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A Study of Magnetic Particles’ Behavior by
Magneto-Cosserat Continuum Theory

Hidetoshi Kotera, Harunori Kitahara, and Susumu Shima

Abstract—By implementing the magneto-Cosserat continuum during compaction [5]. However, the rotation of the material is
theory in FEM scheme, it is possible to simulate magnetic align- not considered in these finite element calculations. We, there-
ment in powders with magnetic anisotropy during compaction in fore, proposed a Magneto-Cosserat continuum theory to simu-

an applied magnetic field. We thereby analyze the relationship be- late the behavior of magnetic powder during compaction in an
tween the direction of magnetic field and compaction process, such g P g p

as cross compaction and parallel compaction. The rotation of the applied magnetic field [6]. In our previous study, we assumed
axes is thus calculated at various conditions of applied magnetic the powder was isotropic, although magnetic particles have their
field. In our previous study, Cosserat constant3 was given arbi-  easy axes of magnetization. Since the magnetic characteristics

trarily. The method to calculate the Cosserat copstant@ is pro-  of the compact depend on the alignment of the easy axes, we
posed and its effect on the rotation of the particles’ easy axes is dis- L .
have to treat it in the calculation.

cussed. As a demonstration of the developed method, magnetic par-
ticles’ alignment during compaction in an applied magnetic fieldis N the present study, we propose a new model that enables us
simulated. The calculated results are in good agreement with the to consider the particle’s easy axis of magnetization in the finite

experimental ones. element calculation based on the Cosserat continuum theory. We
Index Terms—Cosserat-continuum theory, magnetic particle, calculate the relationship between particles’ alignment during
powder compaction. compaction in an applied magnetic field and compacting direc-
tion. In the Cosserat continuum theory, the Cosserat constant
should be clarified. Therefore, we propose a method to calcu-
late the Cosserat constant by the particle dynamics method, and

ERMANENT magnet is a key component for magnetic dets effect on the particles’ alignment is discussed.
vices used in many of the electric products, such as motor

and actuator. In particular, Nd—Fe—B magnet is_one of the most II. MAGNETO-COSSERATCONTINUUM THEORY

popular materials for the permanent magnet in recent years, | h in th . h .

In producing the permanent magnet, compaction is performeos_'nce the stress tensor in the Cosserat continuum theory is

in an applied magnetic field to improve its magnetic chara@nti-Symmetric, let the symmetric part of the stress tensor be

teristics. Since anisotropic magnetic particles have their ea&y 2nd antl-syk;nr;e:cnc parth be); C?I(?g1§|der|ng the l\/:caxwell

axes of magnetization, they are rotated and transferred by bgmassﬂj as a body force, the equilibrium equation for trans-

the Maxwell stress and inter-particle Coulomb force. Undel@tion reads

standing the particles’ motion during compaction in the applied 8o /0x; + 8@@/8@ + 0T;;0x;

;nagnetic fi(]?ldh is a key issue for improving thg f-rfnat_:fnetic per- = 0oy;/dxj + 07l O

ormance of the compact. However, it is very difficult to mea- Ling ' ‘ ' ' N

sure experimentally each particle’s motion in the compaction . +5(M; - OH;/Ox; HJ 8MJ./8a:,) o 0_' (1)

die. We have, therefore, proposed particle dynamics method tWéiere H; is strength of magnetic field)/; is magnetic polar-

is capable of calculating the magnetic particle’s behavior durifgation. For rotational equilibrium, we have

compactionina magqeticfield[l]. We he}ve thereby invgstigated Oy |0 + ety + €jp M Hy, = 0, 2)

the effect of compaction process and direction of applied m

netic field on its magnetic characteristics [1]-[4]. ?e
The particle dynamics simulation obviously shows that par- : . :

ticle’s rotation is influential to the characteristics of magnetic \r/nveradoigtl an}]/'flc:i f?mcnon for the Cosserat continuum for

powder. This method is useful for estimating the particles’ p&OMPressible material as

havior, however, it takes a long CPU time to calculate the whol&' = 307,07 ; /2+ 387,74 3mimi; /20 +(om/ f)* — (077)7,

powder. behaviqr. Fi.nit('e elgment calculatipn .is cpmmonly used f=1/a(l-p)™, 7= gijk'rj{k/27 (3)

to predict density distribution or stress distribution of powdev(lhere

. INTRODUCTION

ag- . . .
\%heremij is the couple-stress tensor, angk is the alternating
nsor.

is the relative density of the powder,

P
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andé is the equivalent strain rate.

