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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.  © 2002 Elsevier Science (USA)

Key Words: magnetorheological suspensions; rotating fields; scat-
tering dichroism.

1. INTRODUCTION

Magnetorheological (MR) suspensions consist of magnetiz-
able particles suspended in anonmagnetic fluid. Thewide 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 = (47 /3)a®M, 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 (1), the induced dichroism will be bigger than theinduced
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, f..
Below f., the dichroism remains amost constant and the phase
lag increases quasi-linearly. However, above f¢, the dichroism
decreases (3) following apower 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 forcesis 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 w is
Fn ~ 67 na(wa), where 7 is the solvent viscosity. The dipolar
magnetic forceis F, ~ (7/2)woa®M?, where 10 isthe vacuum
magnetic permeability. Then, the Mason number is given by:

122
Ma= -1 [1]
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where the proportionality factor has been chosen to bein 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
agood 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
phaselag occursat across-over Mason number, Ma. = 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 tota num-
ber of aggregated particles and the phase lag above and below
the cross-over frequency, isin 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 ague-
ous suspensions (M 1-180/12 and M 1-070/60) were bought from
Estapor-Rhone Poulenc with a solid content of 10% by weight.
The particle propertiesare listed in Table 1. The surface of these
microspheres is composed of carboxylic acid (-COOH) groups
with an added surfactant coating layer of sodium dodecy! 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 um 0.90 um
Magnetic content 13% 62%
Saturation field 11.1 emu/g 52.7 emulg
Surface group content 20 neg/g 145 neglg
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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 ¢ =0.016 ¢=0.01

Field strength (kA/m) H =6.2-24.8 H=31

diameter 1.01 xm (M1-180/12) in glycerol to achieve a solvent
volume concentration of 82.5% glycerol with a volume frac-
tion of ¢ =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 1l to be n=(0.178+0.002) Pas at 10°C. The first
set of experiments consists on applying rotating magnetic fields
with different amplitudes (ranging from H =6.2 kA/mto 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 L akeShore
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 ¢ =0.01 but different glycerol concen-
trations ranging from 40 to 80% in volume. In this case, we
used the water suspension M 1-070/60 with particles of 0.90 um
diameter. These suspensions are denoted as d-M 1-070/60. We
also determined their viscosities with the RDA 1. 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 effectsfor 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 = xH, the effective magnetic susceptibility
of theparticlebeing et = 3(up — 1s)/(p + 2us) = 0.88. Here
wp and us 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 aHe-Ne laser, a polarizer (that sets the reference angle for
the polarization), a photoelastic modulator, and a quarter wave
plate (set a /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.
Thesignal 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-MI10-16xE-10). With this optical
setup we can simultaneously measure the time evolution of the
dichroism An” =nj — nj, i.e, the difference between the ex-
tinction of the incident light with polarization parallel and per-
pendicular to thelong axis of the aggregates, and the orientation
angle 6”, 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 6” 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, An” =n7 —n7, and
the orientation angle of the structures, 6”. (b) Definition of the phase lag,
a(t)=wt — 0”(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.
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direction, given by wt, we may define the phase |ag between the
field and the aggregates as a(t) = wt — 6”(t).

The rotating magnetic field was achieved by applying sinu-
soidal electric signalsto 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 atemperature-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 um (see detail of
the sample cell on Fig. 2d). All experiments were performed at
atemperature 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 atransient 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 Ang and o, respectively.

3.1.1. Magnetic field effect. In Fig. 3a the dichroism gen-
erated by the suspension d-M1-180/12 (82.5% glycerol,
¢ =0.016) is plotted versus the magnetic field frequency
(f =w/27) in a logHog 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, f.. 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 Ang ~ f~1. For high fields, the change in behavior
is moved to higher frequenmes 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
sguare of the particle magnetization that dependenceis also ex-
pected for the cross-over frequency. To test this dependence,
f. ~ 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, «g, 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 alog-og plot. Measurements for suspension d-M1-180/12 (82.5% glycerol content, ¢ = 0.016). Power law fit with an exponent —1 for Ma > Ma.
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Measurements for suspension d-M1-180/12 (82.5% glycerol content, ¢ = 0.016).
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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
frequencieslarger than the cross-over frequency, the chains start
to disappear so the contribution to the total average phaselagis
dueto the few small chainsthat 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
arereplotted versus Manumber 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,
¢ =0.01) when arotating field of amplitude H =3.1 kA/mis
applied. In Fig. 5awe plot the variation of the dichroismwithro-
tational frequency in alog—og 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-
verse of the viscosity, f. ~ L. Note that for low frequencies,
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f < f¢, thedichroism shows aflatter plateau for solutionswith
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 suspensionsis plot-
ted in Fig. 6a versus rotational frequency. We observe that the
phase lag variation with the viscosity is much larger than the
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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 phenomenain suspensions of
polarizable particles in rotating magnetic fields. The change in
behavior for both the dichroism and the phase lag corresponds
toMa. ~ 1 when theviscousforces beginto overcomethe mag-
netic forces.

