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Chain model of a magnetorheological suspension in a rotating field
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We develop an athermal chain model for magnetorheological suspensions in rotating magnetic
fields. This model is based on a balance of hydrodynamic and magnetostatic forces and focuses on
the mechanical stability of chains. Using a linear approximation of the chain shape, we compute the
orientation and size of a critical chain in a rotating magnetic field as a function of the Mason number
Mn, which is the ratio of dipolar to hydrodynamic forces between two particles in contact. The
critical chain length is found to scale with the inverse square robtrgfand its orientation relative

to the instantaneous field is independenMof. The actual nonlinear shape of a chain in a rotating
field is then computed self-consistently. Finally, the effect of local fields on the dipolar interaction
force is considered, leading to predictions for the chain shape and orientation that depend rather
strongly on the magnetic permeability of the particles. A principal finding is the possibility of brittle

or ductile chain fracture, depending on the permeability of the particles. Single-chain simulations
confirm this prediction, as do experimental measurements20@3 American Institute of Physics.
[DOI: 10.1063/1.1570817

I. INTRODUCTION hole” (nonmagnetic particles in a ferroflyidnder rotating
magnetic fields and found synchronous and nonsynchronous
Magnetorheologica[MR) suspensions consist of mag- regimes depending on the driving frequency. Halsewl®
netically soft particles in a nonmagnetic fluid. These ﬂUidSreported on the formation of two-dimensional aggregates in
are useful in electromechanical devices as damping fluidgigh-frequency electric fields, and Mart al *'°used high-
with field-controllable rheology, but can also be considered drequency magnetic fields to create sheetlike, layered particle
model system for the study of structure formation and dy-composites with enhanced magnetic properties.
namics in dipolar suspensions with tunable particle interac- Our interest is in the |0W_frequency regime, where par-
tions. We have recently reported studies of the dynamics oficle chains form that rotate at the frequency of the applied
MR suspensions in low-frequency rotating magnetic fieldsield. As in the case of simple shédrwhere it has been
(f=w/2m<10 H2. In these experiments the magnetic in- demonstrated that chains aggregate to a longer average size
teractions between particles greatly exceed the thermal forcend fragment to a shorter size in response to decreasing or
so Brownian motion does not play a significant rbte. increasing shear rates, we have found that chains aggregate
Upon applying a rotating field to a dilute suspension,and fragment in response to decreasing or increasing field
particle chains quickly form, aggregating and fragmentingfrequency’ the average size of the structures scaling as the
until a steady state is attainddlIn a reference frame rotating inverse square root of Mn. Scattering dichroism
with a field, the behavior of a single chain is similar to the e)(perirneﬂ'[:é2 show that partide structures |ag the field by a
problem of a chain in a stationary magnetic field subjected tghase angle that increases with increasing rotating field fre-
Simple shear flow, with the fluid flow normal to the magnetic guency, though this increase appears to be due to the forma-
field. However, in a rota’[ing field the chains rotate like Pro-tion of nonlinear partide aggregates at |arge frequerﬂ:ies_
pellers, causing significant chain—chain interference effects
that do not exist in simple shear flow. In either case there are
two forces acting on the particles: a largely dipolar magnetiq). THEORY
force that tends toward chain formation and a viscous dra Mason number
that tends toward fragmentation. The chain statistics of such”
a system in steady state depend only on the Mason number The dipolar force results from particle polarization in the
Mn, a dimensionless ratio of the viscous forces to the dipolamagnetic field. The dipole moment of a single particle in an
forces. Chainlike structures form whémn<1. applied magnetic fielt, is given bym=uv y,H,, whereais
Previous work on the behavior of colloidal suspensionghe particle radiusy, is the particle susceptibility, and
in rotating fields show that there are two regimes of behav=4ma®/3 is the particle volume. In general, the shape of a
ior: a low-frequency regime, where chains rotate with theparticle creates a demagnetizing field that opposes the field
field, and a high-frequency regime, where chains are nattempting to polarize it, vastly reducing the susceptibility of
longer stable and two-dimensional aggregates form. Helgea particle relative to the susceptibility of the material of
sen et al. studied mechanically bound pairs of magneticwhich it is composed. For a spherical particle the so-called
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demagnetizing factor is 1/3, leading to a particle susceptibilThe prefactor is the contact ford@=(37/4)#oﬂca2ﬁ2H§,
ity of x,=38 where 8= (up—uc)/(upt+2uc) is the mag-  which in terms of the Mason numbén is 3maZnw/8Mn.
netic permeability contrast factdr-*®In this expressionu,, It is worth noting that the application of an electric field
is the magnetic permeability of the material of which theis completely analogous, but slightly more complex due to
particles are composed ang, is the permeability of the the possibility of charge conduction. At high frequencies the
continuous liquid phase. In terms of the particle magnetizaeontact forcefC=(31-r/4)eoeca2/32E§ is due to dielectric
tion M,=m/v the attractivedipolar force between two con- contrast, whereas at low frequencies conductivity contrast
tacting field-aligned particles iy~ uouca’Mj, where the  becomes dominarf At the theoretical level of self-
vacuum permeability igio=47x10"" Tm/A. consistent point dipoles there is no further difference be-
The Stokes drag on a particle isrga(v;—v,) interms  tween the study of electrorheologi¢&@R) and MR fluids, so
of the velocity of the fluidv; at the particle center of mass, once a theory is expressed in terms of the relevant Mason
the particle velocityv,,, and the liquid viscosityy. A single  number, it applies equally to both types of fluids.
particle not acted on by a body force will move with the fluid The external force vector makes an angleo thez axis.
(after a brief acceleratiorand experience zero Stokes drag, The force can be resolved into components parallel and per-
but two particles held together by dipolar forces will experi- pendicular to the chainf,=cos— 6)f.r + sin(¢— 6)f,0.
ence a Stokes drag because it is their center of mass th@ihe angle the pair makes to the field is computed by balanc-
moves with the fluid. In a rotating magnetic field in a sta-ing the tangential component of the attractive dipole force to
tionary fluid, the contacting particles will rotate at an angularthat of the applied forcef,- =f4- 6. This gives
velocity w, so each particle will move at a velocity of mag- )
nitude aw, generating a hydrodynamic drag ford, sin26  fa 3)
~a?yo. sin(p—0) fc’
If the hydrodynamic force is smaller than the dipolar oy the pair to remain in contact, the radial component of the

