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P U L S E D  M A G N E T I C  F IE LD 

A s t rong  pulsed  magnet ic  field may  be used d i r e c t l y  for  p r e s s i n g  me ta l l i c  and non-me ta l l i c  powders .  
P r e s s u r e  working ut i l iz ing the ene rgy  of a s t rong  pulsed  magnet ic  field belongs to the ca tegory  of high- 
r a t e  p r o c e s s e s ,  which includes the detonation of high explos ives ,  explosion of wi res  in a so l id  d i e l ec t r i c ,  
d i scha rge  of an e l e c t r i c  c u r r e n t  in a l iquid,  etc .  High- ra te  methods of powder compact ion have ce r t a in  
advantages over  s t a t i c  techniques .  The p r inc ipa l  c h a r a c t e r i s t i c  of these p r o c e s s e s  is that high p r e s s u r e s  
a re  applied to a given a r ea  for an e x t r e m e l y  sho r t  pe r iod  of t ime (giving r a t e s  20,000-30,000 t imes  h igher  
than those obtained on o r d i n a r y  p r e s s e s ) .  

A pulsed magnet ic  field is gene ra t ed  with a pulsed cu r r en t  s ou r c e .  Usually,  such a source  is p r o -  
vided by a condense r  ba t t e ry  of low se l f - induc tance .  During the d i scha rge  of the b a t t e r y  on to an induc-  
tive load (inductor),  a pulsed magnet ic  flux of high concent ra t ion  is gene ra t ed  in the l a t t e r .  This magnet ic  
flux induces eddy cu r r en t s  within the m a t e r i a l  to be p r e s s e d .  As a r e s u l t  of in te rac t ion  between the m a g -  
netic f ields of the inductor  and of the induced eddy cu r r en t s ,  p r e s s u r e s  a re  genera ted  which may  exceed 
40,000 k g / c m  2. The m a t e r i a l  to be dens i f ied  need not be magnet ic  or e l e c t r i c a l l y  conducting, because ,  as 
will  be shown below, to improve  p r e s s i n g  only a sheath  f rom a conducting m a t e r i a l  is used.  

Expe r imen ta l  work  conducted both in the USSR and abroad  e s t ab l i shed  that  the new technique has con-  
s i d e r a b l e  advantages:  It is f lexible ,  the ins ta l l a t ion  r e q u i r e d  is sma l l ,  the p r o c e s s  lends i t se l f  to au toma-  
tion, t r e a tmen t  may  be c a r r i e d  out in a vacuum or  a neutra l  a tmosphere ,  etc.  

P o w d e r  C o m p a c t i o n  u n d e r  a M a g n e t i c  H a m m e r  
The magnet ic  h a m m e r  is the name given to a device in which a pulsed magnet ic  f ield of a plane in-  

ductor  gene ra t e s  e l e c t r o m e c h a n i c a l  fo rces  in a conducting m a t e r i a l  which t r a n s m i t s  these forces  to the 
m a t e r i a l  being p r e s s e d .  The a r r a n g e m e n t  and c i r cu i t  of the magnet ic  h a m m e r  a re  i l l u s t r a t e d  d i a g r a m -  
m a t i c a l l y  in Fig.  1. An actuat ing pulse f rom a cont ro l  button (not shown in the figure) is t r a n s m i t t e d  to 
the d i s c h a r g e r  1 of a m a g n e t i c - p u l s e  s y s t e m .  The d i s c h a r g e r  actuates  and connects the plane inductor  2 
of the h a m m e r  to the charged  condense r  ba t t e r y  3. The d i scharge  cu r r en t  flowing in the " b a t t e r y - i n d u c -  
tor"  c i r cu i t  has a damped s inuso ida l  c h a r a c t e r .  The magnet ic  induction field B has the same  c h a r a c t e r .  
This field pene t r a t e s  through the e l e c t r i c a l l y  conducting su r face  of the moving plate  4 and gene ra t e s  in it 
e l e c t r o m e c h a n i c a l  fo rces  f .  The p r e s s u r e  pulse  of the magnet ic  f ield,  which is d i s t r ibu ted  over  the plate 
sur face ,  is t r a n s m i t t e d  through the punches 5 to the powder  6 being p r e s s e d  in the die 7. 