3.2. Smulations

3.2.1. Equations of motion. Atherma particle dynamics
simulations were conducted that consider the aggregation kinet-
ics of N dipolar particles of diameter 2a suspended in a fluid
of viscosity n and subjected to rotating magnetic fields of am-
plitude H and angular frequency w. 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,” Ry, which is the distance at which
the magnetic energy corresponding to thedipolar interaction be-
tween two particles aligned in thefield direction and with paral-
lel dipole moments equals the thermal fluctuation energy. This
length scale turns out to be Ry = 2ax'/3, where A is a dimen-
sionless parameter cal cul ated asthe ratio between magnetic and
thermal energies,

3N 2
B

where g is the vacuum magnetic permeability, and kg is the
Boltzmann constant. The physical meaning of R; isthat parti-
cles that are separated by a distance larger than R; do not feel
the magnetic interaction due to each other, because the energy
of thermal fluctuationsis larger than the dipolar interaction en-
ergy. The second length scale is the average initial interparti-
cledistance, which can be estimated as Ry ~ 2a/¢/2. Actually,
the values of A that correspond to the results reported here are
181 < A < 712 for the experiments with the suspension d-M1-
180/12 and A = 322 for the experimentswith suspensionsd-M 1-
070/60. Therefore, in these experiments, the magnetic energy
is much higher than the thermal energy, and, since R; > Ry,
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 afirst 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 theith particle will con-
tain the sum of the following three forces (16):

m% = Fn(vi) + Z Fd(rij) + Z Fr(rij), [3]
JA j#i
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where Fp(vi) = —yVvi = —6mnav; isthe hydrodynamic Stokes
force and v; isthe particle velocity. The dipolar force over par-
ticleith will be the sum of the dipole-dipole forces exerted by
all the other particles. The dipole-dipoleforce between particles
ithand jthisgiven by

3 2
Falty) = g ([1 = (- £ Yy + 20 F)). (4

ij

where r;;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,
arepulsive force, F;, must be included to avoid particles from
overlapping. Thisforceis calculated from (17)

3,bLom2
47 (2a)*

Fe(rij) = A exp[—B(rij/(2a) — DIfij,  [5]

whereweset A=2and B =10, so that for two particlesthat are
in mechanical contact the repulsive force exactly balances the
attractive dipolar magnetic interaction. Similar repulsive forces
have been used in previousworks (16, 17). Very simple order of
magnitude cal culations show that for the systems here studied,
the inertial term in Eq. [3] can be discarded because the vis-
cous drag term dominates. As usua (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 T =122/ (uoM?), such that t' =t /7. Making these sub-
gtitutionsin Eq. [3], and dropping out the primes for smplicity,
we arrive at

dri
i % [Z Fa(rij) + ZFr(ri,—)} : [6]

j# jA#

This tempora scale leads to a dimensionless rotation fre-
guency equal to = wt. This dimensionless frequency is the
well-known Mason number with the definition used in Eq. [1],
Q = Ma

3.2.2. Smulation 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-M 1-180/12. The simulations being
2D, we have set the initial average interparticle distance so that
it correspondsto the volume fraction in the experiment with that
suspensions, ¢ =0.016, i.e., Ry/(2a) ~ 3.55.

The numerical integrations have been performed using atime
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 al of the simulations the number of particlesis 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 particlesin achain), L, in the usual way, i.e., if
achain labelled as j isformed by N; particles, then

N
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Mie's theory for light scattering by nonspherical objects
alows us (4) to estimate the scattering dichroism generated
from achain j formed by N; particlesin the forward direction
(¢ = 0). Assuming that the chains can be approximated as cylin-
drical objects of radiusa (2),

2N;
Anf = k—z’(Re[Tz(fp =0] - Re[Tu(e = 0)]),  [8]
where k=2r/A, is the wave vector of the laser beam and
Ti(p =0) is afunction of k, a, and the isotropic refractive in-
dexes of solvent and particles. In the case of anonrotating field,
al the chains are aligned in the same direction, and, assuming
that the scattering dichroism produced from aset of N chainsis
theincoherent sum of the scattering dichroism produced by each
chain, the total dichroism is proportional to the total number of
aggregated particles Na:

An”:ZAn’j’aZNj = Na. [9]
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FIG. 7. Dimensionless particle positions for different dimensionless rotating frequencies, 2 = Ma, at an arbitrary time. Calculations for suspension d-M1-

180/12 (82.5% glycerol content, ¢ = 0.016).
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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 f.. Therefore, inthefollowing, we can safely presumethat,
for the measurements reported here, the dichroism will remain
proportional to the total number of aggregated particles, N,.
Hence, we will compare the experimental value of the scatter-
ing dichroism with the value of N, obtained in the simulations
computed as

[10]

Na= Y N;.
j

where the sum isdonefor j with N; > 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, 1/, |™". Then,
the eigenvector corresponding to |™" gives the orientation
of the long axis of the chain.

In order to calculate the total phase lag, «, we averaged the
chain phase lag distribution weighted by the chain size

> Njej
0= —

N [11]
where the sum is done for j with Nj > 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, N, and
a using aweight function that takes into account the shape of
the cluster. Actually we used W; = Njs;, where s; is a shape
factor with value 1 for the case of a straight chain, and O for a
symmetric cluster

(ljmax)l/2 _ (| ]_min)l/z

- (|jmax)1/2+ (|]min)1/2 ’

[12]

We did not observe appreciable changes in the ssimulations
results using this shape correction. Therefore, we present here
the results corresponding to the case without the shape factor.
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3.2.3. Smulation Results. In Fig. 7 we plot the particle po-
sitionsin 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. Firgt, the size of the structures becomes smaller as the
rotational frequency increases. Second, at low Ma (see Fig. 7a),
the deformation of the chainsis larger the longer the chain is,
and the shape of the deformed chain is qualitatively similar to
theone predicted by Martinet al. (20) for theclosely related case
of electrorheologica suspensions under a simple shear flow.
Third, a high Ma (see Fig. 7d), the tendency to form chains
aligned with thefield isnot 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 Main alog-og plot is shown
inFig. 8. Theaverage chainlength follows apower 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, N,
versus Ma in a log-og plot. Two different regions appears,
in agreement with the experimental dichroism. First, thereisa
plateau zone at low Ma, in which N, varies very little with Ma.
Second, a strongly decreasing response appears for Ma > 1,
with an apparent exponent close to —1, athough the region in
which this power law behavior could be studied in the smula-
tionsisrather small.

14
9
84

FIG. 8. Dimensionlessaverage chainlength, L, versus dimensionless rota-
tional frequency, Q2 = Ma, in alog-og 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% glyceral, ¢ = 0.016).
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FIG. 9. Total number of aggregated particles, Na, versus dimensionless
rotational frequency, Q = Ma, in alog-og plot (symbols). The power law fit
(solid line) for Ma > Ma. gives an exponent equal to —1.0+ 0.1. Calculations
for suspension d-M1-180/12 (82.5% glycerol, ¢ = 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 Maincreases. At Ma; >~ 1, the average chain length
isapproximately 2 (see Fig. 8), which is, obviously, the smallest
chain that can be formed. Therefore, at Ma > 1, chains formed

a, (degrees)

<& 6.2KkA/m
vV 9.5kA/m
O 12.4 kAIm
X 15.5 kKA/Im
0O 18.6 KA/m
A 21.7 kKAIm
X 24.8 kKAIm
— simulation

I T T 7 1 T T I
0 2 4 6 8 10

FIG. 10. Experimental steady phase lag, ao, (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, ¢ = 0.016).
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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,
ag, (symbols) with the values obtained from the simulation us-
ing Eq. [11] (solid line). The agreement israther good, although
the values obtained in the simul ations consi stently appear in the
upper range of the experimental values.

4. CONCLUSIONS

Inthiswork we used scattering dichroismto analyze theinter-
play of the magnetic and viscousforcesin 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, thedichroism decreasesroughly 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 MaisMa, >~ 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 simulationsin-
corporating Stokes friction and dipole-dipole magnetic inter-
action are able to accurately reproduce the experimenta re-
sults. According to the simulations, the average length of the
chain-like structures decreases when increasing the rotational
frequency, scaling astheinverse square root of the Mason num-
ber. Furthermore, the simulations reproduce two different be-
haviors above and below Ma. for thetotal number of aggregated
particles, N,, and the phaselag, «, in agreement with the exper-
iments.
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