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We used scattering dichroism to study the dynamics of dipo-
lar chains induced in magnetorheological suspensions under rotat-
ing magnetic fields. Both the dichroism (proportional to the total
number of aggregated particles) and the phase lag show different
behavior below and above a cross-over frequency. The cross-over
frequency depends linearly on both the square of the magnetiza-
tion and the inverse of the viscosity. The Mason number (ratio of
viscous to magnetic forces) governs the dynamics. Therefore, there
is a cross-over Mason number below which the dichroism remains
almost constant and above which the rotation of the field prevents
the particle aggregation process from taking place. Our experimen-
tal results have been compared with particle dynamics simulations
showing good agreement. C© 2002 Elsevier Science (USA)
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1. INTRODUCTION

Magnetorheological (MR) suspensions consist of magnetiz-
able particles suspended in a nonmagnetic fluid. The wide range
of technological applications of these suspensions has excited
considerable interest concerning the relationship between mi-
croscopic structure and mechanical and optical properties of
these systems. Moreover, they are also a good model system
for the study of structure formation and dynamics in suspen-
sions with tunable interaction between dipolar particles. It is
well known that when a unidirectional magnetic field is ap-
plied, the particles in the suspension acquire a dipole moment
m = (4π/3)a3M, where M and a are the particle magnetization
and diameter, respectively. Due to dipolar interactions, these
particles join to form chain structures in the field direction in-
ducing an optical anisotropy in the sample due to polarization
dependent scattering from oriented aggregates. When the size
of the scattering object is comparable to the wavelength of the
light (λl), the induced dichroism will be bigger than the induced
birefringence (1, 2). Scattering dichroism has been shown (3, 4)
to be a good technique for the study of these anisotropic struc-
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tures in MR suspensions at moderate concentration which can-
not be readily studied with other optical techniques, such as
videomicroscopy.

The dynamics of MR suspensions under rotating magnetic
fields has been studied recently (3). We found that the field-
induced chains rotate synchronously with the field but lag be-
hind by a constant phase angle. Previous experimental work on
magnetic holes (5) and liquid crystals (6, 7) under rotating mag-
netic fields has explored the dynamics of such systems depend-
ing on the value of the driving frequency. It has been shown
previously, with both scattering dichroism (3) and videomi-
croscopy experiments (8), that MR suspensions have the ca-
pacity of reducing the size of the structures to decrease their
viscous drag while rotating synchronously with the field (9).
Furthermore, within this synchronous regime, two different be-
haviors were found below or above a cross-over frequency, fc.
Below fc, the dichroism remains almost constant and the phase
lag increases quasi-linearly. However, above fc, the dichroism
decreases (3) following a power law with an exponent −1, while
the increase of the phase lag is relatively slow. The cross-over
frequency was found to increase with the amplitude of the ap-
plied field.

In this paper we analyze the interplay between magnetic and
viscous forces over the cross-over frequency separating these
two regimes. We have studied the dependence of the cross-over
frequency on the magnetization by applying magnetic fields
with different amplitudes on the same suspension. The depen-
dence of the cross-over frequency on the viscosity of the carrier
fluid was analyzed applying a rotating field of constant ampli-
tude on suspensions with different glycerol concentrations.

A dimensionless parameter that compares magnetic and vis-
cous forces is the well-known Mason number. This number has
been defined with different proportionality factors in the lite-
rature (10–12). The Stokes viscous force acting on two par-
ticles in contact which rotate with a field of frequency ω is
Fh ∼ 6πηa(ωa), where η is the solvent viscosity. The dipolar
magnetic force is Fm ∼ (π/2)µ0a2 M2, where µ0 is the vacuum
magnetic permeability. Then, the Mason number is given by:

Ma = 122ηω

µ0 M2
, [1]
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where the proportionality factor has been chosen to be in agree-
ment with the dimensionless frequency obtained from the theo-
retical analysis (section 3.2).

We found that the cross-over frequency separating the two
regimes increases linearly with the square of the magnetization
and decreases with the inverse of the viscosity, so the Mason
number governs the dynamics of field-induced dipolar chains
under rotating fields. As expected from this result, we obtained
a good collapse of the dichroism and the phase lag curves (mea-
sured at different magnetic fields and viscosities) with Ma-
son number. The change in behavior of the dichroism and the
phase lag occurs at a cross-over Mason number, Mac ≈ 1, above
which the viscous forces dominate and inhibit the aggregation
process. We corroborated our experimental findings through
the results obtained from particle dynamics simulations. The
simulations show that the average length of the chains decreases
with frequency following a power law with an exponent close
to −0.5. Furthermore, the simulations also reveal that the whole
scenario, i.e., the two different behaviors for the total num-
ber of aggregated particles and the phase lag above and below
the cross-over frequency, is in good agreement with the experi-
ments.

