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Processing and mechanical properties of a porous low carbon steel with a
controlled porous structure by imposition of a static magnetic field
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Abstract

Porous low carbon steels with a controlled porous structure were processed by imposition of a static magnetic field, and mechanical properties
were investigated. Rotation behaviors of a low carbon steel in a static magnetic field was investigated by a theoretical analysis. The derived rotation
time well agreed with the experimental result. The porous low carbon steel, which is the sintered green compact filled into a carbon die with a
magnetic field, showed orientated structure parallel to the direction of a magnetic field. Compressive properties of the porous low carbon steel
with a magnetic field showed higher collapse stress and higher densification strain compared with those of the porous low carbon steel without
a magnetic field. Modifications of the compressive properties might be attributed to the oriented structure of the porous low carbon steel due to
imposition of a static magnetic field.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, there has been a considerable increase in interest
for porous materials[1,2]. Porous metals are super-light metals
exhibiting unique properties such as high energy absorbing[3]. It
is important to deepen our understanding of mechanical proper-
ties of porous metals for the use of a porous metal in lightweight
structural sandwich panel or in energy absorbing devices.

To date, the mechanical properties of porous materials have
been extensively investigated[4–9]. These studies revealed that
the porous materials exhibit a plateau region with a nearly con-
stant follow stress. It has been demonstrated experimentally[10]
and theoretically[3] that the flow stress in a plateau region is
strongly affected by the density. Gibson and Ashby[3] analyzed
the collapse stress (apparent yield stress) in a plateau region of
a porous metal from the view point of bending of struts and they
showed that the collapse stress of a porous material is propor-
tional to the 3/2 power of density.
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Natural porous materials have a variety of porous structure to
match surrounding conditions such as applied loading. This sug-
gests that mechanical properties of porous materials are strongly
affected not only by the density, but also by the porous struc-
ture. Therefore, porous structure control might be one of a key
technology for control of mechanical properties such as plateau
stress.

In the present study, a new method for porous structure con-
trol of a porous metal by imposition of a static magnetic field has
been proposed. A porous metal with a controlled porous struc-
ture is processed from sintering of ferromagnetic metal fibers.
Metal fibers[11,12] are processed from machining by a lathe
with a chatter vibration cutting tools. In the new method, ferro-
magnetic metal fibers are filled into a die under an imposition
of a static magnetic field. Then, orientation of the ferromag-
netic metal fibers parallel to the magnetic field occurs, and an
oriented green compact is made in a die. A porous metal with
porous structure control can be easily obtained by sintering the
oriented green compact.

In the present study, at first, behaviors of a low carbon steel
fiber under an imposition of a static magnetic field were inves-
tigated by a theoretical analysis and a model experiment. Next,
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compression properties of a porous low carbon steel with a con-
trolled porous structure were compared with those of porous low
carbon steel without a controlled porous structure.

2. Theoretical analysis

A ferromagnetic and polycrystalline fiber with a diameter of
d and a length oflf is placed under a static magnetic field with a
magnetic flax density ofB, and the fiber and the magnetic field
are inclined atθ as shown inFig. 1(a). In,Fig. 1(a), TBF is the
torque caused by a magnetic shape anisotropy of the fiber,TE is
the torque caused by a Lorentz force induced by an interaction of
a rotational motion of the fiber and the magnetic field,Td is the
torque caused by a viscous drag andTg is the torque caused by a
gravity. The equation of rotational motion by the above torques
is given by

I
d2θ

dt2
+ TBF + TE + Td + Tg = 0 (1)

I = π

48
d2l3f ρ (2)

whereI indicates the moment of inertia for the fiber,t the rotation
time of the fiber andρ the density of the fiber. Since a distribution
of the gravity acting on the fiber is symmetrical with respect to
the fiber center,Tg corresponds to zero. IfTBF is much larger
thanTE, and if the fiber is placed in a vacuum (Td = 0), Eq.(1)
is given by

I
d2θ

dt2
+ TBF = 0 (3)

Fig. 1(b) shows the coordinate system between the imposed
magnetic fieldH and the magnetization of the fiberM, wherey′-
axis defined as to be the direction of an easy magnetization axis
with a demagnetizing factorN1, andz′-axis is defined as to be the
direction of a difficult magnetization axis with a demagnetizing
factorN2. Then,TBF and the relationship betweenH andM are
given by[13]

TBF = MH sin(θ − φ) × V (4)

M cos φ = µ0H cosθ − N1M cosφ (5)

M sin φ = µ0H sin θ − N2M sin φ (6)

M = χH (7)

where µ0 indicates the magnetic susceptibility in a vacuum
(4π × 10−7 H/m), φ the angle between they′-axis and the mag-
netization,V the volume of the fiber andχ is the magnetic
susceptibility.

By using Eqs.(4)–(6), TBF is given by

TBF = πd2lf

4
MH sin(θ − φ) (8)

tan φ = tan−1
{

1 + N1

1 + N2
tan θ

}
. (9)

By using Eqs.(7)–(9), Eq.(3) is expressed as

d2θ

dt2
+ 6χ2µ0H

2

ρl2f
(N2 − N1) sin 2φ = 0. (10)

When the demagnetizing factors of a cylindrical fiberN1 and
N2 are set to 0 and 1/2, respectively[14], a maximum difference
in the angle betweenθ andφ is onlyπ/16. Thus, it can be assumed
thatθ is the same asφ. When the initial conditions are set to

θ|t=0 = θ0 (11)

dθ

dt

∣∣∣∣
t=0

= 0 (12)

the rotation time of a fiber is obtained as

t = lf

χH

√
ρ

6µ0(N2 − N1)

∫ θ0

0
(cos 2θ − cos 2θ0)−1/2dθ

= lf

χB

√
ρµ0

6(N2 − N1)

∫ θ0

0
(cos 2θ − cos 2θ0)−1/2dθ

(
0 ≤ θ0 ≤ π

2

)
. (13)

Fig. 1. System of a theoretical analysis, where (a) indicates the coordinate system between a ferromagnetic fiber and a magnetic flax density (b) the coordinate
system between a imposed magnetic field and a magnetization of a ferromagnetic fiber.
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