Fo r  the p r e s s i n g  of powders  under  a magnet ic  ha m m e r ,  of cons ide rab le  i n t e r e s t  is the magnitude of 
the energy  developed by it, as well  as the r a t e  of t r ave l  of i ts moving pa r t .  The equivalent  inductance L i 
of the inductor  can be app rox ima te ly  de te rmined ,  taking into account the conducting su r f ace  of the moving 
pla te ,  f rom the formula  [1]: 

* 2 61 L i = :r~oa 1 w - ~ ,  (1) 

where tt0 = 4~ �9 10 -7 H / m  is the magnet ic  constant ,  w is the number  of inductor  turns ,  and 61 and 62 are  
the inductor  s p i r a l  pi tch and turn width, r e s p e c t i v e l y .  

As the magnet ic  field in the pla te  is comple te ly  damped,  an analogy may  be drawn between the e l e c -  
t romagne t i c  fo rces  acting on the e l e c t r i c a l l y  conducting su r face  of the moving plate  and a gas exer t ing  a 
p r e s s u r e  Pm on this shee t .  To de te rmine  the force F acting on the p la te ,  it suff ices  to in tegra te  the m a g -  
netic  p r e s s u r e  Pm over  the su r face  a r ea  S of the plate  on which the p r e s s u r e  is d i s t r ibu ted ,  i .e . ,  
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1 = I 2 ~ b/O 7 

� 9  

Fig .  1. D i a g r a m  of m a g n e t i c  h a m -  
m e r .  D e s c r i p t i o n  in t ex t .  

F = ~ I Pmds. (2) 
$ 

The  l aw of m a g n e t i c  p r e s s u r e  d i s t r i b u t i o n  u n d e r  an i n d u c -  
t o r  on a c u r r e n t - c o n d u c t i n g  s u r f a c e  has  a c o m p l e x  c h a r a c t e r .  It 
depends  on the d e s i g n  of the i nduc to r ,  i t s  t u r n s ,  i n s u l a t i n g  g a p s ,  
the  p r o x i m i t y  e f fec t ,  e t c . ;  in the c a s e  of a m u l t i t u r n  i n d u c t o r  wi th  
a r e l a t i v e l y  u n i f o r m  f i e ld ,  h o w e v e r ,  i t  m a y  he t aken  that ,  to a f i r s t  
a p p r o x i m a t i o n :  

F = pMS, (3) 

w h e r e  S is the  s u r f a c e  a r e a  o c c u p i e d  by  the i n d u c t o r  t u r n s .  The 
m a g n e t i c  p r e s s u r e  is  

~o H~ 
Pm= 2 ' (4) 

w h e r e  H is the  i n t e n s i t y  of m a g n e t i c  f i e ld  in the  gap  b e t w e e n  the i n -  
d u c t o r  and the c u r r e n t - c o n d u c t i n g  p l a t e  u n d e r  the  m i d d l e  i n d u c t o r  
t u r n s .  

C o n s i d e r i n g  tha t  the i n t e n s i t y  of m a g n e t i c  f i e ld  u n d e r  each  
s p i r a l  t u rn  is equa l  to the m e a n  c u r r e n t  d e n s i t y  and that  the  c u r -  
r e n t  is  s i n u s o i d a l l y  damped ,  we have :  

2t 
~oS 12 e--7" sin2~ot, (5) Y = - - ~  m 

w h e r e  ~- = 2 L / R  is the c i r c u i t  t i m e  c o n s t a n t ,  I m the m a x i m u m  
c u r r e n t  i n t e n s i t y  ( f i r s t  amp l i t ude ) ,  5 t the i n d u c t o r  s p i r a l  p i t ch ,  
co the  a n g u l a r  f r e q u e n c y  of c u r r e n t  o s c i l l a t i o n s ,  and L and R the 
to ta l  c i r c u i t  i nduc tance  and ac t ive  r e s i s t a n c e ,  r e s p e c t i v e l y .  

