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ABSTRACT

The orientation of field-induced structures in magneto-
rheological (MR) suspensions subject to rotating magnetic
fields have been studied using different optica methods:
video-microscopy, small angle light scattering (SALS), and
scattering dichroism. When a rotating field is imposed the
field-induced aggregates rotate with the magnetic field
frequency but with a retarded phase angle for al the
rotational frequencies measured. The size of the aggregates
decreases always with frequency. However two different
regimes are found below or above a critical frequency.
During the first regime (low frequency vaues) the size of
the aggregates remains amost constant while for high
frequencies this size becomes shorter.
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INTRODUCTION

MR suspensions are essentialy suspensions of micron-
sized, magnetizable particles in a non-magnetic fluid.
Under normal conditions, a MR fluid is a free-flowing
liquid, but exposure to a magnetic field can change
dramatically the mechanical properties of the fluid in
milliseconds. Just as quickly, the fluid can be returned to
itsliquid state with the removal of the field. Thisreversible
change in the viscosity make MR suspensions specially
useful for their applications in mechanical systems such as
dumpers, brakes and clutches [1]. An understanding of the
dynamics of field-induced structures in MR suspensions is
fundamenta to controlling their rheological response and
modelling the behaviour of MR devices.

Magnetic fluids subjected to unidirectional external
fields become optically anisotropic due to the orientation of
string-like aggregates of the colloidal particles in the
direction of the field [2]. Optica techniques including
video microscopy, light transmission and light scattering
have been used to characterize the kinetics of field-induced
structures formation in MR fluids [3-8]. In this paper we
report the structural evolution of MR suspensions under the
application of a rotating magnetic field by means of
different optical techniques. In previous works it has been
found interesting dynamic behaviours when polarizable
systems consisting of many elongated objects were
submitted to rotating electric or magnetic fields[9-10].

Figure 1. Video-microscopy images showing the time
evolution of the chain-like structures for a magnetic field
H=12.4kA/m, volume fraction f =0.0005 and different
rotational frequencies: (a) f=0.005Hz clockwise rotation,
(b) f=0.1Hz counter clockwise rotation, and (c) detail of
the S shape for f = 0.05 Hz clockwise rotation.
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EXPERIMENTAL RESULTS AND DICCUSSION

The experiments were performed using suspensions of
super-paramagnetic polystyrene micro-spheres loaded with
iron oxide grains, manufactured by Rhone- Poulenc .
Because the techniques we are using here need optica
transparency, the fluid sample was sandwiched between
two circular quartz windows held in place by a delrin
attachment and separated by an annular delrin spacer
100mm thick (along the Z axis). The sample is surrounded

by two orthogona pairs of coils that generate rotating
magnetic fields: H(t) = Hcos(wt)i, +Hsin(wt)uy, with

strengths 9 < H < 25 kA/m. We investigate here rotational
frequencies ranging from 0.001 Hz to 10 Hz.

Video-microscopy experiments

To study the dynamics governing low volume fraction
suspensions we performed video microscopy experiments
by applying rotating magnetic fields to a suspension of
particles of diameter 0.87mm with a volume fraction
f =0.0005 . The images were recorded with a CCD video
camera and then digitalized on a computer for their
subsequent analysis.

In Fig. 1 video microscopy images shows the temporal
evolution of the chain-like structures induced in the
suspension when a magnetic field of H=12.4 kA/m was
applied for different rotationa frequencies: (@) f = 0.005
Hz, (b) f = 0.1 Hz, and (c) f = 0.05 Hz.

At low volume fractions the dipolar interaction induce
aggregation into linear chains. Under these conditions, two
torques act on the induced aggregates: a magnetic torque
that rotates the chain-like structures due to dipolar
interaction among the particles orientated in the direction
of the magnetic field, and a hydrodynamic torque which
explains the rotational friction of the structures in the
suspending fluid.

