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Microstructure evolution in magnetorheological suspensions governed by Mason number
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The spatiotemporal evolution of field-induced structures in very dilute polarizable colloidal suspensions
subject to rotating magnetic fields has been experimentally studied using video microscopy. We found that
there is a crossover Mason numligatio of viscous to magnetic forceabove which the rotation of the field
prevents the particle aggregation to form chains. Therefore, at these high Mason numbers, more isotropic
clusters and isolated particles appear. The same behavior was also found in recent scattering dichroism experi-
ments developed in more concentrated suspensions, which seems to indicate that the dynamics does not depend
on the volume fraction. Scattering dichroism experiments have been used to study the role played by the
volume fraction in suspensions with low concentration. As expected, we found that the crossover Mason
number does not depend on the volume fraction. Brownian particle dynamics simulations are also reported,
showing good agreement with the experiments.
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[. INTRODUCTION crospheres in a ferrofluid 14,15, magnetic microdroplets
[16], and MR suspensiord7-2Q subject to rotating mag-
MagnetorheologicalMR) suspensions are essentially sus-netic fields. These systems show a rich dynamics depending
pensions of magnetizable particles immersed in a nonmagn the value of the rotating field frequency. The response of
netic fluid. These complex fluids show a unique ability to@ pair of magnetic particles immersed within a fluid was first
undergo rapid, nearly completely reversible, significantexperimentally reported by Kashevsky and Novikqua].
changes in their mechanical and optical properties upon ag-ater on, some theoretical works described the different ro-
plication of an external magnetic fie[d]. The physical ori- tation modes of systems formed by few magnetic particles
gin of this behavior is that, under the action of an externadinder rotating field§18]. At very high rotating field frequen-
field, the particles acquire a magnetic dipole moment, whichCies, these modes became extremely complicated and chaotic
due to dipolar interaction, induce particle aggregation tostates were found. Colloidal suspensions subjected to high-
form chainlike structures aligned with the field. This changefrequency rotating fields have been recently stugid-25.
in suspension microstructure is accompanied by significant hey reported aggregation of particles into two-dimensional
changes in flow behavior and optical properties becausgheetlike structures aligned in the field plane. .
these structures restrict the motion of the fluid, thereby in- The dynamics of semidilute MR fluid&volume fraction
creasing the viscosity of the suspension, and induce optica#~0.02) under rotating magnetic fields has been recently
anisotropy. The potential applicability of such fluids hasstudied using scattering dichroisf6,27. In these suspen-
stimulated considerable research activity in developing desions, dichroism is caused by the polarization-dependent
vices such as controllable shock absorbers, electromagnefi€attering from oriented aggregate8] and, provided that
clutches and brakes, control valves, and artificial jojatg], ~ there is no lateral aggregation, the scattering dichroism is
as well as other microfluidic devices which involve lower Proportional to the total number of aggregated partichs,
concentrate magnetorheological suspensions especially f627]. We found that the field-induced chains rotate synchro-
biomedical applicationf4,5]. On the other hand, and from a nously with the field but lag behind by a frequency-
more fundamental point of view, the relationship betweerdependent phase angle. Qualitatively similar results were ob-
microscopic structure and mechanical and optical propertieined in Ref.[29] in a system of magnetic microdroplets.
of these systems has excited considerable interest in the ldstrthermore, a more relevant result arises from R&]: the
decadd6-8]. Mason number, Mdratio of viscous to magnetic forcgs
Most of the studies to date have focused on the opticagovel'ns the chain dynamics under rotating fields. This di-
response of MR suspensions to unidirectional magnetic field§1ensionless parameter has been defined with different pro-
[8—13). However, in the past years their dynamical responséortionality factors in the literaturg24,30,31. Here we use
to rotating magnetic fields has been a new research area e following definition:
interest. Indeed, the rotating field configuration closely re-

sembles the simple shear configuration appearing in most of 122 pw
the practical applications of MR fluids. Moreover, the rotat- Ma= ———, (1.1
ing field experiments have a much simpler laboratory imple- KomsM

mentation than a simple shear experiment, which requires
precise mechanical motion. Thus, pioneering experimentalhere 7 is the solvent viscosityw is the rotating field fre-
studies were reported on magnetic holesnmagnetic mi- quency, o and ug are the vacuum and solvent magnetic
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permeability, respectively, anl is the particle magnetiza- TABLE |. Properties of the magnetizable microspheres.
tion. Here the proportionality factor has been chosen to be in

agreement with the dimensionless frequency obtained from Particle properties M£070/60
the simulations analysi€Sec. Ill). A change in behavior of Mean diameter gm) 1.24
the dichroism and the phase lag was found above a crossover \agnetic content 61%
Mason number Ma-1, where the viscous forces dominate Saturation fieldemu/g 51.9
and inhibit the aggregation process. Surface group contentueq/g) 117

