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Low-energy suspension structure of a magnetorheological fluid
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The application of a pulsed magnetic field to an emulsion of monodisperse, magnetizable oil droplets yields
an energetically determined suspension structure. For droplets with a ra@ili82 um and a magnetic
susceptibility ofy = 2.2, the low-energy suspension structure comprises ellipsoidal aggregates with conical
spikes. The eccentricity of the ellipsoidal aggregates can be explained primarily by a competition between
demagnetizing field and surface effects. Calculations of the equilibrium ellipsoid width-to-length ratio based on
these two dipolar forces, as well as the relatively minor effects of interaggregate repulsion and gravity, provide
good agreement with experimental observations of aggregate shape. The formation of conical spikes on the
aggregate ends results from a surface energy anisotropy that forbids surfaces perpendicular to the field direc-
tion. A comparison of the narrow range of observed spike sizes with surface energy anisotropy calculations
suggests that surfaces are stable only when the ratio of the surface energy to the dipolar energy driving chain
formation exceeds a critical value. A slight dependence of the range of allowable spike sizes on pulse fre-
guency is observed and could arise from a variation in the internal structure of the aggregates with pulse
frequency[S1063-651X97)00207-9

PACS numbegps): 82.70-y

[. INTRODUCTION access to this energetically relaxed state is extremely valu-
able for the information it gives about the structure-
MagnetorheologicalMR) fluids are suspensions of para- determining competition between the dipolar interactions in
magnetic particles in a nonmagnetic fluid. When a magneti@ MR fluid.
field is applied to a MR fluid, the particles acquire a dipole  In this paper we present an analysis of the low-energy MR
moment aligned with the external field and aggregate tip tdluid suspension structure consisting of ellipsoidal aggregates
tip to form chains parallel to the applied field. At high par- with conical tips. We begin by reviewing the evolution of
ticle volume fractions, these chains cross-link and the sussuspension structure in a MR fluid exposed to a pulsed mag-
pension effectively solidifiefl]. Due to this capability for a netic field. We then calculate the equilibrium eccentricity of
rapid rheological response, MR fluids have the potential t@n ellipsoidal aggregate by incorporating the effects of the
revolutionize electromechanical interfaces and are a subjeéiemagnetizing field, surface energy, interaggregate repul-
of great interest. Current commercial MR fluid products in-Sion, and gravity and compare our results with experimental
clude tunable dampers and brakes, while future applicationgeasurements. In Sec. Ill, we analyze the formation of the
in robotics, clutches, and a host of vibration-control systemgonical spikes by interpreting our experimental findings in
are envisioned2,3]. the context of the surface energy anisotropy calculations per-
Most studies of MR fluids to date have focused on theirformed by Lobkovsky and Halsejp]. We also present in-
response to a continuouslc) field. When exposed to a formation on the effects of pulse frequency on spike angle.
strong, continuous magnetic field, concentrated MR fluids
rapidly form a cross-linked network. This fibrous network is Il. ELLIPSOID ECCENTRICITY
capable of supporting a stress and is the desired structure
when increased resistance is needed; it is not, however, the
lowest-energy suspension structure. The continuous-field We studied an emulsion of ferrofluid-containing oil drop-
structure is determined by the kinetics of aggregation andets dispersed in water and stabilized against irreversible ag-
particles are prohibited from rearranging to minimize energygregation by sodium dodecyl sulfate. The ferrofluid, a
as long as the field persists. In contrast, we recently foun®Rhane-Poulenc product provided by J. Bibette, is in the form
that the application of a pulsed fiefsquare wave alternating of small grains of 100-A single magnetic domains of the iron
between field-on and field-off staleto a MR fluid does oxide FeO; dispersed in octane at 19% by volume. The iron
produce an energetically determined suspension structuxide domains are ferromagnetic, but since no long-range
[4]. By allowing particle diffusion during the field-off state, a order exists between domains, the droplets are superpara-
pulsed field enables minimization of energy through strucimagnetic; their magnetization is completely reversible and,
tural rearrangements. In dramatic contrast to the cross-linkedt low field strengths, is proportional to the external field
network that results from the application of a continuousthroughy the effective magnetic susceptibility. Using a frac-
field, we discovered that for particles with a magnetic sustionation procedure developed by Bib€itd, we synthesized
ceptibility of y=2.2 and radius=0.32 um, the low-energy and fractionated the emulsions into very monodisperse and
suspension structure produced by a pulsed magnetic fielgtable fractions ranging in droplet size from a radius of 0.05
comprises ellipsoidal aggregates with spiked ends. Havingem to 0.5um. For the experiments discussed in this paper

A. Experimental motivation
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FIG. 1. Suspension structure of a MR fluid
sample with a droplet volume fraction @f =
0.005 and particle radius @=0.32 um (a) 1 s,
(b) 3 min, (c) 15 min, and(d) 1 h after the appli-
cation of a pulsed magnetic field of strength
H=1480 A/m (\=37) and pulse frequency
v=2.0 Hz. The field direction is parallel to the
long axis of the aggregates.

