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The aggregation of magnetic particles in the presesf a magnetic field is the basic
phenomenon which underlies all the physics of mamheological (MR) fluids.
Although these interactions are well understoodmitiee suspending fluid is a simple
liquid, new MR fluids based on dispersion of magnaticroparticles in a ferrofluid or
MR elastomers based on dispersion of magneticgiestin a rubber matrix, present
some unusual properties which are not well desdribg conventional theories. We
analyze in this work the motion of magnetic paeticldispersed in a ferrofluid and
submitted to a magnetic field and discuss thasiptesapplications.

1. Introduction

It is well known that in the presence of a magnéititd, two ferromagnetic
particles which are approximately aligned in theedion of the field,
experience attractive forces. If they are free twve) they will come into contact,
aligned on the field direction. This is the basiepomenon that causes a quick
and important change in the rheological propertiésa magnetorheological
(MR) suspension upon application of a magneticdfifl]. On the contrary,
ferrofluids, which are stable dispersions of magneanoparticles, show almost
negligible rheological changes because magnetiacsitn is dominated by
Brownian motion [2]. Some attempts of increasing #irength of magnetic
forces between microparticles have been done Ipedisig them in a ferrofluid,



and several authors have actually demonstratedhbdield-induced yield stress
could be substantially increased in this way [3t8]addition, it has been shown
that suspensions of ferromagnetic microparticledemmofluids also exhibit a
better colloidal stability against irreversible aggation and sedimentation [6-9].

We have tried to understand the cause of thesepented properties by
looking at the dynamics of two ferromagnetic miadieles in a ferrofluid in the
presence of a magnetic field. Very surprisinglyhase observed that, instead of
coming into contact, they stop at a surface-toem@fdistance of the order of the
particle diameter [10]. We shall demonstrate thisterce of a new repulsive
force, which is due to a phase separation of theffaid in the zone of high
magnetic fields between the microparticles.

2. Interaction of microparticlesinside a ferrofluid

2.1. Experimental

Ferrofluids used in the experiments consisted ablst suspension of oleate-
covered magnetite nanopatrticles dispersed in keeod@etails on its preparation
are given elsewhere [4]. Magnetic microparticlegdusn this work were
spherical nickel particles of average diametefd supplied by Merck KgaA
(Germany). The suspensions of microparticles dggzbrin ferrofluids were
prepared as described in Ref. [4]. The volume ibacof microparticles in the
final suspensions was approx. 0.01 % in all casetrop of the suspension was
placed between two glass slides and microscopiersagons were performed.
A magnetic field was applied to the samples with tielp of a home-made
electromagnet.

2.2. Results

The first aim of this work was to study experimdgtahe field-induced
aggregation process between magnetic micropartdikgersed in a ferrofluid.
With this goal, we tried to find in our suspensionienever possible, groups of
a few particles that upon magnetic field applicatieould interact without being
subjected to relevant influences of other particiesbelonging to the group of
interest. Then, the time evolution of the partickes monitored. As an example,
Figure 1 shows the aggregation process of two hjg&eicles upon application
of a magnetic field of intensity 22 kA/m. The snlapisshown in Figure 1a was
taken before the application of the field. As oleer an isolated particle is
placed in a homogeneous ferrofluid carrier. Figlibeshows a shapshot taken
1.0 s after the field was applied. Apart from Hdiincrease of the diffuse aspect



of the particle no other change is observed. Ondfier hand, a layer of
nanoparticles attached to the microparticle is rijedeformed in snapshots
shown in Figures 1c-d, where a clear motion of thieroparticle is also
observed. This deformation takes place as a refkrkdénickening of the
nanoparticle layer from the poles of the microgdes, along the field direction.
As the particles approach each other (Figure ldgree cloud of nanoparticles
between the two microparticles is observed. As éheilibrium distance is
reached this cloud becomes denser and smallezén Bi the stationary state
(Figure 1f) this cloud of nanoparticles placed ledwthe two microparticles has
a diameter approx. twice the diameter of the lattees and a spherical shape,
centered in the imaginary line that links the cetd the microparticles.

Figure 1. Snapshots of the aggregation of two nigeaticles dispersed in a ferrofluid, upon
application of a magnetic field of 22 kA/m. Diremti of the field is indicated. Ferrofluid solid

concentration was 5 % vol. Snapshot a) was takiem @ magnetic field application. Snapshots b)
to f) were taken after field application. Time elad since field application is indicated in each
snapshot.

At this point, we have already arrived to the sisipg finding of our work:
upon magnetic field application, the equilibriumsfiion of two magnetic
microparticles dispersed in a ferrofluid is not therface-to-surface contact
position, but a position where there exists a dista about one diameter of the
particles, between the particles surfaces. Thisrésting result could only be
explained if there is a repulsive force betweentieroparticles. Otherwise, as a
consequence of the dipolar magnetic attractionp#récles would be in contact.



2.3. Theoretical model

Theoretical description of the micron magnetizgideticle dynamics in a carrier
ferrofluid, taking into account the dense ferradluclouds surrounding the
particles, presents very complicated mathematiealpm. Here we focus on the
explanation of the observed stop-effect. The inttiva between two micron-
sized particles is the sum of the magnetic inteacbetween them and the
osmotic forces, which are provided by the ferraflmanoparticles surrounding
the magnetizable microparticles. Because of theseléerrofluid coats near the
microparticles, magnetic interaction between th&nongly differs from that in a
homogeneous medium. Thus in order to determinefdfee of magnetic and
osmotic interactions between the particles, fioste needs to determine shape
and density of these coats. Figure 1 demonstraté® gharp boundaries
between the coats and surrounding ferrofluid. Tioeee the coat can be
considered as a domain of dense phase of ferrofidicth appears due to
condensation of the ferrofluid nanopatrticles. Itvigll known (see, for example,
refs. [11-17]) that magnetic field stimulates théape condensation in
ferrofluids, although only the biggest particlespolydisperse ferrofluid interact
strongly enough to undergo the phase condensation.