For the range of frequencies measured here, the chains
remain rotating synchronously with the field but are able to
break up to decrease their viscous drag. The average length
of the structures decreases with the rotational frequency.
The first steps of break up process goes as follow (see Fig.
1(c)): the chain is bent, it develops as S shape the branches
of which moves faster to follow the field [11]. Lately the
chain breaks up into smaller ones. As a result the domain
of synchronous rotation is enlarged compared to the case of
solid chains. Break up and recombination processes are
observed for al the frequencies measured. Studying the
temporal evolution of the average length of the chains we
found that this average length is enlarged for low rotationa
frequencies (around 0.001 Hz) compares to the case of
unidirectional magnetic fields.

Scattering Dichroism and SAL S experiments

To study the orientation dynamics of more
concentrated systems scattering dichroism technique was
used. The dichroism is the anisotropy of the imaginary part
of the refractive index and is a measurement of the
difference between the absorption of the incident light in
the parallel and in the perpendicular direction to the long
axis of the aggregates [12]. A full description of this
experimental technique can be found in Refs [13,14].

For these experiments we used a solution of 82.5%
glyceral in water with particles of diameter 1.01mm and a

volume fraction of f =0.016. The viscosity of this
solution without applying an external magnetic field was
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measured using a Rheometrics Dynamic Analyzer (RDA)
tobe h = (0.975+0.003) Poises at 22°C.

In Fig. 2 (8) we observed the tempora evolution of
SALS patterns generated by the suspension in the presence
of a rotating magnetic field. Particles chain aong the
magnetic field causing scattering pattern to appears
orthogonal to the field. A qualitative interpretation of such
patterns indicates that the induced structures follow the
magnetic field rotating with the same frequency. In order to
quantitatively andlyse this behaviour we have
simultaneously measured the time evolution of the
dichroism and the orientation angle of the structures
q%t) (defined in Fig. 2 (b)). By comparing q%t) with the
rotation of the magnetic field direction, given by wt , it can
be observed (see Fig. 2 (¢)), that the structures follow the
magnetic field rotating with a phase lag independent on
time for all frequencies measured. Therefore the average
phase lag between the field and the aggregates is

a(t) =wt- q (1) .
a(t) =wt- q&t)

sn’@q® sin’(wt)
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Figure 2. (a) Time evolution of SALS patterns during a p/4
counter clockwise rotation of the field. (b) Definition of the
phase lag between the magnetic field and the chains. (¢)
Experimental signals of the tempora evolution of the
magnetic field direction and the aggregates direction for a
field strength of H = 12,4 kA/m, and f = 10 Hz.

In Fig. 3 (a) the dichroism generated by this solution is
plotted as a function of f in alog-log form for various field
strengths. As the frequency of the applied field is
increased, the dichroism is strongly reduced, which
indicates that hydrodynamic friction forces can overcome
the dipolar magnetic forces. This plot shows clearly two
distinct regions for frequencies below and above a critical
frequency near to 0.3 Hz. Below this critical frequency, the
dichroism is essentialy independent on frequency and
therefore the aggregates size is also independent on
frequency. However, once this frequency is surpassed, the
dichroism decreases with frequency, which reveals the
diminution of the aggregates size. The critical frequency
Separating these two regions increases with the magnitude
of the applied magnetic field, as expected since the strength
of the interparticle magnetic forces scales with the applied
field. It is found above 1 Hz that the dichroism drops with

frequency with a scaling of approximately Dn®» f 1
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Figure 3. (a) Dichroism as a function of magnetic field
frequency for arange of magnetic field strength in alog-
log plot. (b) Phase lag as a function of magnetic field
frequency. Two behaviours are found above or below a
critical frequency around 0.3 Hz.

The phase difference a between the orientation of the
aggregates and the magnetic field versus the frequency of
thefield is plotted in Fig. 3 (b) for different field strengths.
We see a decrease of the phase difference with increasing
magnetic field intensity as expected because the magnetic
torque increases with the magnetic field strength. We
observe that this phase difference is increasing with
frequency over the whole range of frequencies. The longer
the aggregates are, the higher is their phase lag. However,
as we found for the dichroism results (see Fig. 3(a)), two
different responses are seen depending on the frequency
value. At low frequencies (below the critical frequency) the
phase difference growths very quick while a high
frequencies the increase of the phase difference is relatively
slow.
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