In this paper, we report on an experimental video micros-
copy study of the aggregation of magnetizable particles and

the subsequent chain orientation dynamics under rotating|1 _ . . .
magnetic fields. This technique allows us to directly visual-1N€ surface of the microspheres contains carboxylic acid

ize the dynamics of very dilute suspensiong~10"4). (-C(_)OH) groups with an added surfg_ctant coa.ting quer of
Note that the scattering dichroism technigue will not be useSodium dodecyl sulfatéSDS to stabilize the dispersions.

ful to study very dilute suspensiong<0.001 due to the The particles’ physical properties are detailed in Table I. We
small dichroism signal obtained. We used different rotatinghave characterized the average magnetic properties of the
frequencies which correspond to Mason numbers below angarticles by measuring their magnetization curve using a vi-
above 1, i.e., around the value where both magnetic anbirating sample magnetometé/MS-Lakeshore 7300 We
hydrodynamic interactions are comparable. This range ofbserved that under sufficiently low magnetic fields these
Mason numbers is similar to the one used in our previougparticles exhibit super-paramagnetic behavior with virtually
scattering dichroism experiments in more concentrated suso hysteresis or magnetic remanence. Due to their small av-
pensiond 26,27). We find that the average size of the aggre-erage diameter and density,~ 1.3 g/ml) the sedimentation
gates decreases with Ma. Furthermore, we find a transition itime is long enough to neglect gravitational effects. The sedi-
the total number of aggregated particles at a crossover Manentation velocity was estimated according to the Stokes’
son number close to Ma 1, in agreement with our previous |aw to bev ~0.06 um/s.

work. Therefore, this result seems to indicate that the dynam- For video microscopy experiments we diluted the suspen-
ics does not depend on the volume fraction, at least betweegion M1-070/60 with Milli-Q ultrapure water with the same
¢~10"* and¢~0.02. In order to verify this result, we ana- SDS concentration as the original suspension in order to
lyze the role played by the volume fraction in the dynamicsavoid particle aggregation. The volume fraction achieved is
using scattering dichroism experiments. As expected, wey~10 4. To analyze the volume fraction effect through
found that the crossover Mason number does not depend @itattering dichroism experiments, we prepared suspensions
the volume fraction, which points out the generality of thiswith 50% glycerol and different volume fractions ranging
behavior. Our experimental findings have been corroborateffom ¢~0.02 to p~ 10 3.

through Brownian particle dynamics simulations of “hard”
spheres with induced dipolar interactions and Stokes friction
against the solvent. The simulations are in agreement with
the experiments. We also developed numerical simulations to The video microscopy experiments requires optical trans-

2. Magnetic field generation and sample cell

analyze the thermal effect on the dynamics. parency, so the fluid sample was sandwiched between two
circular quartz windows with inner diameter 6.5 mm. These
Il. EXPERIMENTS windows were held in place by a delrin attachment designed

to prevent evaporation of the solvent and separated by an
Two experimental setups were used to study the dynamicgnnular delrin spacez=100 xm thick along the light path

governing MR suspensions subject to rotating magneti¢axisZ). The video microscopy images were taken at an area
fields. First, we performed video microscopy experiments ofn the cell less than 1 mm in the vicinity of the center. The
very dilute suspensionsp(~10~“) to directly visualize their sample is placed at the center of two orthogonal pairs of coils
dynamics. Second, to study the role played by the volumehat generate a rotating magnetic field in the plane of the
fraction, scattering dichroism technique was needed since jinages KY). The rotating magnetic field was achieved by
allows the use of suspensions with moderate concentratiogpplying sinusoidal electric signals to the two orthogonal
So we performed scattering dichroism experiments on suspairs of coils by means of two Kepco BOP20-10M power
pensions with different volume fractions ranging frofh  amplifiers, driven by two HP-FG3325A function generators

=0.001 to¢=0.02. referenced to one another at a phase difference of 90°. The
function generators allowed for control of both the amplitude
A. Experimental materials and procedure and the frequency of the rotating magnetic field. These coils

are housed in a temperature controlled aluminum cylinder to
prevent heating effects. All experiments were performed at a
To prepare our samples we used an aqueous suspensitamperature off =282+1 K on the sample. The coil’s rela-
M1-070/60 of super-paramagnetic microspheres supplied biive positions and their dimensions were optimized to obtain
Estapor with a solid content of 10% in weight. The particlesthe smallest possible spatial variation of the field over the
in the suspension contain magnetite crystals;(zg of  sample(smaller than 3% across the whole sampléhis
small diamete(1-20 nm dispersed in a polymeric matrix. minimizes possible local changes of concentration due to

1. Magnetic suspensions
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TABLE Il. Summary of the experimental conditions. amplifier to recover the dc component and two phase lock-in
amplifiers (Priceton Applied Research, EG&G-12B8Aet at

Experimental conditions Video microscopy Scattering dichroismponce and twice the photoelastic modulator frequency. The
outputs of both lock-ins and the dc amplifier output are then

Glycerol content 0% 50% Lo ) . . L

y . B B digitized using a 16-bit resolutio®/D data acquisition
Volume fraction ¢$=0.0001 ¢=0.02-0.001 .