force, then one can expect the dimer to be stable. The Masqjjgje force must dominate the radial component of the ap-
numberMn is the dimensionless parameter that compareined force,fy-F=f, T, or
1 = la l

these forces. For shear flow, this number has been defined

with different proportionality factors:*4~'” To facilitate 3co$6—1 _fa
comparison with the chain model for electro- and codp—0) f.
magnetorheologdy we define the Mason number as

4

The critical stability angled. obtains when these forces are

nw equal and can be obtained by combining this result with Eq.
Mn= —————. @ Q3
2pomcBHp G

3codf.—1  sin26,

In experimental work on rotating magnetic fields we have —— = 5)
used a different definition: the relation between these is cod ¢ 0c)  sin(h—be)
Mn’ = 32Mn. The critical angle depends only on the direction of the ap-

plied force.

Consider the case where dipole pair is at the center of a
long, linear chain of identical dipoles subjected to some type
of fluid flow (the actual shape of a chain is treated beglow

We first consider the elementary problem of two contact-The applied force on the central pair is a sum of the hydro-
ing polarizable particles of radius in an external fieldd,  dynamic forces on all of the dipoles, including the pair itself.
applied along the axis. Each of these patrticles is acted on
_by equal and opposite applle_d forc_es of magmtqgewhlc_h C. Simple shear
in general cause the contacting pair to be misaligned with the
field. We seek to understand the effect of this applied force  First, consider the case of simple shear with the fluid
on the alignment and stability of this dipole pair, and we will flow normal to the field. Because the hydrodynamic drag at
compute this in the so-called fixed point dipole approxima-each particle is normal to the fielgh= /2. Substituting this
tion, wherein each particle is polarized by the applied fieldinto Eq. (5) gives 3co$6,—1=2sir? 6, so cosd.=/3/5.
alone: i.e.m=v3BH,. Later we will consider the effect of This gives a maximum chain angle 6f39.23°, which is a
local fields on particle polarization. well-known predictioft! for standard electro- and magne-