we used samples with a droplet radiusf 0.32 um and a  to the applied field. This network quickly disintegrates in the
droplet magnetic susceptibility of 2.2. pulsed field as the droplets are energetically driven into con-
The suspensions are held on a microscope stand in sealedntrated and depleted regions. The originally rather colum-
microrectangular tubes, 50mx 1 mm in cross section and nar aggregates then slowly rearrange into their final ellipsoi-
50 mm in length. A uniform magnetic field is generated indal shapéFig. 1(d)]. Figure 2 shows a magnified view of the
the sample by two coils of copper wire placed one on eaclfinal shape of the energetically relaxed aggregates. Our goal
side of the sample. After application of the magnetic field,in Sec. Il B is to calculate the equilibrium aggregate shape
the evolution of suspension structure is recorded with dased on what we believe are the most important structure-
charge coupled device video camera and digital images, cormletermining forces and compare the calculated low-energy
sisting of 510x 492 pixels with 256 gray levels, are obtained shape with our experimental results to gauge how well we
for analysis. truly understand the interplay of forces in a MR fluid aggre-
When the magnetic field is applied, the emulsion dropletgate.
acquire dipole momenta = 3mr3uoxH, wherer is the par-
ticle radius, uq is the magnetic permeability of a vacuum,
and H is the external field. The interaction energhx, 6)
between two droplets with aligned, identical dipole moments Various dipolar interactions compete to determine the

B. Calculations: Model

is most energetically favorable aggregate shape in a MR fluid.
The three primary structure-determining interactions are the
u?> 1-3cog6 demagnetizing field, the surface energy, and the repulsive

U(r,¢9)=47m0 3 , (1)

wherex is the distance between sphere centers @imlthe
angle between the applied field and the line joining the
sphere centers. The dimensionless dipole strengttovides

a ratio of the maximum magnetic attraction between two
droplets(i.e., droplets touching and aligned with the external
field) to the thermal energy

-u r3x?H?
N= max _ ol X . @)
kT 9kT

The structural rearrangements that accompany the mini-
mization of energy in a MR fluid sample are illustrated in
Fig. 1, which shows the effects of a pulsed magnetic field of
strengthH=1480 A/m, corresponding ta = 37, and fre-
guencyv = 2.0 Hz on a sample with droplet volume fraction
¢ = 0.005. Figure (a) is an image of the cross-linked net-  FIG. 2. Magnified view of aggregates formed under the same
work that forms in an immediate kinetically driven responseexperimental conditions as in Fig(d).
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An isolated ellipsoid of a homogeneous magnetic medium
has a magnetic moment,, given by

XaH

1+(4mxa)n,|’ @)

Mp= woVa

FIG. 3. Ellipsoid of semilengtla, semiwidthb, and semithick-
nessc with a=b=c. The external field is parallel to tteeaxis and
gravity is parallel to the axis.

with V, the aggregate volumg,, the average magnetic sus-
ceptibility of the aggregate, ang, the demagnetizing factor
that accounts for the strength of the internal demagnetizing

interaction between aggregat¢®,8]. The demagnetizing field. We determiney, from the magnetic susceptibility of
field forms inside a magnetizable ellipsoid exposed to arthe dropletsyy, the magnetic susceptibility of the medium
external magnetic field. Its direction always opposes that of,, in this case water, and the volume fraction of droplets in
the applied field; the demagnetizing field therefore weakenan aggregateb, using Bruggeman’'s model for spherical in-
the total field inside the ellipsoid and consequently increaseslusions[12]:

the aggregate energy. Minimizing the demagnetizing field
favors the formation of long, thin aggregates. The surface
energy arises from the fact that particles on the surface of the
aggregate experience a weaker local field than particles in
the bulk and consequently contribute less to the total aggre

gate dipole moment. Since a greater aggregate dipole méﬁgl;(ng rsvrédt%rlr}sccl)%stzi&ac:kgngg:0.64), with xq=2.2
m ’ a . .

ment corresponds to a Iow_er_ aggregate energy, creating a The demagnetizing factar, is determined solely by the
surface costs energy and minimizing the surface energy thu

favors decreasing the surface area by adopting a more spheﬁ'jape of the ellipsoidal aggregate, decreasing as the ellipsoid

cal shape. The repulsive interaction between aggregates f%l—:rzga;ee‘c’t'i;r?r ?gcfg'rpizo'?ngrg/rﬁh“:tlogﬁ]c in Fig. 3, the
vors increasing the interaggregate separation distance by 9 9 9 Py