2. MATERIALS AND METHODS

2.1. MR Suspensions and Procedure

We prepared glycerol suspensions at different concentra-
tions using two water suspensions of polystyrene (PS) polydis-
perse microspheres loaded with iron oxide grains. The aque-
ous suspensions (M1-180/12 and M1-070/60) were bought from
Estapor-Rhône Poulenc with a solid content of 10% by weight.
The particle properties are listed in Table 1. The surface of these
microspheres is composed of carboxylic acid (–COOH) groups
with an added surfactant coating layer of sodium dodecyl sulfate
(SDS) to stabilize the suspensions. Since these small magnetite
grains are randomly oriented inside the microparticles, the re-
sulting magnetic moment is zero in the absence of an external
magnetic field. Under sufficiently low magnetic fields these
particles exhibit superparamagnetic behavior with virtually no
hysteresis or magnetic remanence as a result of the orientation
of the magnetite grains dispersed in the PS matrix.

Two experimental procedures were used and are summarized
in Table 2. To study the effect of the magnetic forces on the
cross-over frequency, we diluted the suspension of particles of

TABLE 1
Properties of the Magnetic Latex Microspheres Used

Particle properties M1-180/12 M1-070/60

Mean diameter 1.01 µm 0.90 µm
Magnetic content 13% 62%

Saturation field 11.1 emu/g 52.7 emu/g
Surface group content 20 µeq/g 145 µeq/g
CLE AGGREGATION 201

TABLE 2
Summary of the Experimental Conditions

Experimental parameters Magnetic field effect Influence of viscosity

Suspension d-M1-180/12 d-M1-070/60
Glycerol volume content 82.5% 40–80%
Volume fraction φ = 0.016 φ = 0.01
Field strength (kA/m) H = 6.2–24.8 H = 3.1

diameter 1.01 µm (M1-180/12) in glycerol to achieve a solvent
volume concentration of 82.5% glycerol with a volume frac-
tion of φ = 0.016. We will denote the resulting suspension as
d-M1-180/12 hereafter. The dilution in glycerol reduced the
SDS concentration and additional SDS was added to achieve
a concentration equal to the original solution (5 g/L). The vis-
cosity of the suspension d-M1-180/12 was measured without
applying a magnetic field using a Rheometrics Dynamic Ana-
lyzer RDA II to be η = (0.178 ± 0.002) Pa s at 10◦C. The first
set of experiments consists on applying rotating magnetic fields
with different amplitudes (ranging from H = 6.2 kA/m to H =
24.8 kA/m) on suspension d-M1-180/12. For high fields, the
dipole moment induced on the particles is not directly propor-
tional to the applied field. To determine this nonlinear response,
we measured the particle magnetization curve with a LakeShore
7300 vibrating sample magnetometer (VSM) for the range of
magnetic fields used in the experiments. The result is shown
in Fig. 1. As expected, the particles show a superparamagnetic
behavior with no hysteresis but saturation effects in the magne-
tization at high field amplitudes appear.

For the second set of experiments we prepared suspensions
with volume fraction φ = 0.01 but different glycerol concen-
trations ranging from 40 to 80% in volume. In this case, we
used the water suspension M1-070/60 with particles of 0.90 µm
diameter. These suspensions are denoted as d-M1-070/60. We
also determined their viscosities with the RDA II. The effect of
the viscous force on the cross-over frequency was studied by
applying a rotating magnetic field of constant amplitude
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FIG. 1. Measured magnetization curve for the particles M1-180/12 in the
range of magnetic fields reported in the experiments. The particles show a su-

perparamagnetic behavior with no hysteresis but with saturation effects for high
fields.
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H = 3.1 kA/m on the suspensions d-M1-070/60. At such low
magnetic field the magnetization varies approximately linearly
with the field M = χeffH, the effective magnetic susceptibility
of the particle being χeff = 3(µp − µs)/(µp + 2µs) = 0.88. Here
µp and µs are the permeability of the particles and the solvent,
respectively (14).