In the fixed point dipole approximation, the dipole mo- torheology. In fact, this result is actually independent of the
mentm on each of these particles is aligned with thaxis, ~ assumption of chain linearity, since regardless of the chain
creating a dipole fieldH,=(m/4mr3)(2 cosr + sin 66), shape the hydrodynamic drag on each particle is parallel.
where 6 is the angle from the axis. Each dipole feels the
applied field_ plus this dipol_e field. The general expres:_;ion foiy. Rotating field
the magnetic force on a dipole 5= uou.m-(VH), which

B. Critical chain angle

gives theattractive dipole interactiorforce (note the sign The simple shear case can be contrasted with that of a
convention rotating field. In a rotating reference frame with the field
R along thez axis the chain appears to be in vortex flow. The
fu="f[(3cog §—1)i +sin 260)]. (2 hydrodynamic drag vectors are then in the directipn 6

Downloaded 29 May 2003 to 147.96.21.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 21, 1 June 2003 Chain model of a magnetorheological suspension 9877

+7/2 and, from Eq.(5), 3cog 6.—1=0, so cod,=/1/3. the chain. The torque acting on particleandi +1 is a sum
The maximum chain angle is apparenthp4.7°, which is an  over contributions from all particles further out in the chain:

entirely trivial result: this is simply the angle where the ra- N
dial component of the dipolar force vanishisg. (2)]. In S= >, fhi.@geﬁnaZw(NZ_iZ). (6)
fact, this problem is subtle for two reasons. First, this result k=i+1

depends on the assumption of chain linearity, because fofnhis is a maximum at the chain center, where the applied
nonlinear chains the drag forces are not parallel. Second, thi§ e isf = S,0=677wa?N2@. For a chain of N+1 par-
a :

chain angle does not correspond to a stationary state, a poift|es the chain angle is computed by balancing this torque

that requires further_ conS|derat|on_. _ against the tangential component of the dipole foifigef
For a linear chain the tangential hydrodynamic force on_

. : 2 ) =f.sin 269, to obtain
the central pair of particles is ju$t, and the magnitude of
this force depends only on the chain length, not the chain  Sin 20=16MnN?. (7

angle 6. The tangential component of the dipolar force be-rpis resuylt is valid if the chain is at least metastable. As we

tween these particles depends on chain angle througﬁave seen, this occurs when siv2/3)2 or when
f.sin 29 and has a maximum at 45°, at which point the de- ’

rivative of this force with respect t@ changes sign. This 2 1
angle is thus the limit of chain stability, defined here as a (2N*) =3\/§M '
stationary state, because a chain that grows long enough to n
rotate to 45° will rotate to-54.7° and fragment. A chain that The physical picture is simple: a dilute solution of polariz-
is somehow created, and has a perfect torque balance, withable particles in a rotating field will form chains. These
this interval of 45%6<54.7° will be unstable to noise. A chains will grow, and their angle relative to the field will
fluctuation to slightly larger angles will cause the hydrody-grow essentially quadratically with their length until a criti-
namic torque to dominate the dipolar torque, and the chaigal angle is achieved that is independentMui. Chains at
will rotate to 54.7° and fragment. A fluctuation to slightly this critical angle will have a length that depends on the
smaller angles will cause the dipolar torque to dominate thénverse square root dfn. This general description is exactly
hydrodynamic, and the chain will rotate to an angle equallythat obtained for simple shet,though the details differ.
beneath 45°, where it will be stationary, but metastable.  Note also that although we have always taken the I&rge-
The region of metastability is from 459.7°=35.3° to  limit in the summations, substitutind* =1 into Eq. (8)
45°. A stationary chain with a torque balance in this regiongives a value of the Mason number exactly equal to the criti-
could in principle experience a fluctuation past the complecal Mason numbeMn*. Equation(8) should thus be inter-
mentary angle, where it would immediately rotate furtherpreted as being correct for chains oN2 particles, not
and fragment. The angle of 35.3° is thus the upper limit of2N* + 1 particles.
stability and 45° is the limit of metastabilityThe issue of
the lifetime of a thermal chain is beyond the scope of theG. Chain interference
paper, but has been examined for the case of steady ‘Shear.
Bear in mind that accounting for local field effedtselow)
will change these angles, though the concept remains.