1+4mx
1+4my,

Xa— Xd
Xm™ Xd

1/3
) =1-¢,. ®)

forming fewer, bigger aggregates rather than smaller, more 1—e? 1+e
closely spaced aggregates. n,=|—= n(— —2e|, (6)
All theories that have been developed to calculate the 2e 1-e

lowest-energy structure of a system of interacting dipolar . =~ 21 N2 L . .
colloids have been based on all or some of these three dipéf‘!Ith e=(1—-b%a%)"*" the ellipsoid eccentricity. Since we

lar interactiong7-10]. In all cases, the aggregate length Wascannotblassume thtat a;]n e”'psg'd of revolutg?n tIS the ”.‘05‘
assumed to be invariant and equal to the cell length in théavora € aggregate shape and we are unable o experimen-

field direction. Only the dependence of aggregate width an ::yfdetern;i?he the thit(_:knefss (t)r]: Otg aggreg?tgs, v]:/e :Jsetthe
interaggregate separation on aggregate length has been caj- orm ot the equaton for theé demagnetizing ractor o
culated. It is clear from our experiments, however, that theal_OW (_:alculatlon of the aggregate energy for all possible
equilibrium aggregate length is not necessarily fixed by theelipsgldal ﬁhages. Sett_ln.g(B:fb/ a and 7E): c/a (thus p
cell dimensions. We decided therefore to perform calculai= A= 7), the demagnetizing factor can be expressed as
tions of the most energetically favorable aggregate eccentrir.[—13]
ity by incorporating the effects of the demagnetizing field, By
the surface energy, and the interaggregate repulsion. A com- n.= F(k,¢)—E(K, @)}, 7
parison of the calculated results with our experimental mea- (1= 72)1/2(1—,32){ J
surements could then be used to test the validity of equilib-
rium properties determined by theories based primarily oryvher i : )
these dipolar interactions. 02 the , first 2and s_econd kind, respe_ctlvely,
We begin by reviewing the derivation of the equation for K =(1—8)/(1—»%) and S"ﬁPfl_Yz- We numerically
the total suspension energy. In order to render calculation dfvaluate the elliptic integrals using the arithmetic-geometric
the demagnetizing field tractable, we model the aggregates 43¢an method14]. The demagnetizing factor is plotted as a
ellipsoids of semilengtta, semiwidthb, and semithickness function of 8 andy in Fig. 4. Notice that the demagnetizing
¢ with the axisa parallel to the external magnetic field, the factor depends on the relatwe rathe_rthan thg absolute lengths
axis ¢ parallel to gravity, and the axib perpendicular to of the semiaxes and increases with both increagngnd

both the field and gravity and=b=c, as shown in Fig. 3. 7 . . )
The total energyU; for a suspension of ellipsoidal aggre- . ollowing Grasselliet al. [8], we next incorporate the ef-
gates of magnetizable material in an external magnetic fieldfCts Of the surface energy and the repulsive interaction be-

eF(k,¢) andE(k,¢) are incomplete elliptic integrals

H is given by[11] tween aggregates into the total-energy calculation. As men-
tioned previously, the surface energy derives from the

Nm,-H droplets on the surface of the aggregate experiencing a

L (3 weaker local field than droplets in the bulk due to the ab-

sence of magnetization from surrounding droplets on half of
whereN is the number of aggregates amg is the magnetic the spherical surface of a droplet on the aggregate surface.
moment of an aggregate. The demagnetizing field, the sufFhe dipole moment of a droplet on the surface is thus weaker
face energy, and the interaggregate interaction all influencthan the dipole moment of a bulk droplet by an amount
m,. om and the actual aggregate dipole momentis reduced
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/.o Ti; describes the field experienced by aggregatee to an
0.30 10 aggregatg a distanced;; away. In the dipolar approxima-
_ / tion, where each aggregate’s polarization is concentrated en-
tirely on its revolution axisT;; is given by
T 112 —2 11
1”427 dy; (df +4a?)Y?|’ (D

I ! Since our objective is to incorporate the effects of neigh-
0.8 1.0 boring aggregates on the most energetically favorable ellip-
soid eccentricity for the experimental conditions of Fig. 1,
rather than examine the effects of interaggregate repulsion on
FIG. 4. Demagnetizing factor as a functionpfor 8 values of ~ aggregate spacing, we fix the interaggregate separdgion
0.2,0.4,0.6, 0.8, and 1.0 indicated on the curves. The dashed line ke 32 um, the experimentally observed average aggregate
the curve forg=y. separation distance. To calculagT;; , we sum the contri-
bution from pairs of aggregates with;=nd, for the nth
from the homogeneous value, by an amounimmg=N¢ém,  pair until the contribution becomes negligible.
whereNs is the number of droplets on the surface. Although An equation for the total suspension energy incorporating
the surface energy is dependent on the configuration of théhe effects of the demagnetizing field, the surface energy and
first two or three particle layers below the surface, we conthe repulsive interaction between aggregates can now be
sider only the first layer since lattice model calculations havewritten. Solving Eqs(9) and(10) simultaneously yields the
shown the contribution from this surface layer to be fartotal aggregate dipole moment,. Using the resulting ex-
greater than all othefdl5]. pression form, in Eq. (3) and making the substitution
Although the value oPm is sensitive to the precise struc- NV,/V= ¢/ ¢, then gives
ture of the surface and is generally anisotropic as well
[5,15,16, no theoretical treatment incorporating the effects Ur ¢H2[ HoXa
3\1‘/the surface energy a'msotropy on aggreggte shape exists. V] 2¢a[1+(477)(a)nz
e thus use a mean-field approach to estimate for a
homogeneous ellipsoid with uniform polarization as
om= uoVyxqoH, whereVy is the droplet volume andH is
the difference between the local field in a bulk droplet and a
surface droplet. Since the internal field in a spherical drople
arising from the uniform magnetizatiad of the surround-
ing media isM/3,6H can be approximated &8/6y,, where
M=m,/uoV,. Making the substitutiorp,=VyNy/V, thus