2.2. Experimental Setup

We have used scattering dichroism to study the dynamics of
moderately concentrated magnetic dipolar suspensions (in the
range of 1 to 2% in volume) under rotating magnetic fields.
A full description of this experimental technique can be found
in Refs. (3, 13). A schematic diagram of the optical train used
to measure linear dichroism is shown in Fig. 2a and consists
on a He–Ne laser, a polarizer (that sets the reference angle for
the polarization), a photoelastic modulator, and a quarter wave
plate (set at π/4 and null angular displacement with respect to
the polarizer, respectively). The laser beam traverses the sam-
ple cell and the transmitted light is detected by a photodiode.
The signal from the photodiode is sent to two phase lock-in am-
plifiers (Princeton Applied Research, EG&G-128A) and then
digitized using a 16-bit resolution A/D data acquisition board
(National Instruments, PCI-MIO-16xE-10). With this optical
setup we can simultaneously measure the time evolution of the
dichroism �n′′ = n′′

1 − n′′
2, i.e., the difference between the ex-

tinction of the incident light with polarization parallel and per-
pendicular to the long axis of the aggregates, and the orientation
angle θ ′′, i.e., the angle between the reference angle of the op-
tical train and the long axis of the aggregates (see Fig. 2b). By
comparing θ ′′ with the temporal evolution of the magnetic field
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FIG. 2. Experimental setup. (a) Schematic diagram of linear dichroism op-
tical train which enables one to measure the dichroism, �n′′ = n′′

1 − n′′
2, and

the orientation angle of the structures, θ ′′. (b) Definition of the phase lag,
α(t) = ωt − θ ′′(t), between the magnetic field and the chains. (c) Sketch of

the coils system to generate the rotating magnetic field. (d) Detail of the quartz
cell filled with MR suspension.
ET AL.

direction, given by ωt , we may define the phase lag between the
field and the aggregates as α(t) = ωt − θ ′′(t).

The rotating magnetic field was achieved by applying sinu-
soidal electric signals to two orthogonal pairs of coils by means
of two Kepco BOP20-10M power amplifiers, driven by two
HP-FG3325A function generators referenced to one another at
a phase difference of 90◦. In Fig. 2c we show a sketch of the
coils system as seen from the direction of the laser beam. The
function generators allowed for control of both the amplitude
and the frequency of the rotating magnetic field. These coils
are embedded in a temperature-controlled aluminum cylinder to
prevent heating effects. The suspension is placed between two
quartz windows held in place by a Delrin attachment so that the
separation between the windows is e = 100 µm (see detail of
the sample cell on Fig. 2d). All experiments were performed at
a temperature of T = 282 ± 1 K measured on the sample.

3. RESULTS AND DISCUSSION

3.1. Experimental Results

When a rotating field in the plane (X, Y ) perpendicular to
the optical path direction (axis Z ) is applied, previous studies
(8) show that particle chains continuously aggregate and frag-
ment, although after a transient the ensemble achieves a steady-
state chain size distribution. In the following figures we plot
the dichroism and phase lag reached at the steady state, denoted
as �n′′

0 and α0, respectively.

3.1.1. Magnetic field effect. In Fig. 3a the dichroism gen-
erated by the suspension d-M1-180/12 (82.5% glycerol,
φ = 0.016) is plotted versus the magnetic field frequency
( f = ω/2π ) in a log–log form for various magnetic field
strengths (H = 6.2–24.8 kA/m). As the frequency of the ap-
plied field is increased, the dichroism is reduced but not with
the same rate. This plot clearly shows two distinct regions for
frequencies below and above a cross-over frequency, fc. Below
this cross-over frequency, the dichroism is essentially indepen-
dent of frequency. However, once this frequency is surpassed,
the dichroism strongly decreases with frequency. Above 1 Hz,
the dichroism drops with frequency with a scaling of approx-
imately �n′′

0 � f −1. For high fields, the change in behavior
is moved to higher frequencies, i.e., the cross-over frequency
separating these two regions increases with the amplitude of
the applied magnetic field. At higher fields the particle chains
are more able to rotate with higher frequency fields. Since
the strength of the interparticle magnetic forces scales with the
square of the particle magnetization that dependence is also ex-
pected for the cross-over frequency. To test this dependence,
fc ∼ M2, we plot the dichroism curves obtained for different
magnetic field strengths versus Ma number in Fig. 3b; it can be
observed that the curves collapse onto a master curve.