Since the local magnetic field is especially stravear the poles of the
magnetizable microparticles, ferrofluid condensesintg near these poles.
Determination of the equilibrium shape and densifythe ferrofluid dense
domains, as well as magnetic field and the nanimpestdistribution inside them,
represents very intricate mathematical problemgtvigan not be solved strictly.
In order to get reasonable estimates, we use flmving approximation. First
we consider the ferrofluid as monodisperse, cangisbnly of the biggest
particles, which are able to condense into denssgshunder the action of high
enough magnetic field.

Next we use the following iteration procedure. Ag tfirst step of this
iteration we ignore the heterophase coats neamihsparticles and consider
them as immersed in the homogeneous monodispensefidE. In the
frameworks of this approximation, by using classiesults of magnetostatics
[18], one can estimate the magnetic moment M oh eaicroparticle using the
following relation: M=£VH,, wheref is the magnetic contrast factdf,is the
microparticle volume, and#lyis the magnetic field in the ferrofluid far frometh
microparticle. Having estimatedM, by using standard methods of
magnetostaticsone can determine the local magnetic fidig@) distribution near
the particle. This allows us, using condition otiality of the ferrofluid particle
chemical potentials near the magnetizable micrapartand far from it, to



evaluate the shape of the dense coat and condentedtthe ferrofluid particles
inside the coat. To this end we take advantagemfdlas of Ref. [11] for the
chemical potentig} of the ferrofluid particles as follows:
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Here, ¢ is the hydrodynamical (i.e. determined with allowe for surfactant
layers) volume concentration of nanoparticle)=cothx-1/x is the Langevin
function, m is magnetic moment of the nanoparticte,the diameter of its
magnetic cores is the thickness of the surfactant layer on itfase. Parameter
x is the dimensionless, reduced to thermal endfbyenergy of interaction
between the nanoparticle and the local magnetitd fig, and 1 is the
dimensionless parameter that characterizes theggnef magnetodipole
interaction of the nanoparticles. Since in our eikpents the volume
concentration of microparticles was very low, weussed that the ferrofluid
particle concentration far from the microparticless equal to the initial
concentrationg, determined by the ferrofluid composition. The dftium
concentrationg(r) inside the dense domain has been determined fram th
condition )((¢(r 3, H (r)) = )((¢0, Ho)-

Let us now apply these calculations to a situaliicm that shown in Figure
1f, where the distance between the centers ofdhticles is approximately equal
to 3a (aradius of the microparticle). The magnitude of timagnetic field
required to provoke phase separation, for the fleidbused in experiments, is
estimated as #22kA/m and we took for the far fieldgE20kA/m. With this
value we actually obtained a dense zone aroungdttécle whose extension is
close to the experimental one. The calculated Idyramical volume
concentratiorp of the ferrofluid particles inside this shell iscaut 30-35%. This
estimate looks quite reasonable.

In the second step of iteration we take into actdbhat the magnetic
permeabilityu in the dense ferrofluid coats is higher than teergability of the
surrounding dilute ferrofluid. For both phases fimeofluid relative permeability
ps can be estimated g%, =1+24pAL « )1+ 8¢ aL/d | * [11]. By using the
program package FEMM we have recalculated the faikdribution on the



surface of the magnetizable particles. For sintgliwe have supposed that the
coat was homogeneous with permeability equal tartean permeabilityli over
this region. The calculated magnitude @¢f was 3.75. Let us introduce a
spherical coordinate system with the origin in deater of the upper particle
(Figure 1f), polar axis directed straight up, radiectorr and the angle)
betweenr and this polar axis. The force F acting on the uppieroparticle of
Figure 1f, can be calculated as an integral orstinface of the particle:

F = 2732]'7[— p+0o, cosd -a,,sinb]sinadd )
0

Herep is the osmotic pressure of the condensed gasrffifgd particles,o,,
and o,y are components of the Maxwell stress tensor.Theesspn for the
osmotic pressure is the following:

RAHO 9 g R L ()

With L the Langevin function. Our calculations si® that for the case
corresponding to Figure 1f the force, acting on theper particles, is
F =1.4000°N Positive sign of this force means that the microplar repels
from the second (down) microparticle. The physiggson of this repulsion is
the oblate shape of the dense ferrofluid domainwéet the particles, and,
consequently, the high demagnetizing factor of #ose which will tend to
elongate like a ferrofluid drop in a magnetic field other words ,due to the
dense ferrofluid zone inside the gap, the magrfitid inside the gap is much
lower than in the absence of phase separation ancbecome lower than the
average field on the upper side of the particléngivrise to this repulsive
magnetic force because the magnetizable particdttriscted towards the region
with the highest magnetic field. On the other hantlen the particles are far
apart their dense coats of ferrofluid do not inémgtrate (Figures 1c to 1e), so
the magnetic field near the surfaces facing todtier particle is higher than
near the opposite surfaces, and the particlesatffar a more exact calculation
of this repulsive force and of the shape of thedemsed domain of ferrofluid we
plan to solve the magnetostatic equation with angebility of the ferrofluid
given by the local volume fractiog(r,8) in order to get the local field H@),
,then calculate a new volume fraction from the étyuaf the chemical potential
and iterate this process until it converges
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