1-n,
1+n,(1-ny)|’

(12

with n,=a>;T;;

Prellmlnary calculations using Eq12) show that the
ost energetically favorable ellipsoid width-to-length ratio
/a exhibits a sensitive dependence on the ellipsoid semi-
thicknessc. As mentioned previously, we could not deter-
mine the value ofc experimentally. Since the ferrofluid-
containing droplets are much heavier than water, having a

gives density of 1.56 g/cr, and the aggregates are resting on the
_ Ng XqPa bottom of the sample holder, we felt it necessary to include
Ms=n,m, with n":N_d 6xa (8)  the effects of gravity on aggregate shape in case gravity was
a

influencing aggregate thickness.
where Ny is the number of droplets in the aggregate. The 10 incorporate gravitational effects, we treat the aggre-

total aggregate dipole moment then becomes gate as a series of layers, each one-particle diameter in
height. We estimatd|,, the number of particles in layéry
m,=my(1—n,). (9 calculating the volume of laydr, dividing by the total ag-

_ _ _ _ gregate volume and multiplying by the total number of
In calculatingn,,, we estimate the ratibls/Ng by assuming  droplets in the aggregate. The energy of the aggregate due to
uniform droplet density within the aggregate so thatgravitational effectd)s is then

Ng/Ng=V/V,, whereV,=3irabcis the volume of the ag-
gregate and/ = 3mrabc—2m(a—2r)(b—2r)(c—2r) is the
volume occupied by the surface layer of particles. UG=E (pg— pw)VaghiN,, (13
The repulsive interactions between the aggregates also al- !
ters my. When these interaggregate repulsive forces are
taken into account, the homogeneous magnetic momgnt Wherepq—p, IS the density difference between a droplet and
of an aggregate surrounded by ellipsoidal aggregates, ead¥ater,Vy= 3712 is the droplet volumeg is the gravitational
with total dipole momentn,, becomeg8] acceleration, antl;=2r (1 — 1) is the distance from the bot-
tom of layerl to the aggregate bottom. Multiplying EGL3)
by N/V gives the total gravitational contribution to the sus-
My = a( toH = 2 Ti ma). (10 pension energy per volume. Adding the gravitational energy
to the dipolar energy in Eq12) and substitutings/V ¢, for
The polarizabilitya is equal tom;,/ugH for an isolated ag- N/V yields the final expression for the total energy of the
gregate and can be determined from E4). The quantity suspension per volume:
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FIG. 6. Histogram of experimentdd/a values for aggregates

FIG. 5. Total energy per suspension volume as a function Offormed under the same experimental conditions as in Fig. 5.

b*/a, the lowest energp to a ratio for each given value df (i.e.,

the total energy is a function afas well ash/a), for particles with

r = 0.32um andy=2.2 and an aggregate volume of 28a@°.  theory and experiment is very promising and supports the

The bar indicates the average experimentally obseb/advalues.  validity of this model based on the competition between sur-
face energy, the demagnetizing field, and interaggregate re-

¢$Ug pulsion.

Vada' We note that a more exact agreement between the theo-

(14)  retically predicted lowest-enerdy’a value and the average

experimentalb/a value cannot reasonably be expected,
given the limitations of the theory. In order to calculate the
demagnetizing field, it was necessary to model the aggre-

To predict the most energetically favorable aggregatgjates as ellipsoids. Figure 2 clearly shows, however, that the
shape, we used E@14) to computeU/V for all possible aggregates are not perfect ellipsoids, having conical ends in
aggregate shapes for an aggregate of constant voMiyme the field direction rather than a uniformly smooth surface.
Beginning with the thinnest possible ellipsoith€r), we  These conical tips cannot be incorporated into the theory, but
slowly increased the aggregate semiwibithuntil b=a. For  do alter the interplay of the demagnetizing field and surface
each value ob, we calculatedJ+/V for every possible com- energy in the end region. Furthermore, only an isotropic ex-
bination of c and a that satisfied the constant volume re- pression for the surface energy could be included in the
guirement and the requirement treeeb=c=>r. theory since no analytical treatment incorporating the influ-

In Fig. 5 we plotU+/V versusb*/a, whereb*/a is the  ence of the anisotropic nature of the surface energy on ag-
lowest energyb to a ratio corresponding to a givemvalue.  gregate shape exists. Thus thé value corresponding to
Note that solving fol/V as a function ob*/a does not the theoretical energy minimum should be regarded more as
constrainc to be a constant or a predetermined function ofa reasonable approximation than as a precise prediction of
b, but rather allows for a global minimization of energy by the equilibrium aggregate shape.
considering all possible ellipsoidal shapes. The variation in It is useful to examine the contributions from gravity and
the most energetically favorable aggregate semithickneshe three dipolar energies to the curve in Fig. 5 to assess the
c* with b*/a will be discussed below. relative significance of each component. Analysis of the

