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MAGNETOPLASTICITY OF MAGNETIZABLE MEDIA 

N. D. Slatinskii and I. E. Tarapov UDC 537.84:539.374 

An important problem in modern mechanics is the study of the behavior of continuous media 
in strong electromagnetic fields [I]. Here media with strongly manifested magnetic proper- 
ties are of great interest, because in such media the interaction of the medium with the elec- 
tromagnetic field through the ponderomotive forces and energy flow from the field into the 
material, owing to the magnetization, plays an important role. 

Magnetoplastic flows of magnetizable media are realized in elements of engineering struc- 
tures, operating in magnetic fields, which create pressures close to the yield point of the 
magnetic material [2]. The study of such flows is of interest for powder metallurgy and high- 
pressure metal working [3]. It is expected that the magnetization effect is important in 
materials formed by sintering of ferromagnets with other metals. 

The basic system of equations describing magnetoplasticity, ignoring the effects of mag- 
netization, is derived in [4]. The basic equations of motion of magnetizable media are de- 
rived in [5]. 

We assume that the processes studied in the incompressible and perfectly conducting me- 
dium are quasistationary and that the magnetization is reversible. To describe plastic flows 
of magnetizable media in an electromagnetic field, starting from [4, 5] we obtain a closed 
system of equations in the following form: 

: Vkvk O; (1) 

, pdv~ ~dr = Vhp~h; ~ (2) 

pT ~ "p- 3 \ o r . / o , n  ] P*kv*n § div.(XVT); (3) 
o. '. (4) 

vkB h_ = O; 
cgB/gt = curl [v, B]; (5) 

o* (6) -Pin = ~lv~h; 
I o0*oo*~h k ~. ( 7 )  

~ i h  "z ~ - ~  . _ _  

Here Pik = Pik + pHk is the total stress tensor, and Pg=--glh ~0-~- q-~0 Jlf--P~-~]rj1} ]~ 
O 

HiBk is its magnetic part; p, v, T, and s are the density, velocity, temperature, and entropy 
of the medium, respectively; El and B are the magnetic field intensity and induction; % is the 
coefficient of the thermal conductivity; the asterisk indicates the divisor of the stress 
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k I/2 ; 
tensor of the medium ])~176 _~-gikp~Z; ~]_. ]/~ andvik = (I/2)(Viv k + VkV i) is the tensor 

of the deformation velocities. The magnetization law is given in the general form M = M(p, 
T, H)H/H. In this case, when the magnetization does not depend on the temperature M = M(p, 
H), the equation describing the change in the entropy decouples from the basic system (I)- 
(7) and serves as a means for determining the temperature field after the velocity and mag- 
netic field are determined. 

As an example, we shall study the problem of the magnetoplastic flow of a tube (the inner 
and outer radii of the tube are a and b) in the presence of a frozen-in field under the action 
of the inner and outer pressure. As usual in the theory of plastic flows [6], we shall ne- 
glect the time derivatives and the convective terms in the equation of motion (2). We assume 
that the material is magnetized to saturation (M = m0 = const). From symmetry considerations, 
in a cylindrical system of coordinates (r,~,z) all quantities depend only on r and, in addi- 
tion, p~_ p0rz P~z and v~ = vz='O . To determine the components of the stress tensor, we 
have 

o o , dH r . dIIr dHz ' d BrE ,-B~H~ 
d'-F - -  r -=  ,B, ~ - -  B ~ - T f  / - -  B ~ - E  + ~ B J I ,  + r = 

p~= o p o  ,. P,.,~ 2k, zz = P$ :q:: k'  

The s i g n  in  t h e s e  e q u a t i o n s  i s  c h o s e n  in  a c c o r d a n c e  w i t h  t he  g e o m e t r y  of  t h e  p r o b l e m .  

L e t  t h e  f r o z e n - i n  m a g n e t i c  f i e l d  H0 and t h e  m a g n e t i c  f i e l d  H in  t h e  c a v i t y  of  t he  t u b e ,  
u n d e r  whose a c t i o n  the  p l a s t i c  f l o w  o c c u r s ,  h a v e  t h e  f o r m  tt0(0,~ H~0, Hz0) and tI(0, Hv, Hz0(~)) �9 
Assuming t h a t  t h e  p r e s s u r e  on t h e  o u t e r  s u r f a c e  o f  t h e  t u b e  i s  e q u a l  t o  z e r o ,  we h a v e  t h e  
b o u n d a r y  c o n d i t i o n  Pr~ = 0.  We s e t  t = a / b  and q =H;o(a)/tI~o(a ). Then t h e  m a g n i t u d e  of  t h e  
m a g n e t i c  f i e l d  H~(a) a t  which t h e  p l a s t i c  f l o w  b e g i n s  s a t i s f i e s  t h e  r e l a t i o n :  

~ -  ~ H~o (a) 

( ~+q~P " 1 (8) 

When there  is  no f r o z e n - i n  f i e l d ,  the f l ow  of the tube begins when la, o H ~ ( e ) / 2 = 2 k l n ( b l a ) .  
Since in (8) the express ions  in  parentheses are always p o s i t i v e ,  the f r o z e n - i n  f i e l d  always 
prevents  the f l ow .  A magne t i za t i on  m0 > 0 a m p l i f i e s  t h i s  e f f e c t  of the f i e l d .  