®

Chains in a rotating field whirl like propellers, causing
interference effects. Here we will give a rough estimate of
the limit of the dilute concentration regime where such ef-
fects can be ignored. We first note that a chain will tend to
E. Critical Mason number rotate in the plane swept out by the field. Thus we consider

. . . chain interference in a thin volume of thickne$s 2a. The
It is now straightforward to determine the Mason num- . L 2
area swept out by a rotating chain i8s=(w/4)L

ber Mn* above which a dimer becomes metastable. For a_ 2 . f .
dimer the applied force is due to the hydrodynamic drag oq_t(T/4)N‘gd ' \f/vherte_l_l IS _th?hcharlln_len_?;h anldltot IS ]Eheh .
the particles themselvek, =6 na’w. Substituting this into O.t?]. na:n ero .gr '(? e_s m/6 (?3; an. d (ej_v%_um?h(_) g an
Eq. (3) and using ¢=6+m/2 gives Mn* =&sin(2g)  vnih is areal chain— (7/6)d"Nyo;, and dividing this by

=1/(12y/2). At larger Mason numbers chains are metastablethe volumeAd of the slab gives a volume fraction of par-

The upper limit of metastability occurs when &@f)=1 or ticles within t.he swept volume abs=2/(3Nioy). Whe_n this
volume fraction exceeds the overall volume fractignof

Mn** =1/186. : A
particles one can expect strong chain interference effects.
From Eq.(7) we see that the dilute concentration regime is
F. Chain length attained only when the conditiddn> ¢ is satisfied.

To compute the dependence of the chain length on the .
field rotation frequency» we label the particles from-N to ~ H- Chain shape
N, with particle zero at the chain center, which is at the = The shape of a chain in a rotating field can be computed
origin. In the rotating reference frame the fluid velocity is from a continuous balance of forces along its length. The
Vi= wr 0. For a stationary chaifconstant phase lag behind definition of variables is given in Fig. 1, the important point
the field the hydrodynamic drag on thi¢h particle isfy; being that each particle has its own phase lag aggi® the
=127 pa’wi 0. Because this force is perpendicular to theapplied field, so in the rotating reference frame the fluid ve-
chain, it creates zero tension, but it does create a torque icities are no longer parallel, with ;= wr;¢; . Note also
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FIG. 1. Coordinates for the computation of the chain shape. The fluid ve-

locity vector at particlg is normal to the vectot; .

that the angle; that the line of centers between particies
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FIG. 2. The fully converged chain shape in the fixed point dipole approxi-
mation is compared to the first iteration. The most notable difference is the
decreased critical chain angle. In this figure the applied field is rotating
counterclockwise and at this instant is in theirection.

andi makes to the field direction also depends on the posi-

tion in the chain. The hydrodynamically induced torque in

the chain is given bySi=EE:ifhyk~0,. Using f

=6mnavy,; and balancing this torque against the tangential

dipolar force gives

N
sin 26,=32Mn@ - >, (i) . (9)
=i | 2a
where 6 - ¢p,=c0s6b coSe,+Ssin ¢; singy. The hydrodynami-
cally induced tension in the chain is given EFyzEE:ifh,k
-Af; where the bond vectoAr;=r;—r;_;, and balancing
this against the radial dipolar force gives