The values plotted in Fig. 5 are for a particle radius ofgravitational termpU¢/V,¢, indicates that the total energy
0.32 um, a droplet magnetic susceptibility of 2.2, and anexceeds the gravitational energy by approximately two or-
aggregate volume of 280@m°, the average estimated vol- ders of magnitude and the effect of gravity on aggregate
ume of the aggregates that form under the experimental corshape is very minor and can essentially be regarded as a
ditions of Fig. 1. We chose to analyze aggregates of thislight perturbation to the total-energy curve.
relatively low volume because larger aggregates develop The first expression on the right-hand side of Ety)
multiple spikes per end and thus deviate further from ouicontains the energetic contributions from each of the three
ellipsoidal model. The smallest*/a value in Fig. 5 corre- dipolar interactions. From analysis of this expression, we see
sponds to a fully elongated ellipsoid, one that spans the 1 crthat the term— ¢H?ux./2¢, is independent of aggregate
cell width. The energetic minimum occurs ab®/a value of  shape and represents the suspension energy at its minimum
0.037 witha=81.0 um, b=3.02 um, andc=2.71 um. (i.e., when no dipolar interactions are present ap¢h,,,

A histogram of experimentab/a values for aggregates andn,=0). The term 1/1+ (4mx,)n,] contains the effects
formed under these experimental conditions is shown on thef the demagnetizing field on aggregate shape, the term
same scale in Fig. 6. The average experimental valud—n, represents the surface energy effects on aggregate
b/a=0.063+0.0235 is shown in Fig. 5 for comparison with shape, and [1+n,(1—n,)] is a term incorporating the
the theoretically predicted energetic minimum. Figures 5 andgontribution from the interaggregate repulsive interaction.
6 thus show that the lowest-energy aggregate shape predict@dbts of the product of each of these three multiplicative
by the theory is slightly more elongated than the averagéactors and the shape independent factopH?woxa/2¢4,
experimental value, but still well within the range of shapesare shown in Fig. 7. Each plot is equivalent to the suspension
observed experimentally. This close agreement betweeenergy when only the specified dipolar interaction is in-

Ur  ¢HY  poxa

V. 2¢,|1+(dmxa)n,

1-n,
1+n,(1—ny)

C. Calculations: Results and discussion



56 LOW-ENERGY SUSPENSION STRUCTURE OF A ... 647

2.5
€2.0
Yo

1.5
1.0

T T T T T

5 10 15 20 25

b (um)

b /a

FIG. 9. The most energetically favorable value of the aggregate
FIG. 7. Calculated suspension energy when the effects of théemiwidth c* as a function of the aggregate semiwidihwith
interaggregate repulsio— —), the surface energy -{-) and (—-) and without (- -) the effects of gravity. The< marks the
the demagnetizing field(- - -) are considered separately and when point corresponding to the lowest-energy values tofand c
all three dipolar effects are included togethér——), plotted as a  (b*=3.02 um andc*=2.71 um).
function of b*/a, the lowest energy to a ratio for each given
value ofb. Gravitational effects are not included in these calcula-ywhere the surface energy dominates and favors a more
tions. spherical shape, but eventually increases Witha when the
] o [demagnetizing field becomes the more dominant effect and
cluded and thus illustrates the relative influence of each diayors'a more elongated aggregate shape.bfhevalue cor-
polar interaction on the shape of the total-energy curve. Th?esponding to the energetic minimum is thus determined by

total suspension energy when all three dipolar forces are inne crossover between the dominance of surface energy and
cluded is also shown in Fig. 7. Gravitational effects are nobemagnetizing field effects.