The phase difference between the orientation of the aggre-
gates and the magnetic field, α0, versus the frequency of the
applied field is plotted in Fig. 4a for different field strengths.

We observe that this phase lag increases with frequency over
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FIG. 3. Variation of the steady dichroism with rotational frequency (a) and collapse of dichroism with Ma number (b) for different magnetic field strengths
in a log–log plot. Measurements for suspension d-M1-180/12 (82.5% glycerol content, φ = 0.016). Power law fit with an exponent −1 for Ma > Mac.
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the whole range of frequencies. However, as we found for the
dichroism results, two different responses are observed, depend-
ing on the magnitude of the frequency. At low frequencies (be-
low fc) the phase difference grows very quickly while at high
frequencies the increase of the phase lag is relatively slow. For
frequencies larger than the cross-over frequency, the chains start
to disappear so the contribution to the total average phase lag is
due to the few small chains that still remain. These small chains
lag behind the magnetic field with larger phase angles since
they are close to breaking apart. In addition, a decrease of the
phase lag with magnetic field intensity is observed. This be-
havior is expected since the angular component of the magnetic
force, which is the responsible for the rotation of the chain, in-
creases with the amplitude of the magnetic field. These data
are replotted versus Ma number in Fig. 4b and, again, all curves
nicely collapse onto a single master curve.

3.1.2. Influence of viscosity. To analyze the influence of the
viscosity of the suspending medium, we measured the dichro-
ism induced in the suspensions d-M1-070/60 (with different
glycerol concentrations and the same particle volume fraction,
φ = 0.01) when a rotating field of amplitude H = 3.1 kA/m is
applied. In Fig. 5a we plot the variation of the dichroism with ro-
tational frequency in a log–log form for solutions with glycerol
content ranging from 40 to 80%. Again, two different regimes
above or below a cross-over frequency are observed. As ex-
pected, the cross-over frequency moves to bigger frequencies
for low-viscosity suspensions because the structures are more
free to rotate synchronously with the field. The collapse of
those curves with Mason number is presented in Fig. 5b veri-

fying the dependence of the cross-over frequency with the in-

−1
ted in Fig. 6a versus rotational frequency. We observe that the
verse of the viscosity, fc ∼ η . Note that for low frequencies,
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glycerol content, φ = 0.01) in a log–log plot when a magnetic field of amplitude H
T AL.

FIG. 6. Variation of the steady phase lag with rotational frequency (a) and
collapse of the phase lag with Ma number (b) for suspensions d-M1-070/60
(different glycerol content, φ = 0.01) in a log–log plot when a magnetic field
of amplitude H = 3.1 kA/m is applied.

f < fc, the dichroism shows a flatter plateau for solutions with
less glycerol content (40–50%) which may be due to the fact
that more viscous solutions need more time to reach the steady
state.

The steady phase lag measured for these suspensions is plot-
llapse of dichroism with Ma number (b) for suspensions d-M1-070/60 (different
= 3.1 kA/m is applied.
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variation encountered with field strength. As expected, more
viscous suspensions show bigger phase lags. The collapse of
those curves with Mason number is plotted in Fig. 6b.

These results emphasize the importance of the Mason num-
ber in controlling the aggregation phenomena in suspensions of
polarizable particles in rotating magnetic fields. The change in
behavior for both the dichroism and the phase lag corresponds
to Mac ≈ 1 when the viscous forces begin to overcome the mag-
netic forces.

3.2. Simulations

3.2.1. Equations of motion. Athermal particle dynamics
simulations were conducted that consider the aggregation kinet-
ics of N dipolar particles of diameter 2a suspended in a fluid
of viscosity η and subjected to rotating magnetic fields of am-
plitude H and angular frequency ω. Taking into account that
the aggregation takes place in the plane of the magnetic field
rotation (15), we simplified our calculation by developing 2D
simulations in this plane. Two fundamental length scales char-
acterize the formation of chains. The first one is the so-called
“thermomagnetic distance,” R1, which is the distance at which
the magnetic energy corresponding to the dipolar interaction be-
tween two particles aligned in the field direction and with paral-
lel dipole moments equals the thermal fluctuation energy. This
length scale turns out to be R1 = 2aλ1/3, where λ is a dimen-
sionless parameter calculated as the ratio between magnetic and
thermal energies,