N
3co$6,— 1=32MnAf;- >,

&, (10)

Mk
2a
with AFi~<A{;k=sin 6, cos¢y—cosb sing,. Now define
the sums W=N"22}_ (r/2a)cosdy and
Qi:N‘zi,’:':i(rkIZa)sin¢k which for largeN are indepen-
dent of N and a. Substituting these into Eq$9) and (10)

results in the coupled equations

sin 20, = aA, (113
3cog6,—1=+aB, (11b)
where a=32MnN?, A=WV, cosf+Q;sing, and B

=W, sing—(); cosé,.

chain. Equation(11b) is immediately satisfied becaus®
=0 (in a linear chain there is no tensiorio first order,

sin 20=sin 20,(1— o), (12)

where sin 2,=16MnN?. In fact, this solution is that previ-
ously derived® for a chain in simple shear, though the cen-
tral chain angle is somewhat different.

To find self-consistently the shape of a critical chain we
continue to iterate, but we must now take into account the
stability conditions, Eq(11b), because the first-order chain
shape is nonlinear and the hydrodynamic tension is nonzero.
The termsA and B can be computed from the first-order
result for the chain angles, E{.2), with the first-order chain
coordinatesr,/2a=3k_, singx+ cos#z. Then the central
chain angle can be found from (3 cag—1)/ sin 20,=B/A.
This angle can then be used to fiadthrough the relation
a=sin 26,/A, and the second-order chain angles can be com-
puted from sin 2= caA. This process can be repeated to con-
vergence, but is actually almost quantitative after a couple of

An approximate solution to these coupled equations cagycles.

be found from an iterative procedure. First, we guess a

zeroth-order solution withd,= ¢;=45°, which givesV¥;
=0,=1/(2y/2). Noting that sin2,=1 and co®,=siné,
=1/\2, we can determine from Eq11a that =2 or
16MnN?= 1. With this result fora an improved estimate for
the angles along the chain can be obtained from (E#ja,

In Fig. 2 the fully converged chain shape is compared to
the first-order approximation. This is, of course, the shape of
a critical chain that is at the limit of stability. The angle of
the chain at the center converges to 38.37°, the average chain
angle is 22.5°, and=1.991. Note that in this figure the field
and chain are rotating counterclockwise. Plotting the chain

setting cog=sin6=1/\/2 on the right-hand side. For large angle against the contour length is more revealing of the
N the sums¥; and(); are easily evaluated, with the result difference between the first-order approximation and the

A=(1-0?)/2, wherea=iN is the contour variable of the

converged result, Fig. 3.
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a5 I L The chain will fracture when the radial component of the
- \ | - - —
i \ fist iteration, .e. sin(28)=(1-52) {  dipole force vanishes or C@§=yka/3ky. .
a0} 4 Once again, we see that chain stability and metastability
- ‘“‘ms\ . can be important in rotating fields, because the critical angle
@3- converged T 6. can range from 42.7° to 77.8° gincreases through its
§ ol ] physical range of from—1/2 to +1 and thus is typically
o | greater than 45°, where the tangential dipolar force reaches a
2251_ - maximum. Only in the interval of-0.5<g<—0.4 does a
o 1 metastable region not exist. The length of a critical chain is
e 20F _ ] obtained from sin(&)=16MnN?%/k3s(3). Noting that
i 5L ] sin(26)=2 cos @) /1— cos 6 gives
sl
(&
10__ ] (ZN*)ZZ 1 (3) fe | X2 (15
5L ] 2Mn* 2 3N 3 | 3k, )
or N N S S T Because in a real experiment the lifetimes of metastable
0.0 0.2 0.4 0.6 0.8 1.0 chains might be quite long, it could be more relevant to

contour length s consider the length of a chain at the limit of metastability,

FIG. 3. The difference between the fully converged chain angle and that oft>~ 10F 8>—0.4. Then (N**)?=(1/4Mn)s(3) k.
the first iteration is more obvious when plotted against contour length. These approximate results for a linear chain imply that,
depending on the contrast fact@; chains can fragment
through brittle or ductile failure. Brittle failure is the abrupt
fragmentation of a chain whose critical angle is less than 45°.