) board(National Instruments, PCI-MIO-16xE-10A full de-
Field strength(kA/m) H=1.55 H=3.1 o . . . .
Field Ha) = 0.001-1 f=0.001-15 scription of this experimental technique can be found in

leld frequency(Hz e A Refs.[26,34). With this optical setup we can simultaneously
Figures Figs. 1-3 Figs. 4 and 5

measure the time evolution of the dichroistm”(t)=n|
—n’, i.e., the difference between the extinction of the inci-

migration of the magnetic particles under the effect of fielddent light with polarization parallel and perpendicular to the
gradients. In Table Il are summarized the experimental conlong axis of the aggregatébeingn=nj —inj the refractive

ditions for each experiment. index in the direction parallel to the long axis of the aggre-
gates. We can also measure the temporal evolution of the
3. Video microscopy setup and procedure orientation angle of the aggregats i.e., the average angle

. . . . difference between the reference angle of the optical train
We illuminated the top side of the sample from the dlrec-and the long axis of the aggregates. By compaifiguith
tion perpendicular to the field plane using a white IIghtthe temporal evolution of the magnetic field direction, given

source(American Optical 11-8)9. To amplify the image we b ' ,
: Yy wt, we may define the phase lag between the field and the
used a(Navitar 12X) zoom system composed of a 2X aggregates as(t) = wt— 0'(t).

adapter that attaches the zoom to a charge-coupled-devic . .

. The measurement procedure required, first, to set the val-
(;)I(CI?% vurj]eo c?me:eQSgnyt?]VDC—%ZtS, a 115))(( zoom, and a bues of frequency and amplitude of the magnetic field, sec-
<~ attachment that joins the zoom to a MICrOSCope o ~ond, to measure the time evolution &A”(t) and §”(t) until
jective placed close to the bottom side of the sample. This steady state is reachelin” and @’ and third. to wait the
group of lenses has the advantage of combining large 200 y " 0 0 '
range, high resolution, and long working distari@8 mm. time necessary for the particles to break apart and to return to
This zoom system has the capability of allowing the field ofthe'r initial state. Therefore, all measurements _arellndep.en-
view to be altered by changing the image resolution. Th ent, because there is no continuous sweep in either field
resolution could be varied between 0.34 and 4r@/pixel requency or amplitude.
for fields of view between 170 and 21Q0m, respectively.
The CCD camera is connected to a S-VHS V(ERnasonic B. Video microscopy results
AG 1975 which records images at 30 frames/sec. We sub-

sequently digitalized single frames of 64@80 pixels with  o\01,tion of the structures induced by a magnetic field rotat-
256 gray levels on a computer at fixed time intervals depen ing clockwise with frequencyf=0.001 Hz and amplitude

ing on the field rptational frequgncy. To analyze the images; — 1 55 ka/m (Ma=0.0012). When the field is first applied
we USEAGOR A0 Image-processing software frdNaveMet- (t=0 s), a magnetic dipole is induced in each particle in the
fics, Inc The images had a dark background over Wh'Ch th_edi"ection of the field. At this low volume fraction ¢(
particles appear as clear areas. In the image analysis the pixe 1074 the dipolar interaction induces particle aggregation

;’:Ireal ?\r ea;]cr; datghgrfgate \Iivast calcutlat?df by applylng a 94445 linear chains that follow the magnetic field direction. We
evel thresho at was kept constant 1or a given experly, ;e seen that the chains rotate synchronously with the field

me:tt. ical . al d beain with an h as was reported in Ref35]. The average chain length ini-
ypical experimental run would begin with an homoge- lly increases until it finally reaches a steady stgg8].

neous sample and then we applied th‘?.“’t"?‘“”g magne_tic fiel ote that the aggregation kinetics under rotating magnetic
for 365 Sec. Although the zoom.magmﬁ(_:auon was varled forgelds is very different than the kinetics reported under uni-
each experiment t.o ?d.apt the f|¢ld of view, a resolution tha irectional magnetic fields where power-law behavior gov-
allowed us to see individual particles was always used. The ms the long-time aggregation regif#2,13. Under rotat-

the _temporal evolutl(_)n of the total number_of aggregate ng magnetic fields, the final size of the aggregates is roughly
partllcles was determined. The average rotation angle of th8etermined by the competition between the magnetic dipolar
chams.was also computed by analyzing the Hough transforrn1teracti0n and the hydrodynamic forces on the ch&ae.
of the imageg32,33. We observe that rotating chains undergo a process of dy-
namic chain growth and fragmentation that has a frequency
twice that of the field frequency as was reported in R&5).

