f f e c t i v e  e x t e r n a l  s p e c i m e n  of  

1.2 �9 104 P a .  

To s tudy  the e f f e c t  o f  a m a g n e t i c  f i e ld  on d e n s i f i c a t i o n  d u r i n g  s i n t e r i n g ,  e x p e r i m e n t s  w e r e  conduc ted  
wi th  the  c o b a l t  p o w d e r  b e c a u s e  o f  i t s  high C u r i e  po in t .  A s a m p l e  o f  the c o b a l t  p o w d e r  in a t apped  cond i t i on  
( s t a r t i n g  p o r o s i t y  70%) in a q u a r t z  c a p s u l e  was  s i n t e r e d  f o r  1800 s e c  in an  a r g o n  a t m o s p h e r e  of  1073~ A t  
th i s  t e m p e r a t u r e  the  r e l a t i v e  s a t u r a t i o n  m a g n e t i z a t i o n  i n t e n s i t y  of  c o b a l t  a m o u n t e d  ~ 80~.  The vo lume  s h r i n k -  
age  of  the c o b a l t  p o w d e r  was  found to be e q u a l  to 13% a f t e r  s i n t e r i n g  in a m a g n e t i c  f i e ld  and  5.5% a f t e r  s i n t e r -  
ing  wi thou t  a m a g n e t i c  f i e ld .  T h e s e  v a l u e s  c o r r e s p o n d  to s p e c i m e n  p o r o s i t i e s  of  65.5% a f t e r  m a g n e t i c  s i n t e r -  
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TABLE 3 

Powder Sintering Magnetic field 
co nd Rio ns 

Co,e/ 1393 K; 1800 sec Absent 
The same Present to 673~ 

~ Present 

Nicarb 1393 K; 1800 sec Absent 
The same Present to 673~ 

~ Present 

USV speed, 
m/see 

1300 
1600 
1900 

3900 
4050 
4000 

Note: The USV speeds have been reduced to the same porosity. 

and 68.2% after  conventional sintering. Thus, the application to a disperse  fer romagnet ic  system of volume 
magnetic forces  substantially surpass ing volume gravitational forces has a marked intensifying effect on 
powder densification during sintering. 

The operat ion of magnetic forces  during s inter ing resul ts  also in changes in the physical  proper t ies  of 
sintered specimens.  Elect r ica l  res is t iv i ty  measurements  were made on cobalt,  nickel, and iron powder spe-  
cimens sintered with and without a magnetic field in 8 -mm-d iame te r ,  40-mm-long quartz capsules (Table 2). 
The e lec t r ica l  res is t iv i ty  of cobalt powder specimens sintered in a magnetic field was only one- th i rd  to one-  
half that recorded  after  o rd inary  sintering.  These resul ts  demonstrate  that s intering in a magnetic field en-  
sures  a much higher degree of perfection of interpart icle  contacts in specimens.  

The reason why the effect of a magnetic field on s inter ing quality is g rea te r  with an a s -poured  than with 
a tapped powder is that a disperse  system in the as -poured  condition experiences  grea te r  deformation under 
the action of a light load. When a magnetic field was present  only up to 6730K, its effect on the e lec t r ica l  r e -  
sist ivity of cobalt  specimens was much less marked.  The same field strongly affected also the quality of s in-  
ter ing of tapped iron powder specimens in experiments  in which the s inter ing tempera ture  did not exceed the 
Curie point. The influence exerted by a magnetic field on the sintering of the nickel powder was vary slight 
because a magnetic field acts  on nickel at t empera ture  below 671*K, i.e.,  t empera tures  at which the p ro -  
cesses  of viscous flow of metal  at low s t r e s ses  are  severe ly  impeded. 