F ig .  2. P h o t o g r a p h  of  400 - ton  l a -  
E a r l i e r  e x p e r i m e n t a l  w o r k  [2] d e m o n s t r a t e d  tha t  the m o t i o n  

b o r a t o r y  m a g n e t i c  h a m m e r .  
of a p a r t  u n d e r  the ac t ion  of  a p u l s e d  m a g n e t i c  f i e ld  does  not b e -  
g in  at  once ,  but  s o m e  t i m e  a f t e r  the beg inn ing  of the d i s c h a r g e .  F o r  

m a s s i v e  p a r t s ,  this  u s u a l l y  o c c u r s  a f t e r  the  f i r s t  c u r r e n t  m a x i m u m .  It is c o n j e c t u r e d  tha t  an e n e r g y  b u i l d -  
up t a k e s  p l a c e  d u r i n g  this  t i m e .  As a r e s u l t  of a f o r c e  p u l s e ,  the v e l o c i t i e s  of  a l l  po in t s  in the sk in  l a y e r  
of the  p a r t  u n d e r g o  f in i te  c h a n g e s .  Hence ,  d u r i n g  an i n f i n i t e l y  s h o r t  t i m e ,  the d i s p l a c e m e n t s  of t h e s e  po in t s  
m u s t  be i n f i n i t e l y  s m a l l .  It m a y  be  a s s u m e d  tha t  such  po in t s  r e m a i n  s t a t i o n a r y ,  whi le  t h e i r  v e l o c i t i e s  a r e  
s u b j e c t  te s t e p w i s e ,  f in i t e  c h a n g e s ,  so  tha t  the po in t s  e x p e r i e n c e  i m p a c t .  

App ly ing  the  p u l s e  t h e o r y  to ou r  c a s e ,  we obta in :  

; f = .  Fdt, (6) 
0 

w h e r e  N is the  f o r c e  p u l s e  and F is the v e c t o r  of the  r e s u l t a n t  f o r c e s .  Then,  a l lowing  fo r  Eq .  (5), we have :  

2t ~oSLI2 m 
~~ ln~ "e T .sin~(ot.dt = _ _  (7) = 

0 

The m a x i m u m  value  of  d i s c h a r g e  c u r r e n t  is  

.EC , 
I'/L, + Lpar (8) 
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where E c is the ene rgy  s t o r e d  up in the condense r s :  

E c =  2 ' (9) 

U 0 is the charge  vol tage,  C is the total  capac i tance  of the ba t t e ry ,  Lpa r = L c + L d + L l is the p a r a s i t i c  in-  
ductance of the c i r cu i t ,  equal to the sum of the inductances of the conaense r s ,  d i s c h a r g e r ,  and l eads .  

The ini t ia l  ve loc i ty  of the moving pa r t  of the magnet ic  h a m m e r  can be de t e rmined  f rom the r e l a -  

t ionship:  

N 
vo = --, (10) 

m 

where m is the m a s s  of the moving pa r t  of the magnet ic  h a m m e r .  

The kinet ic  energy  developed by the magnet ic  h a m m e r  is 

�9 rn~)2 

E k ' =  2 " (11) 

The ef f ic iency of the h a m m e r  is:  

E r n  ~t = --~-" 100%. (12) 

F rom Eq. (10), it can be seen  that the highest  ra te  of t r ave l  of the moving plate  and, consequently,  
the maximum energy  of p r e s s i n g  will  be a t ta ined at the l e a s t  plate  weight.  The re fo re ,  in the p r e s s i n g  of 
powders ,  use may  be made of devices  in which the pa r t  of the punch is p layed by an e l e c t r i c a l l y  conduct-  
ing foil intended for a s ingle  appl icat ion.  The d i s t r ibu t ion  of mechan ica l  fo rces  on the foil may be p r e -  
de t e rmined  by choosing an app rop r i a t e  magne t i c - f i e ld  configurat ion.  

Tes t s  were  conducted on an expe r imen ta l  model  of the a b o v e - d e s c r i b e d  device with a s i x - t u r n s p i r a l  
induc to r  and a 2-kg moving p la te .  The o v e r - a l l  d imensions  of the model  were  300 • 300 x 300 ram. Using 
this model ,  tungs ten-powder  compacts  with a volume of more  than 2 em 3 and an average  densi ty  of more  
than 14 g / c m  3 be fo re  s in t e r ing  were  obtained by d i scharg ing  a condense r  b a t t e r y  with an energy of 20 kJ 
and a vol tage of 4.5 kV. Calcu la t ions  with the aid of Eqs.  (1)-{12) showed that, at  41 = 2 x 10 -3 m,52 = 5 x 
10 x 10 -8 m, 61 = 20x 10-3m, L = 530 x 10 -9 H, a n d I  m = 250 x l0  s A, the in i t ia l  ve loc i ty  of the moving pla te  
was 32.5 m / s e e  and the ef f ic iency was was 6.3%. F i g u r e  2 shows a photograph of a l a b o r a t o r y  magnet ic  
hammer ,  300 x 300 x 300 m m  in s ize ,  developing a force  of m o r e  than 400 tons.  The in i t i a l  ve loc i ty  of i t s  
2.5-kg moving pla te  is  36 m / s e c .  