The optical train used to measure linear dichroism con- We would like to emphasize that lateral aggregation of
sists of a He-Ne laser, a polarizéhat sets the angle for the chains has not been observed at the low volume fractions
polarization, a photoelastic modulatdset atw/4 displace- reported in the video microscopy experiments as occur in
ment with respect to the polarizeand a quarter wave plate unidirectional magnetic field§9]. In the case of rotating
(set parallel to the polarizerThe laser beam goes through fields, we have observed partial overlapping of chains at low
the sample cell and the transmitted light is detected by a&otational frequencies. This phenomenon is originated by a
photodiode. The signal from the photodiode is sent to a ddifferent mechanism than the lateral aggregation of chains

In Fig. 1 video microscopy images show the temporal

4. Scattering dichroism setup and procedure
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FIG. 1. Video microscopy images at different times showing the structures induced by a magnetic field rotating clockwise with frequency
f=0.001Hz and amplitudel = 1.55kA/m. Field of view: 5& 43um?; suspensions witlp~ 10“.

under unidirectional fields since it is due to contact of closeservedS shape. Similar behavior has been observed also in
neighboring chains during their rotation when the distancemagnetic microdroplets under rotating magnetic fid@3).
between their centers is smaller than the average length dthus, at long times, the average length shows strong tempo-
the chains. We observe that partial overlapping of chainsal fluctuations which may be attributed to interchange of
always occurs in the plane perpendicular to the image sincparticles between chains in the fragmentation and aggrega-
in this configuration the structure formed by two overlappingtion procesg35].
chains presents smaller inertia moment and is able to easily In Fig. 3 video microscopy images show the behavior of
follow the field. Two dimensional sheetseveral particles the structures induced for different rotational frequencies. All
thick) aligned in the plane of the field were reported by Mar-the images have been recorded after applying the field during
tin et al.[21,25,37 for high volume fraction suspensions un- t=300 s. We can see that the length of the induced aggre-
der high-frequency rotating fields. gatesL, decreases when increasing the frequency. The same
In the limit of low rotational frequencies, and for this low behaviorL «Ma~*2is also obtained for a chain model in the
value of the magnetic field, aggregation and fragmentatioase of rotating magnetic field85,36. However, for Ma
processes are continuously observed between neighboringMa,~ 1, this low amplitude magnetic field is not strong
chains. Chains approach each other and, for a short timenough for the structures to remain aligned in the field direc-
they keep attached together by their ends and rotate as orn. Hence, at high frequencie$=£1 Hz in Fig. 3, which
The phase lag of the longer formed chain respect to the fieldorresponds to Ma1.2) even two particle chains may break
direction increases compared to the phase lag of the shortgpart, therefore increasing the number of isolated particles;
chains. Hydrodynamic forces on the chains cause them tmoreover, other more isotropic structures appear, as for ex-
break up into smaller segments in order to remain orientedmple disklike structures formed by 3-5 particles. Similar
with the field (see Fig. 1, so finally the long chain breaks
into shorter ones. The breakup process of a chain induced
when a magnetic field of frequendy=0.01 Hz is applied
can be qualitatively explained as followsee Fig. 2 First, :
the chain deforms slightly from the straight configuration
[Fig. 2(@)], later it develops a clear&shape whose ends are
aligned in the field directioriFig. 2(b)]. Finally, the chain
breaks up in two or more shorter structufEgy. 2(c)] which O
can follow the field rotation more easily. Theoretical chain =
models developed for the case of electrorheologi&R) FIG. 2. Details of theS shape(reversed in this cageleveloped
suspensions subject to a simple shear flow in the directioBy one chain just before the breakup. The field rotates counterclock-
perpendicular to the fielf38] and for MR suspensions sub- wise with frequencyf=0.01Hz (Ma=0.012). Field of view: 14.4
ject to rotating fieldd36] qualitatively account for the ob- x14.2um?; suspensions withp~10*.
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i i FIG. 3. (left) Video micros-
{ iiﬁi ¢ copy images at time300 sec
| (] showing the structures induced in
é the suspension at different rota-
tional frequencies ranging frorh

. =0.001 Hz (M&0.0012) tof
=1Hz (Ma=1.2). Field of view:
58X 43 um?; suspensions witlg
~10% (right). Variation of the
] normalized total number of aggre-

T T T T gated particles with Ma.

f=0.1Hz- Ma=0.12 f=1Hz— Ma=12
structures were found for ER fluids subjected to high- In summary, we have seen that the behavior of the very
frequency rotating fields39]. Therefore the total number of dilute MR suspensions is the same as found in our previous
aggregated particles should decrease when increasing Masamrk on more concentrated suspensions, that is, there is a
number. In Fig. 3on the righ} we see the dependence of the crossover Mason number (Ma1) above which the rotation

normalized total number of aggregated particles with Masomf the field prevents the particle aggregation process into
number, which shows the expected behavior, in agreemerhains from taking place, and other more isotropic structures

with our previous wor{27]. A deeper insight in the behavior appear. This result seems to indicate that this scenario is
of N, (see Fig. 3 reveals that the crossover Mason ”Umberbasically independent of the volume fraction.