The basic model successfully captures the qualitativémagine, for example, an isolated chain of particles in a ro-
features of particle chains in rotating magnetic fields, but thdating field of very slowly increasing Mason number. As the
fixed point dipole approximation is oversimplified and canMason number increases, the chain will tilt further and fur-

I. Improvement to the basic model

readily be improved upon. ther, always remaining quasistationary, until the critical Ma-
son number is very slightly exceeded, at which point it will
J. Self-consistent point dipoles break abruptly. Chains with critical angles greater than 45°

o will behave very differently. As the Mason number increases,
We have heretofore assumed that each particle is polagye chajn will remain quasistationary until the angle 45° is

ized only by the applied field. In reality, each particle also,itained. A slightly further increase in the Mason number

feels the field generated by all of the other dipoles in they| then cause the chain to continuously rotate to its critical
suspension. These dipoles can be broken into two classe§h9|e and break. This is ductile failure.

those within the same chain and those in other chains. The

dipole fields in other chains can be treated by the standard

considerations of Lorentz cavity fields and demagnetizing

fields, both of which depend on the concentration of par-

ticles. These effects have been examined in detail in magg agditional complexities

netic studies of particle chain compostféand are only sig- o o

nificant when the particle concentration approaches The remaining issues are the effect of hydrodynamic in-

vol. %. The experiments we investigate here were done deractions and multipolar interactions. The primary effect of

particle concentrations vastly lower than this, so we will ig- hydrodynamic interactions is to make the hydrodynamic drag

nore these fields. The fields created by particles in the sanf¥/ice as large when the fluid velocity is perpendicular to the

chain are not negligible, and here we will examine this ef-rod as When.|t is paraIIeI: In either case ?he drag co.eff|C|ent is

fect, following the shear flow treatment of Martin and NO longer strictly proportional to the chain length, since there

Andersont! is also an annoying logarithmic term. Despite this, the effect
The attractive dipole interaction between two contacting®f hydrodynamic interactions on a linear chain in a rotating

particles well in the interior of a long chain has been shownrfi€ld is simple, since the chain friction, at least in the linear

to be chain approximation, is always normal to the chain axis. The
R _ . hydrodynamic interactions merely renormalize the drag and
fa="fcL(3)[(3k1C0S 0~ k)T + k3 Sin 204, (13)  thus can be accounted for by renormalizing the Mason num-

where x;=(1+ 3¢2)/(1— 26— 12)2, w,=1/(1+ 1£)2, and ber, the critical chain angle remaining unchangéd. this
ka=1(1—1£—1£2) in terms of §,= B¢(3). The Ri,eman regard the simple shear case is more complteke critical
zeta function¢(3)~1.202. The angle of a linear chain is chain angle changing because both the parallel and perpen-

given by a modified Eq(7), dicular drag coefficients entgMultipolar interaction$' are
5 not important for extant studies of chains in a rotating field,
sin 20— 16MnN (14) because of the low permeability of the magnetite-filled poly-
Kk3s(3) styrene particles employed.
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80 - - Mn=1.0004xMn** 8
F ——— p=-0.5, Mn=Mn* . C
.......... = -0.5, Mn=1.0004x Mn* !
..... =+1.0, Mn=Mn* J T
| — — P=+1.0, Mn=1.0004xMn* / R
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® e 1
o | ; .
o
A TS / .
2 » ]
=y J
g i I 1 FIG. 5. In the case of ductile failug=+1) simulated structures are shown
r 1 for a stationary chain ain** (left) and a chain just before and after frag-
20 - mentation(right). It is clear that the stationary chain configuration is easily
| distinguishable from that of the chain at the point of rupture.
0 1 1 1 . | . 7 is observed forB=+1.0, with a significant increase in the
0.0 0.2 0.4 0.6 0.8 1.0 chain angle at rupture, up te73.8°. The actual chain con-