By using a magnet ic  h a m m e r ,  it is poss ib l e  to sub jec t  the volume to be p r e s s e d  to p redens i f i ca t ion  
in the s ame  equipment  and with the same  source  of e l e c t r i c  energy.  Fo r  the p redens i f i ca t ion  of powder,  
s e r i e s  of cha rges  and d i s cha rges  of the condenser  ba t t e ry  a re  p e r f o r m e d  au tomat ica l ly  at low voltage.  In 
this  case ,  the moving plate  r epea t ed ly  s t r i k e s  the punch with a s m a l l  force ,  consol idat ing  the powder 
in a c losed  volume and deae ra t ing  it.  When the r equ i r ed  in i t ia l  dens i ty  has been reached ,  the ba t t e r y  is 
swi tched over  for  a s ingle  charge  to the max imum voltage and d i scha rge  on the s ame  inductor .  In this way, 

the final powder  dens i f ica t ion  is achieved.  

Using the energy  of a pulsed  magne t ic  field,  it is poss ib l e  to p e r f o r m  double-ended p r e s s i n g  on pow- 
d e r s .  Other condit ions being equal,  double-ended  p r e s s i n g  is the mos t  advantageous and economica l .  A 
d i ag ram of such a device is i l l u s t r a t e d  in Fig .  3. When the d i s c h a r g e r  2 is actuated,  the cu r r en t  f rom the 
condenser  b a t t e r y  1 flows in the opposi te  d i rec t ions  in two p a i r s  of moving and s t a t i o n a r y  fiat  b u s b a r s .  The 
moving busba r s  3 a r e  r epe l l ed  f rom the s t a t i ona r y  busba r s  4 and dr ive  the punches 5 agains t  each other ,  
t he reby  c o m p r e s s i n g  the powder  in the compact ion  volume 6 (split  die).  The total  force  exe r t ed  on one 
moving busba r  can be de t e rmined  f rom the exp re s s ion :  
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where I m is the first amplitude of the discharge current, obtained from Eq. (8), A is the distance between 
the busbars, and L is the equivalent inductance of one pair of busbars. According to Kalantarov and Tseit- 
lin [3], L can be determined from the formula: 

2 b) (14) 

Here, l and d are the busbar  length and width, respect ively ,  and b is the cur ren t -pene t ra t ion  depth: 

b = V --2, ( 1 5 )  
o)Tpo 

is the e lec t r ica l  conductivity of the busbars .  Finally, we get: 

F ~ /m2P0 l 
2d 

(16) 

The initial velocity of the moving busbar  and the kinetic energy are calculated from Eqs. (10) and (11). 

P r e s s i n g  o f  T h i n - W a l l e d  T u b e s  f r o m  P o w d e r s  
One of the chief advantages of this technique is that it enables thin-walled tubes to be p ressed  from 

powders.  The press ing  of tubes can be pe r fo rmed  in dies or on mandre ls .  The punch in ei ther  case is 
provided by a thin-walled e lec t r ica l ly  conducting tube which is used only once. Figure 4 shows a simple 
experimental  device for  press ing  tubes f rom powder with a split die. The inductor is a multi turn cyl in-  
dr ical  coil which is placed within the punch tube. The magnitude of the p r e s s u r e  acting on the punch tube 
can be calculated f rom Eq. (4), the maximum intensity of magnetic field in the gap between the inductor 
and the tube being: 

lmLi 
Hm= -tow S , (17) 

where L i is the inductance of the inductor- tube-punch sys tem.  It has been found [4] that 

L i - -  P~ 2 ~ R ~  bt'] (18) 

Here, R 0 is the inner tube radius,  w and l are the number of turns and the inductor length, respect ively ,  
A is the gap between the inductor and the tube, and b is the cur ren t -penet ra t ion  depth, determined f rom 
Eq. (15). 