λ = πµ0a3 M2

9kBT
, [2]

where µ0 is the vacuum magnetic permeability, and kB is the
Boltzmann constant. The physical meaning of R1 is that parti-
cles that are separated by a distance larger than R1 do not feel
the magnetic interaction due to each other, because the energy
of thermal fluctuations is larger than the dipolar interaction en-
ergy. The second length scale is the average initial interparti-
cle distance, which can be estimated as R0 � 2a/φ1/3. Actually,
the values of λ that correspond to the results reported here are
181 < λ < 712 for the experiments with the suspension d-M1-
180/12 and λ = 322 for the experiments with suspensions d-M1-
070/60. Therefore, in these experiments, the magnetic energy
is much higher than the thermal energy, and, since R1 > R0,
the application of an external field H will immediately trigger
the magnetic aggregation process. Consequently, we can safely
neglect the effect of the Brownian motion on the evolution of
the structures. As a first approximation, we will neglect higher
order hydrodynamic interaction, and we will consider viscous
forces to be represented as a Stokes force acting on each parti-
cle. Then, the equations of motion for the i th particle will con-
tain the sum of the following three forces (16):

dvi
∑ ∑
m
dt

= Fh(vi ) +
j 
=i

Fd(ri j ) +
j 
=i

Fr(ri j ), [3]
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where Fh(vi ) = −γ vi = −6πηavi is the hydrodynamic Stokes
force and vi is the particle velocity. The dipolar force over par-
ticle i th will be the sum of the dipole–dipole forces exerted by
all the other particles. The dipole–dipole force between particles
i th and j th is given by

Fd(ri j ) = 3µ0m2

4πr4
i j

{[1 − 5(m̂ · r̂i j )
2]r̂i j + 2(m̂ · r̂i j )m̂}, [4]

where ri j is the separation vector between the two centers of
mass, and we take m to be aligned with the field direction.
Note that as we are using one-particle Stokes’ hydrodynamics,
a repulsive force, Fr, must be included to avoid particles from
overlapping. This force is calculated from (17)

Fr(ri j ) = A
3µ0m2

4π (2a)4
exp[−B(ri j/(2a) − 1)]r̂i j , [5]

where we set A = 2 and B = 10, so that for two particles that are
in mechanical contact the repulsive force exactly balances the
attractive dipolar magnetic interaction. Similar repulsive forces
have been used in previous works (16, 17). Very simple order of
magnitude calculations show that for the systems here studied,
the inertial term in Eq. [3] can be discarded because the vis-
cous drag term dominates. As usual (16, 18, 19), we can make
the particle evolution Eq. [3] dimensionless, using the particle
diameter, 2a, as length scale, so that r ′ = r/(2a), and a time
scale τ = 122η/(µ0 M2), such that t ′ = t/τ . Making these sub-
stitutions in Eq. [3], and dropping out the primes for simplicity,
we arrive at

dri

dt
= τ

2aγ

[∑
j 
=i

Fd(ri j ) +
∑
j 
=i

Fr(ri j )

]
. [6]

This temporal scale leads to a dimensionless rotation fre-
quency equal to � ≡ ωτ . This dimensionless frequency is the
well-known Mason number with the definition used in Eq. [1],
� ≡ Ma.

3.2.2. Simulation procedure. According to the preceding
analysis, changing the field amplitude or the solvent’s viscosity,
both account for a change in Ma. Therefore, in the simulations
we have used only the Mason number as control parameter. The
physical parameters used in the simulations reported here cor-
respond to the suspension d-M1-180/12. The simulations being
2D, we have set the initial average interparticle distance so that
it corresponds to the volume fraction in the experiment with that
suspensions, φ = 0.016, i.e., R0/(2a) � 3.55.

The numerical integrations have been performed using a time
step of 0.005, which has proved to be small enough to avoid sig-
nificant overlapping errors when the particles come into close
contact. In all of the simulations the number of particles is 400,

and the simulations are carried out in a square box of the proper
size to adjust the initial average interparticle distance. The
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particles are set initially at random positions avoiding over-
lapping, and all of the results here reported are statistical av-
erages over different realizations corresponding to different
initial spatial distributions of the particles. Each simulation
is run long enough for the steady state to be reached and
then the quantities to be compared with the experimental re-
sults are averaged during the last period of rotation of the
field.