included in these calculations in order to isolate the effect of A gimilar explanation accounts for the aggregate thick-
each dipolar force on aggregate shape. For comparison, if NQess. Figure 8 shows the total energy per suspension volume
dipolar interactions are c0n5|dere§1, the .tot_al suspension ens 4 function of aggregate semithicknedsr three values of
ergy has a value of-0.0264 J/m” and is invariant with  {he ellipsoid semiwidthb. Surface effects dominate at small
aggregate aspect ratio. Each dipolar interaction thus ing yajyes, causing the energy to decrease with increasing
creases the suspension energy, although the increase is MiQjiytj| demagnetizing effects take over and, aided slightly by
mal in the case of the interaggregate repulsion. _ gravitational effects, cause an increase in energy wiffihe
The amount of influence a specific dipolar interaction hagrossover point between the dominance of demagnetizing
on aggregate shape is indicated by the degree of variation gf| and surface effects, which determines the most energeti-
the corresponding energy curve wilif/a. Figure 7 thus .4y favorable aggregate thickness, shifts to lowerlues
illustrates that for the experimental conditions specified inyo ) increases. This shift accounts for the decrease in the
these calculations, the repulsive interaction between aggren st favorable semithicknes® asb increases in the latter
gates is relatively insignificant and aggregate shape is detef + ¢ thec* versusb curve plotted in Fig. 9. The initial
mined primarily by the competition between surface energ ncrease inc* with b in Fig. 9 arises from the fact that at
and demagnetizing field effects. The surface effects dominatg 1 values. the crossover point is never reached, as illus-
the shape of the total-energy curve at elongated shapes, wh Sited by theb;2.02 Lm curve in Fig. 8, and thus th'e most
the demagnetizing field effects become more significant vorable semithickness* occurs wherr,:=b The dashed
!a_rgerb*/a values. The total energy plotted if Fig. 5 thus e i Fig. 9 shows the shape of th& versusB curve when
initially decreases with increasirtg/a at low b*/a values gravitational effects are neglected and demonstrates the rela-
tively minor effects of gravity on aggregate thickness. The
point corresponding to the lowest-enerfyand c values,
(b*=3.02 um andc* =2.71 um) is marked on Fig. 9 and
occurs just after the peak in the&® versusb curve. It is
interesting to note that at this aggregate volueie,would
equalb*, and the most favorable aggregate shape would be
an ellipsoid of revolution, were it not for the slight perturba-
P, e tive effects of gravity.
R The decrease in* with increasingb and thusb*/a ex-
rrr Tt plains the decrease in the surface energy factor in Fig. 7 at
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 large b*/a values. Ifc were constant, the surface energy
¢ (um) factor 1—n, would increase continuously withya since the
surface energy favors adoption of a more spherical shape, but
FIG. 8. Total suspension energy per volume as a function of théhe decrease ig* with b*/a is accompanied by a surface
aggregate semithickness for aggregate semiwidth values of energy penalty that overrides the benefit gained from the
b=2.02 um (—-), b=3.02um (---), andb=4.22um (---). increase in the aggregate width to length ratio.
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At larger aggregate volumes, the aggregate ends develop
multiple spikes and can no longer be accurately modeled as
ellipsoids. No comparison can therefore be made between
the theoretical predictions and experimental measurements
of aggregate shape for these larger aggregate volumes. Equa-
tion (14) does indicate, however, that the total suspension
energy U/V will decrease when larger aggregates are
formed. This trend is supported by the Clausius-Mosotti re-
lation [7] and our observations that aggregates always con-
tinue to grow over the course of an experiment, but never
break apart to form two smaller aggregates.

Studies with droplets smaller than 0.26m in radius
show a substantially different structural evolution than that
illustrated in Fig. 1. Instead of relaxing into ellipsoidal ag-
gregates that are detached from the cell walls, the smaller
droplets form very thin, evenly spaced columns that remain
fully extended across the length of the cell. Equat{@#d)
provides a qualitative explanation of this trend, predicting
more elongated aggregates for smaller droplets. This depen-
dence of shape on droplet size arises from the fact that the
demagnetizing field is invariant with droplet size, while
Ns/N, and hencen,, are proportional to the droplet radius
r. As droplet size decreases, the surface energy effects thus
diminish, allowing the relatively greater demagnetizing field
effects to have a more dominant influence on aggregate FIG. 10. Ends of the ellipsoidal aggregates formed in a suspen-
shape and resulting in more elongated aggregates. The vei

Yon (¢ = 0.02 andr=0.32 um) exposed to a strong\(=37)

sudden transition in suspension structure from detached el cqq magnetic field of pulse frequen@ 2 and(b) 0.2 Hz. Each

lipsoids to fully extended columns as droplet size decreaseg,spension has been in the pulsed field ch and the structures
from 0.32um to 0.26um is not captured by Eq14), how- 1 4ve achieved their final form.

ever, which predicts a much more gradual aggregate elonga-
tion. Atr=0.01 um, Eq.(14) yields a most favorable/a distance in the field-off state(x?)Y2 and occurs at
value of 7.3x10 3, corresponding to an aggregate Iength<x2>l/2~0_8 um [4].
2a of 580 um, which is just shy of full elongation across the  Although inaccessible at low frequencies, conical spikes
cell. appear to be the lowest-energy aggregate end structure. In
addition, Fig. 10a) demonstrates that not only are conical
ll. AGGREGATE END STRUCTURE spikes favored over a smooth interface, but the range of

. . pike sizes and angles is limited. Instead of forming just one
The I_ow.—energy MR ﬂg|d.aggregates that form in a.pUIse.dionical tip per end that widens as the aggregate grows, the
magnetic field have an intriguing end structure. In Fig. 2 it

a}ggregate end consists of many small conical spikes of very

can be seen that instead of adopting a smooth ellipsoid ' . : :
shape, the aggregates develop conical tips in the field direa%s-'m"ar size and cone angle. To quantify this preference for