For the case of anisotropic powder, itis necessary to introduce
the easy axis in the simulation in order to estimate the magnetic
characteristics of the compacts. Particle model we propose here
is shown in Fig. 1. As for the ordinarily variables, angle of the
easy axis for magnetizatioff is given at node andé;*” is

6 N\_ 6 updated by the angular velocity as

3 4 grtr = g2t 4 AL, ®)
X where step refers to the incremental step of calculation.

Fig. 1. Particle model at finite element node. [l. COSSERATCONSTANT 3

The Cosserat constapitis the measure of the effect of the
one [7].0y, in EQ. (3) is the hydrostatic stress.is equivalent anti-symmetric stress on the yield behavior [see Eq. (3)]. Since
to the flow stress in the ordinary plasticity, but is proposed to Bge powder particles can be rotated more easily at a lower den-
a constant and is a hardening parameter of compact, both @ity than at higher, it may be assumed that the Cosserat constant
which are determined by experiment. In the present dasay s g function of the density of the powder. It is rather difficult to
refer to the particle size, because the couple stiggsrepre- estimate the anti-symmetric part of the shear stress, and there-
sents the moment which makes the magnetic particles rotat&ore, we calculate the relationship between the Cosserat con-

By the usual procedure for the finite element method, we haygynt and powder density with the aid of the particle dynamics
the variational principle from equations (1) through (3) using th@ethod.

Gauss divergence theorem During compaction in the applied magnetic field, the powder
is subjected to plastic deformation. The yield functibnde-
o de+/ nj(rfjiJrT]’»i)uider/ nymjicids fined by Eq. (3), satisfies thg cqndltlon, o
v S Saa 3 a;j“a;j“ + 387 4+ (3/2[2)m%zm%Z
1 OH,, OM;, )
—/ — | M, k —Hk—k u7;+57;jijHk6w7; dVv. + (Of;f/f)2 — (an)Q =0, (10)
v 2 8352 8352

4) Whereai refers to the direction of the applied magnetic field in
. ) ) the infinitesimal area.
wherelV" is strain energy rate perunit volume of a body under f the density and thus the stress is constant in the infinites-
going plastic deformation in a magnetic field is defined as ;41 area of the powder, the couple stress becomes constant,
thus we have

W = ajicij + 2rileijiin/2 — wi) + mjikij,  (5) Om;;)0z; = 0. (11)
whereé ; is the strain rate, ang}; rotation in the material and According to the rotational equilibrium Eg. (2), the anti-sym-
ky is curvature rate metric shear stresg; is written as

Fiij = Ow; [Ox;. (6) = M;H; — M;H;/2. (12)

Velocity (u;, w;) that minimizes? in Eq. (4) gives the solution. Since the representative lengtlis a diameter of the powder
In the finite element method, we assume thais given by its particle, the coupe stress can be calculated as,
nodal value, see Fig. 1. In this study, we deal with planes train

case. We have myjm; = 1|M x H|. (13)
If we derive the deviatoric stresg; and the hydrostatic stress
o = De, (7) o, for three directions of the applied magnetic field,1( a2,
where «3), for the prescribed powder densityby the particle dy-
namics method [1], the Cosserat constdrtan be calculated
T = (Ous Oy Tays Tay Mz /1, My [1)Y, by solving the following equation.
€ = (Eas €ys Exys s sl iyal), B={3 (50 - o'5F)

Qz = Eijkf’jk/Q — Wy (8) + 3(m%’3m%’3 - m%?m%?)/2£2
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Fig. 2. Dependency of Cosserat constantand flow stress of Ne-Fe-B Fig 3. Magnetic axes plot before compaction (arrows refer to initial direction
powder on relative density. of easy axis at nodes).
al jal a2 ja2 TABLE |
+ [3 (alij alij - alij Jlij ) /2 MATERIAL PROPERTIES FORANALYSIS
al, ol a2, a2 2 material t valu
o+ 3(mm! — meme?) /20 Tl denstyrato p1 035
a3\2 a2\2 a2\2 alr\2 B 0.2 or function of density
(O—m ) - (O—m ) / (O—m ) - (O—m ) }/ representative length? 10 micrometer
{3rp2r® = rpr®) 4 322002 — pPhred) (0532 metoneosficent 00
_(051,2)2/(0—2(1,2 2 - (USLI)Q} - (14) m 0.51
25
To calculate the Cosserat constg@htthe particle dynamics 1\710 07 Whm
simulation was carried out using representative 3D particle initial cell size for analysis W15mm,H30mm