It  shouldbe noted that the p re s su re  acting on the punch tube is not t ransmit ted direct ly  to the pow • 
der, because the accelera t ion time of the tube is usually, as shown by experiment,  about one half-per iod 
and is incommensura te ly  small  compared  with the tube deformation time. Therefore ,  this is real ly  a case 
of impact of an acce lera ted  punch, provided by a tube, against powder. It is understandable that the in- 
tensity of this p rocess  will be charac te r ized  not by the p res su re  acting on the tube during the l a t t e r ' s  ac-  
celeration,  but by the accumulated kinetic energy per  unit volume of the tube mater ia l :  

e = - -  ( 1 9 )  
m 2 ' 

wherep  is the density of the tube mater ia l  and v is the tube velocity. 

Considering that the path of t ravel  of the punch tube is a function of t ime alone and that the magnetic 
field in the gap is uniform, the rate of t ravel  of the punch-tube wall can be determined from a p r e s s u r e -  
equilibrium equation [5], which, to a f i rs t  approximation, may be expressed as: 

~'t~ 6 d2A 5 
2 = ~  ~ - - ~ o  (~t, (20) 

where o- t is the hoop s t r e s s  generated in the tube wall in the c i rcumferent ia l  direction and 6 is the tube- 
wall thickness.  
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Fig. 3. Diagram of device for double- 
ended press ing  of powder. Descr ip -  
tion in text. 

In the press ing  of powders by the energy of a pulsed mag-  
netic field, the intensity of the la t ter  in the gap between the tube 
and the inductor is more  than 100 kA/cm, while the punch tube 
is usually made of a soft mater ia l  (copper, aluminum). As a r e -  
sult, the express ion 6 / R  o �9 cr t is small  enough to be ignored. 
Then the velocity acquired by the tube wall during its displace-  
ment in a radial  direction will be: 

and its path of t ravel :  

dh I~o H~ 
v-----~-= 2Q5 t, (21) 

A1 = ~~ t 2. (22) 

From Eqs. (21) and (22), we can find the maximum velocity at 
the end of the whole deformation path: 

/ 2 3 ~  

TZ 
Fig. 4. Device for p ress ing  thin- 
walled tubes in split die: 1) cyl in-  
drical  inductor; 2) punch tube; 3) 
powder being pressed;  4) split die. 

where H m -- const  is the amplitude value of the intensity of mag-  
netic field. 

It is interesting that when the tube has traveled a distance 
equal to its thickness the kinetic energy of the tube per  unit 
volume of its mater ia l  (allowing for the assumptions made) will 
be: 

U2 , , ~ 2  
m a x  ~ o  - 

2 2 

The efficiency of the device can be determined from the 
expression:  

e J  
~l = - ~ k "  100%, (24) 

where V is the volume of the tube mater ia l .  

Pulsed magnetic fields may also be employed for the production of thin-walled tubes with lengths of 
up to 800 mm or  even more  from powders.  A device in which discharge currents  flow in the opposite di- 
rect ions in two coaxial tubes has been descr ibed [6]. As the inner thin-walled tube is repelled from the 
mass ive  outer tube, it undergoes deformation and p resses  the powder on a mandrel .  

The above-descr ibed powder-compact ion techniques employ, to varying extents, intermediate metal 
components such as punch plates or  tubes. It would be advantageous if a pulsed magnetic field could be ap- 
plied direct ly  to a powder, yielding compacts  with a density close to theoret ical .  The magnetic field can 
also exert  a considerable  influence on the proper t ies  and s t ruc ture  of a p ressed  part .  So far,  it has been 
found impossible to press  loose ly-poured  powders by the direct  action of a pulsed magnetic field. The 
principal difficulty lies in establishing closed paths of induced currents  within the powder volume. The 
problem can par t ia l ly  be solved by using powders of current-conduct ing mater ia ls  which are subjected to 
predensif icat ion by any existing technique (or incipient melting) and then placed in a s t rong pulsed magnetic 
field. This method has been employed for press ing  copper cylinders,  10.7 mm in diameter  and 42 mm 
long, prepared  by the powder meta l lurgy p rocess .  The cylinders were inserted in pairs into a cylindrical  
inductor having 19 turns .  The discharge of a condenser  bat tery  (4 kV, 2700 tt F) on to this inductor in- 
c reased  the density of the cylinders f rom 6.84 to 8.2 g / c m  3. 

Pulsed magnetic fields eanbeut i l ized  for  comminut ingmater ia l s  with a spongy or porous s t ruc ture  to 
ultrafine powders with par t ic les  under 1 tt in size,  as well as for layer ing fiber mater ia ls  [7]. 
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