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A three-dimensional discrete element method capable of handling ferromagnetic particles was developed to
enable computer simulation of powder metallurgic processes for the production of bulk magnets, and was
applied to the magnetic-aligned compaction process with a pulsed high magnetic field which we proposed.
The simulation results showed that the pulsed-magnetic field causes a decrease in contact force due to particle
rearrangement. This decreasewas experimentally confirmed as a decrease in compaction pressure, thus verifying
the developed simulation model is capable of predicting the motion peculiar to magnetic particles.
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Magnetic-aligned powder molding processes such as powder com-
paction and mold injection are important processes for maximizing the
performance of rawmagnetic powders in themanufacture of anisotropic
bulkmagnet products. In a magnetic-aligned compaction process, an es-
sential requirement for obtaining a magnet with a high orientation of
magnetization along the easy axis is to apply a sufficiently highmagnetic
field exceeding the coercive force of the raw powder. However, the coer-
civity of recently developedmagnetic powders, such as HDDR-processed
powders and ultrafine powders [1], is greater than the magnetic fields
which can be obtained with ordinary electromagnets. Therefore, an
alternative technique must be developed in order to prepare highly ori-
ented green compacts.We believed that a computer simulation using the
discrete element method (DEM)might provide a deep understanding of
particle motion in magnetic-aligned processes, and this would be a sig-
nificant aid for the development for a new magnetic-aligned process
[2]. To date, some reports have demonstrated that DEM simulations
enable visualization of the motion of particles in a magnetic-aligned
process [3–8]. However, the conventional DEM simulation models
were insufficient for accurate determination of themotion of permanent
magnetic particles because they ignored the magnetically hysteretic
property of those particles. Because permanent magnet particles have
residual magnetization if once exposed to an external magnetic field,
the interaction of residualmagnetization between neighboringparticles
may change the position and orientation of the particles after the

magnetic field is removed. Therefore, it is necessary to develop a new
simulation model which considers magnetic hysteresis.

A pulsed-magnetic field generated by a capacitor-typemagnetizer is
one candidate solution for producing anisotropic green compacts of
powders having huge coercivity because it can easily and inexpensively
provide a very strongmagnetic field over 3 T. However, due to the short
pulse duration of b0.1 s, it is necessary to develop a different technique
from the conventional process, which uses a static magnetic field. Our
target simulation model is thought to be suitable for understanding
the instantaneous motion of the magnetic particles under a pulsed-
magnetic field. Therefore, the aim in this study was to develop a new
three-dimensional DEM simulation technique for analysis of themotion
of magnetic particles with magnetic hysteresis in order to visualize the
particle motion in the magnetic-aligned compaction process with a
pulsed-magnetic field, and to discuss the possibility of this process
based on the simulation results.

This study targeted a simple model of uniaxial compaction with a cy-
lindrical die set. The pulsed-magnetic field is assumed to be applied par-
allel to the pressing direction. In theDEM, the translational and rotational
motions of each particle are considered separately, as shown in Eq. (1)
[9].
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where a, α,m, g and I are the acceleration, angular acceleration andmass
of a particle, gravitational acceleration and themoment of inertia, respec-
tively. The components of the normal and tangential contact forces Fcn

and Fct are modeled based on the Voigt model. The magnetic force and
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the moment, Fm and Mm, respectively, are calculated by the following
equations [10,11].

Fm ¼ pi � ∇ð ÞBi
Mm ¼ pi � Bi

ð2Þ

where pi is the magnetic moment and Bi is the magnetic flux density
acting on the i-th particle. As mentioned above, an accurate evaluation
of the magnetic moment pi is one of the important factors. Therefore,
we propose a simulationmodel that can represent themagnetic hyster-
esis of particles. The magnetic hysteresis of the particles is defined as
illustrated schematically in Fig. 1. The magnetic moment pi can be
calculated from the following equation using the maximum value of
the applied magnetic field Hmax and the current value of the magnetic
field Hi:

pi ¼ min psat; pH θ;Hmaxð Þð Þq ̂; Hi bHmax

pi ¼ min psat;χHið Þq ̂ ; Hi ≥ Hmax

(
ð3Þ

where psat, χ, θ and q are the saturation magnetic moment, the average
magnetic susceptibility of the initial magnetization curve, the angle

between the easy axis and the magnetic field and the direction (unit
vector) of the easy axis, respectively. As shown in Fig. 1, the minor
loop pH from H = 0 to Hmax was linearly approximated as follows:

pH ¼ χHmax−pr θ;Hmaxð Þ
Hmax

Hi þ pr θ;Hmaxð Þ ð4Þ

where pr(θ,Hmax) is the residual magnetic moment on a particle that
was once exposed to a magnetic field of Hmax. The residual magnetiza-
tion pr is approximated by the following equation.

pr θ;Hmaxð Þ ¼ pr;max Hn
max= kn þ Hn

max

� �� � ð5Þ

where pr ,max is the maximum value of the residual magnetic
moment, which is obtained from the major hysteresis loop. The
fitting parameters n and k were determined from the measured re-
sults of the minor loop. In this study, pr ,max, n and kwere experimen-
tally determined by using a vibration sample magnetometer as
1.075×106−4.961×105θ ,7.033×105−3.188×106exp(θ/0.482)
and 2.821−1.817×10−4 exp(θ/0.179) (Coefficient of determina-
tion, adjusted R2 N 0.99). The waveform of the pulsed-magnetic
field was defined as the following empirical equation in this study:

H ¼ 4:9 1− exp −t=2:5� 10−4
� �3:48

exp −t=0:01ð Þ
� �

ð6Þ

A commercially available Nd-Fe-B permanent magnet powder
(MAGFINE 15P, Aichi Steel Co.) was chosen as the model powder. The
Young's modulus, Poisson's ratio, Coefficient of restitution, Coefficient
of friction, density and saturation magnetic moment of this powder,
which were required for the simulation, were 150 GPa, 0.3, 0.0, 0.75,
7500 kg/m3 and 1114 kA/m, respectively [2]. The particle size distribu-
tion used for the simulation was approximated to 4.95 in log mean
deviation and 0.530 in log-standard deviation as the lognormal distribu-
tion from the experimental result measured by laser diffractometry
(adjusted R2= 0.983). In order to reduce the computation time, the nu-
merical analysis was performed for a small region of the green compact
that contained a thousand particles.

Fig. 2. Snapshots of particlemotion at various times inmagnetic-aligned compactionwith thepressure of 2.5MPa. The configurations of particles after (1) applying pressure, (2) applying a
pulsed-magneticfield and (3) removing the pulsed-magnetic field. Thewhite horizontal line indicates the bottomof the upper punch, and (a) and (b) represent the contact forces and the
particle orientation, respectively. Contact force is represented by color and orientation is represented by arrows.

Fig. 1. Schematics of calculationmodel and conditions. The inset at the right represents the
generalized magnetic hysteresis used in the calculations.
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