tion. This preference for spiked ends is even more dramati onical spikes .Of a certain size, in Fig. 11 we present a his-
Co : : ?ogram of conical half anglea for two pulse frequencies
in the larger aggregates formed at higher concentrations, as_ 2 and 10 Hz. The conical half anale is the anale
illustrated in Fig. 10a), which shows the end structure of a v ' 9 9
sample with a droplet volume fraction of 0.02 after exposure
to a strong magnetic field\(=37), pulsed at a frequency of 104 - T
v = 2 Hz, for 1 h. '
It should be noted that the formation of the conical spikes 87
is frequency dependent; at low frequencies the end structul
comprises chainlike projections rather than conical spikes, a
shown in Fig. 10b). At low frequencies the end structure
completely dissolves during each field-off pulse due to
Brownian motion of the surface droplets. When the field is 2+
reapplied, the droplets undergo a kinetically driven organiza
tion into the chainlike projections shown in Fig. (bD In
contrast, at higher frequencies, the droplet diffusion distanc o (degrees)
during the field-off pulses is not great enough to erase the
end structure and a minimization of energy through rear- F|G. 11. Histogram of experimentally measured conical half
rangement into conical spikes can occur. The transition beangles for pulse frequencies of 2 Kimfilled barg and 10 Hzfilled
tween frequencies that produce chainlike projections an@ary. Gaussian fits to the 2-Hz and 10-Hz data sets are given by
conical spikes is determined by the average droplet diffusion—— and- - -, respectively.

occurrence
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FIG. 13. Dimensionless surface energ¥y as a function of the
angle « the surface makes with the field direction for a body-
centered tetragonal lattice structure. The surface energy calculations
were done by Lobkovsky and Halsg$]. The bar indicates the
range ofa values observed experimentally.

tal images shown in this paper, the field direction is along the

FIG. 12. Process of spike division. The pulse frequency of theIong axis of the aggregates and it can be seen that na surfaces

field is 10 Hz and the middle spike of the aggregatdanis un- perpeqdicular to the. applie_d field exist. In fact, it i$ by the
stable, having am value of 8.5° (b)—(d) show the same aggregate fqrmanon of thg conical spikes that t_he aggregate is abIe_ to
(b) 15 5,(c) 75 s, andd) 245 s later as the middle spike divides in CIFCUmvent having surfaces perpendicular to the field, while
two. still adopting an ellipsoidlike shape.

Lobkovsky and Halsey recently calculated the surface en-
between the field direction and one of the faces of the conicagrgy as a function of the surface orientation with respect to
spikes, as illustrated by the inset in Fig. 11. the dipole direction for several dipolar lattice structures, in-

Figure 11 shows that only conical spikes witks11° are  cluding body-centered-tetragonébct), face-centered-cubic
formed in our experiments. From observation of the aggre{fcc), body-centered-cubitbcg), and simple cubic structures
gate growth process, it can be seen that whenever lard®]. Theoretical models have found that the bct structure has
spikes approach the upper limit of allowable angles, theythe lowest energy16,18 and this prediction has been up-
become unstable and divide into two smaller spikes, suggesbeld in experiments by Cheet al. that identified the lattice
ing that an energetic penalty exists for large spikes. Thistructure adopted by a suspension of dipolar spheres as bct
spike division occurs over several minutes and takes place dyl9]. We should note, however, that the predicted energy
a budding process off the side of the spike, where the angldifferences between the bct and other close-packed lattice
between the conical surface and the field direction is greatessfructures, namely, fcc and hcp, are small, approximately
rather than through tip splitting. Spike division begins with 6%, so that other effects, such as entropic considerations,
the formation of a thin chain that is attached to the side of theould influence aggregate structure. While a bcc structure is
conical spike but aligned with the field direction rather thanreasonably close in energy to the close-packed structures, the
the spike surface. The existence of the small chain is tenwsimple cubic has a significantly higher energy and thus we
ous; it is often reabsorbed by the original spike during subwill not discuss it in this analysis.
sequent pulses, only to form again almost immediately. For a bct lattice, Lobkovsky and Halsey calculated that
Eventually, however, the small chain begins to grow at theonly surfaces withv<31° have a positive surface energy, as
expense of the original spike and the end result is two spike#lustrated in Fig. 13. Our experimental observations support
that are well within the boundaries of allowable spike anglesthis result since we observe no surfaces that form an angle
This process is illustrated in Fig. 12. with the applied field direction of more than 31°. The calcu-

This strong preference for conical spikes of a certain sizelated surface energy curve for the bct has a broad peak at
and thus for aggregate surfaces with a specific orientatioapproximately 7% a<13° and drops off on both sides of
relative to the field direction, derives from the surface energyhe peak fairly rapidly. The peak overlaps significantly with
anisotropy that favors some surface directions over otherghe experimentally observed values @f At v = 2 Hz, the
Several theoretical studies of the surface energy of dipolaaverage experimental valueds=6.5°*+1.5° and the experi-
lattices have calculated a negative surface energy for sumental range ofr values observed is 32a=<11°; for com-
faces perpendicular to the field directi¢f,15,16. These parison with the calculated surface energies, this experimen-
studies suggest that such surfaces would be unstable atal range is shown by the horizontal bar in Fig. 13.
hence forbidden since a stable interface between two phases This correlation between the surface directions corre-
requires a positive free energy of formation in order to presponding to the peak of the calculated surface energy curve
vent a continuous expansion of the surface region and aand the experimentally observed valuesxofould be due to
eventual complete mixing of the two phadd¥]. Our ex- the instability of surfaces with lower energies. The maximum
periments support this interpretation; in all of the experimensurface energy calculated for the bct lattice over the area of a
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0.32.um particle in a 1500-A/m field is approximately 90
KT. At the same field strength, the maximum dipolar inter-
action between two 0.3z particles(i.e., the force driving