which is 0.1 mm long, 0.05 mm thick and 0.1 mm dia. The
obtained relationship between the Cosserat constaand _ . .
In the present simulation, we calculated the particles

the powder density is shown in Fig. 2. Since the particles Caﬂgnment during the two types of compaction by the Mag-

be rotated more easily at a lower density than at higher, tf . A
y y 9 neto-Cosserat continuum theory. The initial directions of the

Cosserat constan® decreases with increasing density ratio. I -
rﬁ g y sy axes are set random as shown in Fig. 3. The frictional

Above a density ratio of powder 0.4, the Cosserat constafit-Y. 2 .
seems to be saturated to 0.4 coefficient between the powder and the die wall was assumed

In this study, the material paramete®s,n, m anda, were to _Ik_)e (_)'O'I te the d d tth le of th .
measured by the simple compression test of Nd—Fe—B powder. 0 simulaté the dependency ofthe mean angle of the easy axis

The flow stres& of magnetic powder increases with increasings'.de the com?actfon the prgce,ss, tlh(ta. ma(ljgnet}tc ﬂeflg §5applt|ed
the density ratio as shown in Fig. 2. uring compaction from powder’s relative density of 0.35 up to

0.5. Since the calculated result depends on the initial direction
of particles’ alignment, the calculation is carried out for eight
initial conditions. The material parameters for analysis are listed
To make a permanent magnet, Nd—Fe—B or Ferrite powdémsTable 1.
are commonly used. These powders are compressed in a mag-he mean angles during compaction in two compaction pro-
netic field in the order ofl..06 x 10° A/m. In magnet indus- cesses are plotted in Fig. 4. The alignment of the easy axis is
tries, there are two types of compaction process employed; pdae smaller in cross compaction than in parallel. If we set the
allel compaction and cross compaction. In cross compactiddgsserat constart = 0.2, the mean angles of particles’ easy
the magnetic field is perpendicular to the punch stroke, whitxes are larger than the results wittas a function of density
in parallel compaction, they are parallel to each other. It is comatio. Since the Cosserat constant is a measure of the effect of
monly considered that the particles’ easy axes for magnetizatamti-symmetric shear stress on the yield behavior, the particles’
are aligned at a lower relative density during compaction. Thetation became so small with constght
mean angle of particles’ easy axes in the compact of Nd—Fe—BExperimentally, the magnetic powder, Nd—Fe—-B, was com-
powder measured from the direction of applied magnetic fiefitessed in the applied magnetic field both by cross compaction
is smaller in the cross compaction than in parallel [9]. and by parallel compaction. The average particles’ alignment

IV. RESULTS AND DISCUSSION
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compaction in an applied magnetic field. The Cosserat con-
stant was calculated by the particle’s dynamics method. The
calculated Cosserat constant was a function of the powder den-
sity. The particles’ alignments during three compaction condi-
tions in an applied magnetic field were simulated. The calcu-
lated results were in good agreement with those by particle dy-
namics simulation and experimental ones. We can conclude that
the developed theory and method would be a useful tool for cal-
culating the magnetic powder behavior and characteristics of the
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Fig. 4. Rotation of easy axis of magnetization against relative density

(Magnetic field, H = 1.06 x 106 A/m is applied from 0.35 up to 0.5). [2]

8, in the compact is exerted from the measured residual flux[3]
density B,. of the compact by B-H tracer as,

B, = cos H(B,./B,), (15)

[4]

whereB, is the residual flux density of Nd—Fe—B powder. The
experimental results are also plotted in Fig. 4. The calculated?]
results by the Magneto-Cosserat continuum theory agree very
well with the experimental ones. Thus, the present method will[s]
be a useful tool for simulating the magnetic powder behavior,
rotation of easy axes of magnetization during compaction in the
applied magnetic field and also the characteristics of the com-7)
pact.

By SGl origin200, it took 20 minutes to simulate the particle’s
alignment from powder’s initial density of 0.35 up to 0.5. [8]

V. CONCLUDING REMARKS

We have developed a Magneto-Cosserat continuum theory t(gg]
calculate the particle’s alignment of magnetic powder during

powder.
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