tit figuration is shown in Fig. 5. The left image is a chain at
_ " < of chain | _ ored Mn** , showing the maximum deformation a stationary chain
FIG. 4. Simulations of the dynamics of chain fragmentation are explored in.o 4 chieve. The right image shows the deformation of a
the limits of extremely negative and positive permeability contrast. In the L. . . .
former case fragmentation is abrupt, in the latter gradual, justifying theChain just before and just after rupture. These configurations
concepts of brittle and ductile failure. The data are plotted only until theare in the rotating reference frame of the applied field, so it is
Ce”tfj"t Cft‘sift‘ Dfa”tict'?s Paftrhar_‘d data for the fragmenting chains are contjear that the chain fragments are much more closely aligned
pared fo that of staliohary chains. with the field. In fact, the right-hand image is part of a closed
dynamical cycle: after rupture the two chains orbit each other
and reconnect to form a chain with swapped ends, which
I1l. SIMULATION AND EXPERIMENT again deforms and breaks, etc.
A. Simulation

In computer simulations one can simultaneously accoung Experiment

for both the nonlinear chain shape and the self-consistent _ _ _

local fields, without any simplifying approximations. This Videomicroscopy experlmer?tﬁave shown that chr_:uns
enables us to determine whether such concepts as brittle 89regate and fragment in response to decreasing or increas-
ductile chain failure are physically relevant. In the simulationind field frequency, the average chain length being propor-
we wrote, the spheres are essentially hard and feel a Stok&gnal to the inverse square rootldin, in agreement with the
drag against the fluid. The dipole moments are compute@reédictions of this model. Videomicroscopy ma@eaiso__
completely self-consistently, without truncation of the dipole confirm the prediction of the S shape developed by a critical
fields. chain in a counterclockwise rotating field, Fig. 6. These

Using chains of 30 particles, the two extreme case$hains formed in an aqueous dispersion of L4 diameter
B=—0.5 andB=+1.0 were studied. In each case, the MasonsSoft magnetic pgrtlcles hqvmg a volume fractigr0.0001.
numberMn** that marks the limit of a stationary chain was The magnetic field amplitude was 1.55 kA/#9.50 O¢,
found by noting that for largeMn the chain fragmentation and the'rotatlon frquency was 0.01 Hz. Qham fragmeqtaﬂon
time 7 diverges as an inverse power |dIn** —Mn|, analo- ~ OCCUrs in the following stages: the chain deforms shg_htly
gous to critical slowing down in a second-order phase tran{l€ft), develops a clearer S shape whose ends are aligned
sition. Mn** was found by choosing the value that gave thewith the field(centey, and breaks at the center into two equal
best power-law critical plofa straight line plot ofr versus ~ fragments(right), which then align more closely with the
|Mn** —Mn| on log—log axes SignificantlyMn** is more  field.
than 10 times larger foB=+1.0 than for3=-0.5, under-
lining the importance of positive contrast particles in making
strong ER and MR fluids. Then in each case a simulation was
conducted with a Mason number 0.04% larger thanrf* , to
ensure chain fracture. The simulation was stopped at the
point of fracture.

The simulation result, Fig. 4, show some interesting fea-
tures. First, withB=—0.5 the maximum angle for a station-
ary chain is~33.8°, whereas with3=+1.0 this maximum FG. 6. Detall of the S shave develoned b ical chain | t

H o H H P . b. Detall 0 e shape develope a critcal chain In a counter-
angle Is~53.6°. Second, brittle failure is indeed ObserVedclockwise rotating field of a?nplitude lp.55 kX/r(riQ.S Og¢ and frequency

for g=-0.5, occurring rapidly and with I_ittle change _in 0.01 Hz. These chains formed in an aqueous dispersion of 1.24-mm-diam
angle before the two halves part. Progressive, ductile failureoft magnetic particles at volume fraction 0.001.
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