seems to be shifted to values lower than 1. We should say at
this point that the criteria we followed to compute Ma to
consider the value at which a change in behavior is observed.
Usually, this change is not abrupt but occurs in a range of In Fig. 4 we plot the variation of the dichroisfteft) and
values, therefore a precise determination of.Mannot be the phase lagright) with rotational frequency for decreasing
made without some ambiguity. A possible responsiblevalues of¢p. We see, in agreement with our previous works
mechanism for the shift observed on Ma smaller values is for larger ¢» [26,27), that dichroism shows two distinct re-
the formation of small structures displayed in the directiongions for frequencies below and above a crossover frequency
perpendicular to the image plane at high rotating frequencies,. Below this crossover frequency, the dichroism is essen-
(close to Ma=1). From the image analysis, this fact leads totially independent of frequency. However, once this fre-
a decrease of the normalized total number of aggregated paguency is surpassed, the dichroism strongly decreases with
ticles, and therefore it could explain the mentioned curvefrequency following a power-law behavior with an exponent

C. Scattering dichroism results

shift. —1. The phase lag also show two different responses de-
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o
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2 o transition around the crossover Mason number as the volume
50% glycerol > | ! >
v $=0.020 fraction increases is observed, which could be observed at
14 e OueRe ¥ My A $=0.010 the left part of Fig. 4. At low volume fractions the rupture of
_ ] v, <& ¢=0.005 the dimers leads to the abrupt change in dichroism behavior.
O O $=0.002 However, at high volume fractions the mean distance be-
] , 0 ¢=0.001 tween chains can be very small, so before the dimers break
S 4 v ® Na/N Y
T ad 2 apart, they have a higher probability to join together with
N @ neighboring dimers forming more isotropic structures.
> s Therefore, the collision of dimers around the crossover Ma-
= 40x10 ~ . e
~ son number may lead to a broadening of the transition. Al-
N . .
0-1—: E 30 though it is not plotted here, a nice collapse of the curves
- 6] 1 @o corresponding to the phase lag is also found.
54 20 v
= 1S5
go : * o 104 VV I1l. NUMERICAL SIMULATIONS AND DISCUSSION
1 ¢
24 < N v A. Equations of motion
5 129 20x107 A complete algorithm to simulate MR fluids would in-
0.01- clude Brownian motion, multipolar magnetic interaction
' ' ' ' ! ' forces between the particles, local field corrections to the
0.001  0.01 0.1 1 10 100

applied field, hydrodynamic friction forcg$ubrication and
Ma long rangg, excluded-volume repulsive forces, and so on.
However, our approach has been to consider only those con-
tributions which we believe are essential to capture the phys-

at low frequencies vs the volume fractiGnse). Suspensions with ICS OI tlhe probllem. Ther((ajfore,l n ocrjdetr to |3FerpreF the erperl-
50% glycerol content, 0.0814<0.02; field amplitudeH=3.1 ~ Men@l resu .S’l we ! eve Opef “ Wo- |mhenS|ona:2h)'
KA/m. For comparison, the normalized total number of aggregated®'OWnian particle simulations of “hard” spheres with in-

particles corresponding to the video microscopy experiments hadUC€d dipolar interactions and Stokes friction against the sol-
also been include¢tots. vent. Similar approaches have been previously (28¢0—

42]. We consider a monodisperse suspensioil apherical
pending on the magnitude of frequency. At low frequenciegarticles of diameter & suspended in a fluid of viscosity
(below f ) the phase difference grows very quickly, while at and subjected to a rotating magnetic field of amplitttdend
high frequencies the increase of the phase lag is relativelgngular frequency. Taking into account that the aggrega-
slow. For frequencies larger than the crossover frequencyjon takes place in the plane of the magnetic field rotation
fewer and shorter chains survive, and so the contribution t§17], we simplified our calculation by developing 2D simu-
the total dichroism and average phase lag is due to the felations in this plane. Two fundamental length scales charac-
small chains that still remain. These small chains lag behinderize the formation of chains. The first one is the so-called
the magnetic field with larger phase angles since they ar&hermomagnetic distance'R;, which is the distance at
close to breaking apart. which the magnetic energy corresponding to the dipolar in-

As expected, the value of the dichroism at very low fre-teraction between two particles aligned in the field direction
qguencies is different for different volume fractions since theand with parallel dipole moments equals the thermal fluctua-
number of particles in the measured area changes with thion energy. This length scale turns out to Be=2ax’?,
volume fraction. If we calculate the average value of thewhere\ is a dimensionless parameter calculated as the ratio
dichroism at low frequencies, where the dichroism remaindetween magnetic and thermal energies,
constantAng(f—0), we observe that this value is propor-
tional to the volume fractioiisee inset in Fig. b This linear ~ Wp Moktsm?
dependence of the volume fraction with the dichroism is due = kB_T_ 167ra3kBT'
to the fact that for these low frequencies most of the particles
are aggregated into chains.

