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We have theoretically investigated the particle orientational and rheological properties of a dilute sus-
pension composed of spindle-like hematite particles under a simple shear flow. In the present study,
we have derived the basic equation of the orientational distribution function by taking into account the
spin Brownian motion about the particle axis. The basic equation has been solved numerically in order
to investigate the influence of the shear rate, the magnetic field strength, and the rotational Brownian
motion on the orientational distribution and rheological properties. For a very strong magnetic field
applied in the shear flow direction, the rotational motion of the particle is restricted in a plane normal
to the shearing plane due to the spin rotational Brownian motion. Although the negative viscosity was
observed in the previous study, in the present case the orientational properties of the particle give rise
to positive viscosity. The viscosity becomes large with increasing magnetic field strength. The viscosity
due to magnetic properties does not occur in the situation of a magnetic field applied in the direction of
the angular velocity vector of a simple shear flow.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

A colloidal dispersion that is obtained by dispersing functional
particles (mainly responding to an applied magnetic or electrical
field) in a base liquid can exhibit characteristic functional fea-
tures in certain situations. Representative functional fluids are
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magnetic fluids and magneto-rheological (MR) suspensions [1,2].
Since these fluids and suspensions exhibit the magneto-rheological
effect and characteristic aggregation phenomena in an applied
magnetic field as well as a flow field, numerous numbers of stud-
ies have being conducted on the target of engineering applications
to dampers, actuators and magnetic recording materials [3-5]. Up
to the present time, spherical iron oxide particles have mainly
been focused on as ferromagnetic fine particles that are ordinar-
ily used for synthesizing magnetic fluids and MR suspensions. In
addition to these particles, Fe-Pt particles [6,7] and cobalt ferrite
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particles [8,9] have recently been addressed because these par-
ticles have high coercive force. Non-spherical magnetic particles
[10,11]instead of spherical ones may be expected to lead to a highly
functionalization of new functional fluids or functional materials.
Moreover, Carbon-encapsulated magnetic nano-particles [12-14]
may be another hopeful functional particle for developing new
magneto-rheological fluids.

To generate magnetic particles with various shapes, hematite
particles may be a hopeful fine particle. Depending on the syn-
thesis method, hematite particles result into rod-like [15-17],
disk-like [18-20] and cubic-like particles [21,22]. In particular,
rod-like hematite particles are expected to exhibit a characteris-
tic magneto-rheological effect. This is partially because rod-like
hematite particles have a magnetic moment normal to the parti-
cle axis direction at the particle center [15,23]. Comparing with
ferromagnetic particles such as magnetite [10,11], hematite par-
ticles have a significantly weak magnetization [23,24], so that
coarse spindle-like particles are not difficult to be handled for
obtaining a stable dispersion due to only an electrical dou-
ble layer without using a special technique such as surfactant
molecules. These characteristics clearly say that a stable dispersion
composed of spindle-like hematite particles is obtained without
serious difficulty and this dispersion exhibits characteristic orien-
tational features due to the particle magnetized in the minor axis
direction.

From this background, several research groups have been con-
ducting various studies mainly on rheological properties of a
hematite particle suspension [25,26]. The previous theoretical
study [27,28] predicted the appearance of the negative magneto-
rheological effect for the case of an external magnetic field applied
in the direction normal to the shear flow direction. Moreover, quite
recently, careful experiments using a cone-plate-type rheometer
have succeeded in verifying that the negative magneto-rheological
effect can also be observed experimentally in an applied magnetic
field [29]. On the other hand, for the case of an external magnetic
field applied in the different directions, the previous theory without
taking account of spin Brownian motion clarified that the magneto-
rheological effect exhibited different features from those for the
above case. That is, application of an external magnetic field in the
shear flow direction (or in the same direction of the angular veloc-
ity vector of a shear flow) gives rise to a usual positive increase
in the viscosity or zero viscosity, respectively [30,31]. These com-
plex characteristics of the magneto-rheological effect have a strong
relationship with the particle orientational distribution that are sig-
nificantly dependent on the situations of a simple shear flow and
an applied magnetic field (i.e. their direction and strength). Hence,
for considering the application of a hematite particle suspension
in engineering fields, further studies are necessitated to be con-
ducted in order to investigate the influence of an applied magnetic
field and a shear flow on the particle orientational distribution and
rheological properties.

The objective of the present study is to address a suspen-
sion composed of rod-like hematite particles and theoretically
investigate the influence of the spin Brownian motion on the ori-
entational characteristics and the magneto-rheological effect for
the two different cases of an external magnetic field applied in
the shear flow direction and in the same direction of the angu-
lar velocity vector of a simple shear flow. In concrete, we first
show the basic equation of the orientational distribution func-
tion with the spin Brownian motion, which was neglected in the
previous studies [30,31]. Then, in these cases of the two differ-
ent directions of an applied magnetic field, we solve the basic
equation numerically to clarify the dependence of the orien-
tational distribution and the magneto-rheological effect on the
magnetic field strength, the shear rate and the rotational Brownian
motion.

Fig. 1. Electron microscopy image of a hematite particle dispersion ((2a,
2b)=(0.61+0.05,0.09 +0.01) um).

2. Particle model

In the present study, we consider the behavior of the spindle-
like particles that are generated experimentally [23] in a simple
shear flow with angular velocity £2 and rate-of-strain tensor E. As
showninFig. 1,anormal coordinate system is set at the center of the
particle. A simple shear flow U in the x-axis direction is expressed
as U=(yy, 0, 0) with shear rate y.

The spindle-like particles are modeled as a prolate spheroidal
particle, shown in Fig. 1, and will conduct the rotational Brownian
motion in a simple shear flow. The particle is assumed to have a
magnetic moment m normal to the particle axis acting at the parti-
cle center. With the notation e for the particle direction and mand n
for the magnetic moment and its direction (m=mn), respectively,
the interaction energy U between the magnetic moment and an
applied magnetic field H and the torque T™ acting on the particle
are expressed, respectively, as

U=-uogmHn xh, T™ = pomHn x h (1)

in which g is the permeability of free space, H=|H|, and h is the
unit vector denoting the magnetic field direction.

Since the rod-like hematite particle has a magnetic moment nor-
mal to the particle direction, the orientation of the particle can
be described by specifying both the particle direction e and the
magnetic moment direction n. This implies that we are required
to simultaneously take into account both the ordinary Brownian
motion about a line normal to the particle axis and the spin Brown-
ian motion about the particle axis. In the previous study [28], we
succeeded in developing a theory of the orientational distribution
that takes into account the spin Brownian motion for the case of an
applied magnetic field normal to the shearing plane. Hence, for the
present case of an external magnetic field applied in the two differ-
ent directions, we here simply outline the development procedure
of the basic equations of the orientational distribution function in
the following sections.

3. Rotational motion and torques acting on the particle in a
simple shear flow

As already mentioned, both the particle direction e and the
magnetic moment direction n are necessitated to be specified for
describing the orientation of the particle. To do so, as shown in
Fig. 2, anormal coordinate system is set at the center of the particle
and the particle direction e is described by a zenithal angle 6 from
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