The comparison between experimental and simulation results
deserves some comments. First, the chains are recognized by
means of a criterion according to which two particles are ag-
gregated when the distance between their respective centers
of mass is smaller than 1.1 times the particle diameter. We
have computed the dimensionless average chain length (aver-
age number of particles in a chain), L , in the usual way, i.e., if
a chain labelled as j is formed by N j particles, then

∑

L = j N j∑ . [7] �n′′ = �n′′ ∝ N ≡ N . [9]
j 1
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T AL.

Mie’s theory for light scattering by nonspherical objects
allows us (4) to estimate the scattering dichroism generated
from a chain j formed by N j particles in the forward direction
(ϕ = 0). Assuming that the chains can be approximated as cylin-
drical objects of radius a (2),

�n′′
j = 2N j

k2
(Re[T2(ϕ = 0)] − Re[T1(ϕ = 0)]), [8]

where k = 2π/λl is the wave vector of the laser beam and
Ti (ϕ = 0) is a function of k, a, and the isotropic refractive in-
dexes of solvent and particles. In the case of a nonrotating field,
all the chains are aligned in the same direction, and, assuming
that the scattering dichroism produced from a set of Nc chains is
the incoherent sum of the scattering dichroism produced by each
chain, the total dichroism is proportional to the total number of
aggregated particles Na:

Nc∑ Nc∑
frequencies, � ≡ Ma, at an arbitrary time. Calculations for suspension d-M1-
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In the case of rotating fields, chains of different length might
lag behind the field with different phase angles. However, both
videomicroscopy experiments (8) and the simulation results re-
ported below show that the chain phase lag distribution is quite
narrow, provided that the rotation frequency is not much larger
than fc. Therefore, in the following, we can safely presume that,
for the measurements reported here, the dichroism will remain
proportional to the total number of aggregated particles, Na.
Hence, we will compare the experimental value of the scatter-
ing dichroism with the value of Na obtained in the simulations
computed as

Na ≡
∑

j

N j , [10]

where the sum is done for j with N j > 1.
The phase lag of a given chain is the angular difference be-

tween the orientation of the magnetic field and the unit vector
parallel to the long axis of the chain. For quasi-linear chains,
we have determined the chain orientation vector by calculating
the eigenvalues of the chains’s inertia tensor, I max

j , I min
j . Then,

the eigenvector corresponding to I min
j gives the orientation

of the long axis of the chain.
In order to calculate the total phase lag, α, we averaged the

chain phase lag distribution weighted by the chain size

α =
∑

j N jα j

Na
, [11]

where the sum is done for j with N j > 1. The reason for this
choice is that, qualitatively speaking, the contribution of each
chain to the anisotropy of the total scattering pattern is larger
the larger the chain size, therefore, one should expect that long
chains should contribute comparatively more to the average
phase lag than short chains.

The computations described so far consider straight chains
and, obviously do not take into account the shape of the clusters.
However, previous videomicroscopy results show that very long
chains deviate significantly from straight lines, and, moreover,
at high frequencies small clusters less anisotropic may appear.
To assess the effect of these chain form anomalies in our sim-
ulations results, we calculated the same quantities, L , Na, and
α using a weight function that takes into account the shape of
the cluster. Actually we used W j = N j s j , where s j is a shape
factor with value 1 for the case of a straight chain, and 0 for a
symmetric cluster

s j =
(
I max

j

)1/2 − (
I min

j

)1/2

(
I max

j

)1/2 + (
I min

j

)1/2 . [12]

We did not observe appreciable changes in the simulations

results using this shape correction. Therefore, we present here
the results corresponding to the case without the shape factor.
CLE AGGREGATION 207

3.2.3. Simulation Results. In Fig. 7 we plot the particle po-
sitions in the (X, Y ) plane for different dimensionless frequen-
cies at an arbitrary time. The field rotates in the counter clock-
wise direction. Several qualitative observations can be made on
Fig. 7. First, the size of the structures becomes smaller as the
rotational frequency increases. Second, at low Ma (see Fig. 7a),
the deformation of the chains is larger the longer the chain is,
and the shape of the deformed chain is qualitatively similar to
the one predicted by Martin et al. (20) for the closely related case
of electrorheological suspensions under a simple shear flow.
Third, at high Ma (see Fig. 7d), the tendency to form chains
aligned with the field is not clearly apparent, and more isotropic
clusters appear to be preferred; moreover, a higher number of
isolated particles appears.