In Fig. 5 we plot the dichroism normalized with the aver- wherem=(4=/3)a*M with M the particle magnetizatiokg
age dichroism measured at low frequenciesng]/[ Ang(f is the Boltzmann constant, anf is the temperature. The
—0)], versus Mason number. We can see a nice collapse ¢gfhysical meaning oR; is that particles that are separated by
the curves for different volume fractions onto a master curvea distance larger thaR; do not “feel” the magnetic interac-
and it is also apparent that the crossover Mason number do&en due to each other, because the energy of thermal fluc-
not change with the volume fraction. Therefore it is expecteduations is larger than the dipolar interaction energy. The
that at lower¢ values the physical response of the system issecond length scale is the average initial interparticle dis-
similar. For comparison purposes we have also included itance, which can be estimatedRg~2a/ 2 [13]. Actually,

Fig. 5 the video microscopy results showed previously inthe values of\ that correspond to the experimental results
Fig. 3. We see that both experiments roughly present theeported here ar@ =213 for the video microscopy experi-
same behavior. Furthermore, a significant broadening of thenents with very dilute suspensions ane: 75 for the scat-

FIG. 5. Steady dichroism normalized with the dichroism at low
frequencies vs Mason numb@pen symbols Average dichroism

(3.9
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tering dichroism experiments with more concentrated sushave set the initial average interparticle distance so that it
pensions. In these experiments, sifgis typically 4<R;  corresponds to the volume fraction in the experiment with
<7.5, andR, is in the range 4 R,<20, we will include the the different suspensions.
Brownian motion of the particles on the evolution of the The numerical integrations have been performed using a
structures. As a first approximation, we will neglect hydro-time step of 0.005, which has proved to be small enough to
dynamic interaction, and the only solvent effect that we willavoid significant overlapping errors when the particles come
consider is the viscous force represented as a Stokes forgato close contact. We have developed simulations using 400
acting on each particle. We can typically neglect the inertialand 100 particles, and the simulations are carried out in a
term in the equation of motion because the viscous drag terraquare box of the proper size to adjust the initial average
dominates. Therefore, the equation of motion for thgar-  interparticle distance. Periodic boundary conditions were ap-
ticle will contain the sum of the following forcd25]: plied. The particles are set initially at random positions
avoiding overlapping, and all of the results reported here are
dr, 1 .. 1 . R statistical averages over different realizations corresponding
qat ; Fa(rij) + o ;l Fi(rij)+Fs, (3.2  to different initial spatial distributions of the particles, typi-
cally ten runs. Each simulation is run long enough for the
- . . . . . steady state to be reached, and then the quantities to be com-
whererj is the position of the partcheJFd is the magnetic pared with the experimental results are averaged during the
force, F, is the repulsive force, anéfg is the Brownian |gst period of rotation of the field.
force. Moreovery=6mna is the friction coefficient and],- The comparison between experimental and simulation re-
is the vector between the centers of mass of partictex]. sults deserves some comments. First, the chains are recog-
The dipolar force over particlé will be the sum of the nized by means of a criterion according to which two par-
dipole-dipole forces exerted by all of the other particles. Theticles are aggregated when the distance between their
dipole-dipole force between particlegndj is given by respective centers of mass is smaller than 1.1 times the par-
ticle diameter. Second, using Mie’s theory for light scattering
- - 3uousm? NP IR by nonspherical objects, we can estimate the scattering di-
Fa(rij) = 4—4{[1—5(m~rij) Jrij+2(m-rj;)m}, chroism generated from a chajiformed byN; particles in
] the forward direction ¢=0). Actually the scattering dichro-
33 . : ) . .
ism is proportional to the number of particles in the chain,
- : . , . N; . Assuming that the scattering dichroism produced from a
}’;’::rﬁk\)’{s ttr?:fg stsvgzae“ggi?% ilr:veefézrm:tlg g‘t%;'eesl(,jh%?géyf,ét of chains is the incohergnt sum of thfa sca_ltteri_ng dichro-
" : - ' ) ism produced by each chain, the total dichroism is propor-
namics, a repulsive forcEr r_nust be !ncluded to avoid par- tjpnal to the total number of aggregated particlés, .
ticles from overlapping. This force is calculated from Ref. Hence, we will compare the experimental value of the scat-
[43]: tering dichroism with the value dfl, obtained in the simu-
lations computed as

- 3omsm? -
Fr(rij):ALeXd—B(rij/(Za)—l)]rij,

4m(2a)* N,=> N, 3.
" (3.4) 2 ; . (3.9

where we seA=2 andB= 10, so that for two particles that where the sum is performed fpisuch thatN;>1. We have
are in mechanical contact the repulsive force exactly ba|computed the dimensionless average chain leligterage
ances the attractive dipolar magnetic interaction. Similar renumber of particles in a chairL in the usual way, i.e., if a
pulsive forces have been used in previous w¢Bs43. The  chain labeled agis formed byN; particles, then