the formation of chains aligned with the fig¢lid 38 kT. If the

ratio of the surface energy to the dipolar chaining energy
must be greater than 2 to form a stable surface, then accord-
ing to the calculated surface energies, only those surfaces
near the peak of the surface energy curve could exist. Spe-
cifically, only spikes with conical half angles in the range
3<a=<17 would be stable. This analysis is supported by the
division of conical spikes as they grow beyond a certain cone
angle. As the cone angle increases beyond the range corre-
sponding to the maximum surface energy, the energy of the
spike surface decreases, falling below that required to main-
tain a stable surface. The surface energy is then comparable
to the dipolar energy driving the chaining process and the
first stage of spike division, the formation of a thin chain
aligned with the field on the side of the spike surface, begins.

This ratio of the surface to chaining energies is indepen-
dent of field strength and particle size. The surface energy
for the area of a particle is™* (u?/ uor®) wr?, whereo* is
the dimensionless surface energy calculated by Lobkovsky
and Halsey. The magnetic chaining energy is given by
Umax and can be obtained from Edql) with =0 and
x=2r. The ratio of the two energies reduces simply to
(47)%c*. This invariance of the ratio with respect to field
strength and particle size is supported by our experimental
observations since we find no dependence of the range of
allowable spike sizes on field strength or particle size.

The agreement between the observed cone angles and the
surface energy calculations is comparable for the fcc and bcc
structures. The peaks in the surface energy curves for the fcc
and bcc lattice structures are narrower and occur adlues
of approximately 5 and 6, respectivdly]. The peak surface
energies calculated for the fcc and bcc are slightly greater FIG. 14. (a) The aggregate is in a field with pulse frequency 2
than for the bct. If a surface energy to chaining energy ratidiz and all of the conical spikes are stalllel. Upon increasing the
greater than 2 is the criterion for surface stability, then surpulse frequency to 10 Hz, the largest spikéan(a=8°) becomes
faces witha=<20° could exist in a fcc lattice structure and unstable and undergoes spike divisiér). When the frequency is
surfaces witha<16° would be stable in a bcc structure. returned to 2 Hz, the original end structure is regenerated.

These differences between the various lattice structures indi-
cate the sensitivity of the surface energy to the precise strugattern is reformed. One explanation for this dependence of
ture of the aggregate. spike angle on pulse frequency could be that the pulse fre-

Figure 11 also demonstrates that there is a slight depemfuency influences the structure of droplets within the spikes,
dence of spike angle on pulse frequency. When the field ishereby impacting the most favorable surface direction since
pulsed at 10 Hz, instead of 2 Hz, the distribution of conicalthe surface energy is very sensitive to the precise structure of
half angles observed is narrower. Specifically, the maximunthe aggregate.
observed spike angle decreases from 11° to 8.5°. To verify
this frequency dependence, we monitored the cone angle on
a single aggregate while switching the pulse frequency be-
tween 2 and 10 Hz. When we started with an aggregate ex- We have shown that the application of a pulsed magnetic
posed to a field pulsed at 2 Hz, then increased the frequendield to a magnetorheological fluid produces a low-energy
to 10 Hz, and allowed the end structure to equilibrate, wesuspension structure by allowing minimization of energy
found that very large spikesa&=7.5°) in the initial end through structural rearrangements during the field-off pulses.
structure would split, while the rest of the spikes remainedwe have analyzed the low-energy suspension structure com-
unchanged, as illustrated in Fig. 14. In going frem= 2 Hz  prising ellipsoidal aggregates with conical tips to determine
in Fig. 14a) to v = 10 Hz in Fig. 14b), the largest spike the primary forces influencing aggregate shape. Modeling
divides while the rest of the end structure remains unaltereche smaller aggregates that form in low-concentration sus-
Prior to division, the large spike had a half-angle value ofpensions as ellipsoids, we calculated the equilibrium aggre-
a=8°, which is at the upper limit of the distribution ob- gate aspect ratio based on the competing effects of the de-
served forv = 10 Hz in Fig. 11. When the pulse frequency magnetizing field, surface energy, interaggregate repulsion,
is returned tor = 2 Hz in Fig. 14c), the original spike and gravity. The most favorable aggregate shape predicted

IV. CONCLUSION
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by these calculations was just slightly more elongated thaformation of chains aligned with the field. The spike then
the average experimental value, but well within the range obecomes unstable and divides into two smaller spikes having
shapes observed experimentally. This close agreement bgreater surface energies. We observe a slight dependence of
tween theory and experiment confirmed that aggregate shapge maximum allowable spike size on pulse frequency. This
is determined primarily by a competition between the de-dependence could indicate that the pulse frequency is influ-
magnetizing field and surface effects since the interaggregatgncing the internal structure of the spikes, and thereby the
repulsion and gravitational effects proved to be very minorspike stability, since the surface energy is quite sensitive to

for these experimental conditions. _ the structure of droplets within a spike.
An analysis of surface energy anisotropy calculations for

dipolar lattice structures suggests that the formation of coni-
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