Some of these observations can be made more quantita-
tive by studying the average chain length. The dimensionless
average chain length, L , versus Ma in a log–log plot is shown
in Fig. 8. The average chain length follows a power law behavior
with an exponent approximately equal to −0.45. This behavior
agrees well with the one predicted by the chain model (20, 21)
developed for the case of electrorheological fluids subject to a
simple steady shear flow, which predicts a power law behavior
with exponent −1/2.

Figure 9 shows the total number of aggregated particles, Na,
versus Ma in a log–log plot. Two different regions appears,
in agreement with the experimental dichroism. First, there is a
plateau zone at low Ma, in which Na varies very little with Ma.
Second, a strongly decreasing response appears for Ma ≥ 1,
with an apparent exponent close to −1, although the region in
which this power law behavior could be studied in the simula-
tions is rather small.
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FIG. 8. Dimensionless average chain length, L , versus dimensionless rota-
tional frequency, � ≡ Ma, in a log–log plot (symbols). The power law fit (solid

line) gives an exponent equal to −0.44 ± 0.02. Calculations for suspension d-
M1-180/12 (82.5% glycerol, φ = 0.016).



208 MELLE

6

7
8
9

100

2

3

4

5
N

a

4 6 8
0.1

2 4 6 8
1

2 4 6

 Ma

 slope = - 1 

FIG. 9. Total number of aggregated particles, Na, versus dimensionless
rotational frequency, � ≡ Ma, in a log–log plot (symbols). The power law fit
(solid line) for Ma > Mac gives an exponent equal to −1.0 ± 0.1. Calculations
for suspension d-M1-180/12 (82.5% glycerol, φ = 0.016).

The picture that emerges from these results is the follow-
ing: the average chain length decreases monotonously with Ma;
however, at low Ma, this decrease in length does not show up
in the number of aggregated particles, because almost all parti-
cles are aggregated although the chains that are stable become
shorter as Ma increases. At Mac � 1, the average chain length
is approximately 2 (see Fig. 8), which is, obviously, the smallest
chain that can be formed. Therefore, at Ma > 1, chains formed
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FIG. 10. Experimental steady phase lag, α0, (symbols) and phase lag ob-

tained from the simulations (solid line) as a function of Ma. Measurements for
suspension d-M1-180/12 (82.5% glycerol, φ = 0.016).
ET AL.

by two particles become unstable, and, consequently, the total
number of aggregated particles starts to decrease. These results
also confirm the conjecture that the scattering dichroism repre-
sents well the total number of aggregated particles in the mea-
surement volume.

A more specific comparison between the information ob-
tained from the scattering dichroism measurements and the sim-
ulation results can be done in terms of the phase lag. In Fig. 10,
we compare the experimental values of the steady phase lag,
α0, (symbols) with the values obtained from the simulation us-
ing Eq. [11] (solid line). The agreement is rather good, although
the values obtained in the simulations consistently appear in the
upper range of the experimental values.

4. CONCLUSIONS

In this work we used scattering dichroism to analyze the inter-
play of the magnetic and viscous forces in the dynamics of mag-
netorheological suspensions under rotating magnetic fields. In
these suspensions, dichroism arises from the formation of opti-
cally anisotropic chains upon imposition of the magnetic field.
Under rotating fields, two different behaviors for the dichro-
ism and the phase lag are found above or below a cross-over
frequency. At low frequencies, the chains rotate with the field,
yielding a dichroism that is independent of frequency, but with
a constant phase lag that increases with frequency. At high fre-
quencies, the dichroism decreases roughly as f −1, and the phase
lag increases more slowly. We obtained a good collapse of the
dichroism and the phase angle assuming a linear dependence
of the cross-over frequency both with the square of the magne-
tization and with the inverse of the viscosity. This means that
the Mason number (ratio of viscous to magnetic forces) is the
relevant dimensionless parameter for the problem. The experi-
mental results show that the cross-over value of Ma is Mac � 1.
This fact implies that the cross-over appears when the chains
formed by two particles loose mechanical stability (20, 21) be-
cause hydrodynamic friction forces overcome magnetic dipolar
attraction.

In the parameter range here studied, athermal simulations in-
corporating Stokes friction and dipole–dipole magnetic inter-
action are able to accurately reproduce the experimental re-
sults. According to the simulations, the average length of the
chain-like structures decreases when increasing the rotational
frequency, scaling as the inverse square root of the Mason num-
ber. Furthermore, the simulations reproduce two different be-
haviors above and below Mac for the total number of aggregated
particles, Na, and the phase lag, α, in agreement with the exper-
iments.
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