Brownian forcelfB is a stochastic force with zero mean,

(Fg(t))=0, and & correlated, (Fg(t)Fg(0))=2D (1), SN,
where D is the translational diffusion coefficienD 7
=kgT/y. As usual[1,21,44, we can make the particle evo- L=—. (3.6
lution equation(3.2) dimensionless, using the particle diam- E 1
J

eter 2a as length scale, so that=r/(2a), and a time scale
=129l (mousM?), such that’=t/7. This temporal scale

leads to a dimensionless rotational frequency equafto The phase lag of a given chaiw) is the angular differ-
=wr. This dimensionless frequency is the well-known Ma- ence between the orientation of the magnetic field and the

son number with the definition used in Ed..1), Q=Ma. gnit vecto_r parallel to the Iong.axis of the ghair}. For.quasi—
linear chains, we have determined the chain orientation vec-
tor by calculating the eigenvalues of the chains’ inertia ten-
sor, 1", 1", Then, the eigenvector corresponding ft"
According to the experimental analysis, we have usedjives the orientation of the long axis of the chain.
only two control parameters, the Mason number Ma and the The computations described so far consider straight
particle volume fractiong. The simulations being 2D, we chains and, obviously, do not take into account the shape of

B. Simulation procedure
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. FIG. 7. Distribution of lengthd\; (left) and phase lags; (right)

z ¥, " at the same arbitrary time of Fig. 6 at a Mason number-N&
- (solid line) and Ma=0.3 (dotted ling.
. Ma=0.8 Ma=1.6
- ¥ more isotropic clusters appear to be preferred; moreover, a

-~

higher number of isolated particles appears. We plot in Fig. 7
FIG. 6. Particle position in thXY plane at an arbitrary time for the distribution of length#; and phase lagg; correspond-

different dimensionless rotating frequencies or Mason numbers. ing to the images shown in Fig. 6 at two different Mason

numbers. At low Mason numbers M&.3, the distribution

the clusters. However, video microscopy results show tha®f N; presents a maximum placed arouNg~3 while the

very long chains deviate significantly from straight lines, phase lag follows a narrow distribution arounag~5°. On

and, moreover, at high frequencies smaller and more isotrghe other hand, at high Mason numbers=¥a6, the maxi-

pic clusters may appear. To assess the effect of these chaimum of the distribution ofN; is set atN;=1, which means

form anomalies in our simulations results, we calculated théhat there are many isolated particles in the suspension, being

same quantitieg, andN,, using a weight function that takes responsible to the decrease of the total number of aggregated

into account the shape of the cluster. Actually we ugéd particles,N,. At this high Mason number, a broader distri-

=N;js;, wheres; is a shape factor with value 1 for the case bution of ; appears, and the maximum shifts to higher val-

of a straight chain, and 0 for a symmetric cluster, ues.
Some of these observations can be made more quantita-
(1) l’2—(|Jm"‘) vz tive by studying the average chain length. The dimensionless
Sj= 3.7 average chain length versus Ma in a log-log plot is shown

J (lmax)1/2+(|min)l/2' . ) X
i i in Fig. 8@). The average chain length follows a power-law

. . . . behavior with an exponent approximately equal t®.5.

t'orY\s/e rgf I?sOt Ost.)r?er\;ﬁ.sapspr:gcfbéir?:;nc?fs%E;P;O?'emma'?his behavior agrees well with the one predicted by the

: ults using thi P . lon. Ore, Whain model developed for ER fluids subject to steady shear

present here the results corresponding to the case without ﬂf’l%ws [38], and for MR suspensions subject to rotating fields

shape factor. [36]. Figure &b) shows the total number of aggregated par-
_ _ ticles,N,, versus Ma in a log-log plot. Two different regions
C. Simulation results appear, in agreement with the experimental results. First,
1. Very dilute suspension there is a plateau zone at low Ma, in whibh varies very

) ) i _little with Ma. Second, a strongly decreasing response ap-
We have studied the dynamics of very dilute suspensmnﬁears for M1, with an apparent exponent close -dl

with the condiitions of the microscopy experiments, 1.e., VOl-aithough the region in which this power-law behavior could
ume fraction of particles¢=10"") which corresponds to an . studied in the simulations is rather small.
initial - average separation between particles equal 10 the picture that emerges from these results is the follow-

Ro/(2a)~16. The particle diameter isa2=1.24um, the . the average chain length decreases monotonously with
magnetization isM=2.82 kA/m (for H=1.55 kA/m), and

the viscosity of the solvenfwater, in this caseat 10°C is
7=1.307x 10 3Pas. Using these values we obtain a time 1 —
scale equal tor=0.019 s and\=213. We numerically “\\\
solved Eq.(3.2 for a system withN=400 magnetic par- |, N,/N \
ticles. For each dimensionless rotational frequeficgr Ma-
son number Ma, we calculate the total number of aggregatec \
particles,N,, and the average length (2) . ®)

In Fig. 6 we plot the particle positions in th&(Y) plane 1
for different dimensionless frequencies at an arbitrary time.
Several qualitative observations can be made in Fig. 6. First,
the size of the structures becomes smaller as the rotational FIG. 8. (a) Average length. and(b) normalized total number of
frequency increases. Second, at high Ma, the tendency taggregated particledl, vs Mason number. Suspension with
form chains aligned with the field is not clearly apparent, and~ 104

8

01 1 0.1 1
Ma Ma
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FIG. 10. (left) Normalized total number of aggregated particles,
N,, vs Mason number at different the error bars have only been
included for\ =25,100,100Qfor clarity) (right). Crossover Mason
number Mg as a function ofx.