The ra tes  of propagation of ul trasonic vibrations (USVs) through specimens sintered from tapped cobalt  
and nickel powders with and without a magnetic field a re  presented in Table 3. The data of this table bear out 
the resul ts  of e lec t r ica l  res is t iv i ty  measuremen t s ,  and are  evidence that a magnetic field substantially in- 
c r ea ses  the degree of perfection of interpart icle  contacts in the s inter ing of a cobalt powder, but has only a 
slight effect on the sintering of a nickel powder. 

In connection with what has been said above, it is interest ing to note that,  with what appears  to be only 
a small  difference in porosi ty  between cobalt  specimens sintered in a magnetic field and by the orthodox 
method, the difference in physical  proper t ies  between these specimens is very  substantial.  It may be that this 
apparent  d iscrepancy is linked with some of the s inter ing charac te r i s t i cs  of loose powders descr ibed in [4]. 
In par t icular ,  it is shown in that work that in the sintering of an unpressed powder the size of interpar t ic le  
contacts (which controls  the level of physical  propert ies)  is direct ly  determined by the volume densification 
of the powder, and an express ion is proposed relat ing the relat ive linear size of contacts to the change in 
porosi ty  brought about by sintering,  

[ o (2) 

where 0 0 is the s tar t ing porosi ty  and 0 is the poros i ty  af ter  sintering. 

In [4, 5] a formula is given for calculating the e lec t r ica l  res is t iv i ty  of a porous solid with imperfec t  in-  

te rpar t ic le  contacts ,  
00 (3) 

@por= ~ ( 1 - - 0 )  3/2 ' 

where ~ is the relat ive linear size of an interpar t ic le  contact,  Ppor and P0 are  the porosi t ies  of the porous and 
nonporous mate r ia l s ,  respect ively ,  and 0 is the porosi ty.  In the present  work we calculated, using Eq. (3), 
values of Ppor for tapped cobalt  powder specimens sintered in a magnetic field and without it. Relative con-  
tact  d iameters  for substitution in Eq. (3) were determined with Eq. (2). 
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For  spec imens  s in tered  in a magnet ic  field and by the conventional technique values of Ppor of 118 �9 10 -7 
and 210 �9 10 -7 ~ . m, respec t ive ly ,  were  obtained. Thus,  when the poros i ty  of spec imens  s in tered  in a tapped 
condition changes f rom 68.2 to 65.59, thei r  e l ec t r i ca l  r e s i s t iv i ty  can be expected to fal l  by a l m o s t  one-hal f ;  
this was in fact  conf i rmed by e l ec t r i ca l  conductivity m e a s u r e m e n t s  on such spec imens .  These r e su l t s  indi-  
cate that the same  laws ~ v e r n  the s in te r ing  of unpressed  powders in a magnet ic  field and without it. Conse-  
quently, the growth of in te rpar t i c le  contacts  in both cases  is linked d i rec t ly  with the volume densif icat ion of 
porous  ma te r i a l .  

The marked  improvemen t  in physica l  p rope r t i e s  (measured  in the d i rec t ion of action of the magnet ic  
force  lines) induced by magnet ic  s in ter ing  can probably  be a t t r ibuted also to powder in a magnet ic  field being 
a r r anged  an iso t ropica l ly  as a r e su l t  of par t ic le  reor ien ta t ion ,  but this hypothesis  r equ i r e s  fu r ther  invest igation.  

C O N C L U S I O N S  

The action of volume magnet ic  fo rces  marked ly  su rpas s ing  volume gravi ta t ional  fo rces  on a d i spe r se  
f e r romagne t i c  sys t em s t rongly intensif ies  the densif ieat ion of the powder during s inter ing.  The substant ia l  
improvemen t  in physica l  p r o p e r t i e s  exhibited by porous spec imens  a f t e r  magnet ic  s in te r ing  indicates a higher 
degree  of perfect ion of in te rpar t i c le  contacts ,  r esu l t ing  f rom the intensif icat ion of densif icat ion achieved du r -  
ing s in ter ing  in a magnet ic  field, and, poss ib ly ,  an an iso t rop ic  a r r a n g e m e n t  of  powder in a magnet ic  field. 
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