We sha l l  s tudy the f low of a tube under the a c t i o n  of  an e x t e r n a l  magnetic p ressure .  
The boundary condition is Pr~ = O. Let the frozen-in field H0 and the external field H 
have only transverse components, i.e., Ho(O , R~0, O) and ~(0, H~, O) . Setting H~o(b ) = n , we 
obtain for the magnitude of the external field at which the plastic flow begins the equation 

~0H~ (0/2  = 2k In (b/a) -- .f, no (t, n), 
where  

/,no (t, n) = ~ ((i - -  2t 2) n ~ + 2raot (i - -  20 n + 2rn~t (i t))~ 

To determine the frozen-in fields that induce or prevent flow, it is necessary to study 
the sign of fm0(t, n). Graphs of the function fm0(t, n) for different values of the thick- 
ness parameter t are shown by the solid lines in Figs. I and 2, where the following cases are 
presented: 0 < t < I/2, t = I/2, I/2 < t < 2/3 (Fig. ]a-c, respectively); t = 2/3, 2/3 < t < 
I//2- (Figs. 2a and b, respectively); the straight line in Fig. 2c corresponds to t = I//~, 
when f0(I//2-, n) = O, while the parabolic line corresponds to --I/~-< t < I. Figures I and 2 
show for comparison graphs of the function f0(t, n) (broken lines) for a nonmagnetic medium 
with different t. We note the existence of the singular points no = m0(1 -- t)/(2t -- I), 
n I = m0t(2t -- I)/(I -- 2t2), n 2 = 2m0, n3, ~ = m0((2t -- 1)t q: /t(3t -- 2))/(I -- 2t2), n5 = 
m0//2 and values of the function 

/too 0/2, ,o = I. o/2, ,0 + ~0~o'/4 -- ~ (.~ + ~), 

f,.o (t, nO = ~om~t (2 - 3t)12 (i - 2tD, 
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which play an important role in the analysis of the results obtained. We have the following 
cases: for (2/3 < t < I/~,, n3 < n < n~) as well as for (t = I/~,, n > ns) and (I//~F< t < I, 
n > n3) the frozen-in magnetic field prevents plastic flow. 

For (t = 2/3, n = n2), (2/3 < t < I/~-, n = n3 or n = n4), (t = I/~,, n = n5 , and (I/ 
/2-< t < I, n = n3) the frozen-in field does not affect the magnitude of ~llaHg(b)/2 . 

For all the other changes in t and n, the frozen-in field induces plastic flow. 

To complete the analysis, we must add the fact that for (I/2 < t < I, n = no) magnetiza- 
tion does not affect the process, while for (I/2 < t < 2/3, n = nl) the flow-inducing effect 
of the frozen-in field has a minimum, just as in the case when for (2/3 < t < I/~-, n = nl) 
the flow-preventing effect has a maximum. 

We note that the existence of values of n0-ns was discovered only because of the fact 
that the magnetizability of the material was taken into account. 

Let the frozen-in field H 0 and the external field H have the form Ito(O , //~0, O) and If(0, 

//~0 (b)r/b, Hz). Then for the value of the external longitudinal field at which flow begins we 
have 

Hz ~ (b) in  b .  
w h e r e  ~:~ T = 2k a - -  gmo (t, n), 

g=o (t,  n)  = ~% ((1  - -  t 2) n 2 + m J  (1 - -  2t) n + m~t ( i  - -  t ) ) .  

The  c r i t i c a l  v a l u e s  o f  t h e  f i e l d  i n  t h i s  c a s e  a r e  e q u a l  t o  

m o (i - t) mot (2t - 1) 
n ~  2 t - - t  '. n l  2 (~ - t 2) ' 

2 m o ( ( 2 t - - l )  t ~ 
n2 = --g- too' n~,4 = 2 (t - -  t ~) ' 

( ) F~~ 
1 ~o ( 3 n  2 + mo~), g ~  (t, n l )  

We have the following possibilities: 
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for (4/5 < t < I, n3 < n < n4) the frozen-in field prevents flow; 

for (t = 4/5, n = n2) and (4/5 < t < I, n = n3 or n4) the frozen-in field does not affect 
the flow; and 

for other values of t and n the frozen-in field gives rise to plastic flow. 

Replacing in Figs. I and 2a and b fm0(t, n) by gm0(t, n) and 2/3 by 4/5, we obtain the 
qualitative picture of the change in the function gm0(t, n) for all t(u < t < I) and n(n > 0) 
and we can follow the effect of the frozen-in field on the flow just as was done in the pre- 
ceding example. 

The critical values no-n~ were discovered only because of the fact that the magnetizabil- 
ity of the material was taken into account. 

The studies performed show that the magnetic properties of the medium substantially af- 
fect the nature of the plastic flow. Here, depending on the intensity of the applied mag- 
netic field, the magnetization can both induce and prevent plastic flow. For typical ma- 
terials (commercial iron, soft steel, and nickel) the state of saturation, where the law 
M = m0 can be used, appears in quite weak fields n k ~ 400 Oe. The corresponding regions 
where the frozen-in field induces flow become insignificantly narrower than the regions shown 
in the graphs, and an additional restriction t ~ t k is imposed on the parameter t, where for 
the materials under study t k = 0.94-0.98. The analysis of the flow for n < nk, when satura- 
tion of the magnetization is not achieved and magnetocaloric effect play an important role, 
requires additional studies. 

In conclusion, we note that in the limit of nonmagnetic medium, our results coincide 
with the results in [4]. 
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