3. Thermal effect

In our previous works, we used athermal particle dynam-
0'1 T 1' i ics simulations to interpret similar behaviors. Here, since the
average initial distance between particRg is larger than
Ma the “thermomagnetic distanceR;, we included thermal
fluctuations in order to carry out the simulations. However,
FIG. 9. Normalized total number of aggregated particles vs Mawe have not found any relevant effect in the final state of the
son number at different volume fractions (0.804<0.02). system induced by the thermal fluctuations, at least in the
analyzed magnitudes; in particular, the number of aggregated
Ma; however, at low Ma, this decrease in length does noparticles. In principle, it should be expected that thermal
show up in the number of aggregated particles, because diuctuations might shift the crossover Mason number to a
most all particles are aggregated although the chains that alewer value. This hypothesis is reasonable since, roughly
stable become shorter as Ma increases. At-Mh, the av-  speaking, thermal fluctuations avoid the particle aggregation.
erage chain length is approximately{€ee Fig. 8a)], which ~ Then, alower hydrodynamic force could be required in order
is, obviously, the smallest chain that can be formed. Thereto inhibit the aggregation process since, both interactions, the
fore, at Ma>1, chains formed by two particles become un-hydrodynamic force and thermal fluctuations, act in the same
stable, and, consequently, the total number of aggregated pa&frection. In order to check this interpretation we have de-

ticles starts to decrease. veloped simulations at different values using a volume
fraction of ¢=0.02. We plot in Fig. 1Qleft) the normalized
2. Volume fraction dependence total number of aggregated particles versus Ma at diffexent

) i . . . _values. It can be seen in this figure howAatalues higher

In this section we described the S|mu!at|on results Whlphthan approximately 50 the curves follow the same behavior,
analyze the dynamics of MR suspensions under rotating,a; is, the shape and the crossover Mason number remain
fields in the conditions of the dichroism experiments, i.e., alymost constant. However, for lowar values the crossover
different volume fractions, betweerh=0.02-0.001. The pason number begins to shift to lower values and the shape
particle diameter is @=0.9 um, the magnetization i3 of the curves changes. From these curves we calculate the
=2.72 kA/m, (for H=3.1 kA/m) and the viscosity of the crossover Mason number as eactvalue. To compute the
solver;t (water-glycerol at 50% at 10°C is =92  Mga_ ateachh we consider the value of the Mason number at
X 107" Pas. Using these values we obtain a time scale equglhich the total number of aggregated particles decreases by
to 7=0.14 s and the parametar=75. We used the initial 1504 from its maximum value. We show in Fig. LGght) the
average separation between particles corresponding 10 thga_ versus. Two different behaviors appear. First, there is
volume fractions used in the experimeri,/(2a)~4-10. 4 plateau zone at high in which Ma, does not change. In
We numerically solved Eq3.2) for a system wittN=100  thjs region the thermal fluctuations could be neglected in
particles. In order to compare with the experimental resultsgrger to interpret the dynamics of MR suspensions under
for each Mason number, we calculate the total number Ofqtating fields. Second, a strongly decreasing dependence ap-
aggregated particled|, . Figure 9 shows the normalized to- pears forn <50. These results indicate that for low values of
tal number of aggregated particles versus Ma at differen (approximately 50 thermal fluctuations become relevant

volume fractions. It can be clearly seen in this figure how alli, the dynamics of MR suspensions under rotating fields.
those curves follow the same behavior. This result confirms

that the crossover Mason number does not change with the
volume fraction. Therefore, we can conclude that the dynam-
ics of MR suspensions under rotating fields does not show an The purpose of this work was to study the spatiotemporal
appreciable change with the volume fraction. evolution of the induced structures in very dilute polarizable

IV. CONCLUSIONS
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colloidal suspensions subject to rotating magnetic fields byer governs the dynamics of chain rotation, the limits to the
means of video microscopy experiments. This technique usotational dynamics come from both the mechanical instabil-
allows us to directly visualize the dynamics and needs ofty of the chains due to shear and the formation of more
very dilute suspensions¢(~10 %). The average chain isotropic structuréscan be extrapolated to higher volume
length decreases when increasing frequency. We also fourfcactions, provided they are below a threshold volume frac-
that there is a crossover Mason number above which thgon above which sheetlike structures will foffia1].
rotation of the field prevents the particle aggregation to form Thermal particle dynamics simulations are also reported,
chains. Therefore, at these high Mason numbers, more isshowing good agreement with the experiments. We theoreti-
tropic clusters and isolated particles appear. The same behasally analyzed the thermal effect on the dynamics observing
ior was also found in previous scattering dichroism experi-a decrease of the crossover Mason numbenfai50.
ments on more concentrated suspensions.
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