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Micromechanics of magnetorheological suspensions

Eric M. Furst and Alice P. Gast*
Department of Chemical Engineering, Stanford University, Stanford, California 94305-5025

~Received 13 December 1999!

We apply optical trapping techniques in a magnetorheological~MR! suspension, allowing us to directly
measure the mechanical properties of single dipolar chains, such as the rupturing tensions and strains under
tensile and lateral deformations. Our results are in excellent agreement with calculations of the rupturing
tensions using a self-consistent point dipole model of the particle interaction that accounts for induction and
multibody effects along the chain. Additionally, we observe the annealing of chain defects under an applied
stress, such as the inclusion of neighboring particles into the chain. The micromechanical properties of single
chains offers important insight into magnetorheology and electrorheology, especially the yield stress behavior.
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I. INTRODUCTION

The key to understanding and controlling the rheology
a colloidal system lies in characterizing the microstruct
and its response to perturbation@1#. The formation of well-
defined microstructures in a magnetorheological~MR! sus-
pension offers a clear example. During the application of
external magnetic field to a MR suspension, the partic
acquire dipole moments proportional to the field streng
When the dipolar interaction between particles exceeds t
mal energy, the particles aggregate into chains of dipo
aligned in the field direction. Because energy is required
deform and rupture the chains, this microstructural transit
is responsible for the onset of a large, ‘‘tunable,’’ finite yie
stress. In fact, the ability of a MR system to elastically sto
energy on a slow time scale and viscously dissipate it
much faster time scales is common to other materials
exhibit a yield stress behavior, including the electrical ana
of MR systems, electrorheological~ER! suspensions, as we
as foams@2#.

Until now, the ability to probe the microscopic mechan
cal properties of MR and ER materials has been limited
observation during the application of mechanical stresses@3#,
inferences from bulk rheological response during transien
oscillatory shear@4,5#, and simulation techniques@2#. Our
recent application of optical trapping techniques have
lowed us to directly study the micromechanical properties
dipolar chains and chain aggregates in a MR suspension@6#.

The application of optical trapping to MR suspensions
an extension of the microscopic manipulation andin situ
force-sensing techniques that have led to significant insig
in biomechanical, polymeric, and colloidal systems.
single-beam optical gradient force trap, or ‘‘laser tweeze
was realized by Ashkin and co-workers and later used
manipulate colloidal particles and living cells@7–9#. Since
then, the ability to probe forces on the order of piconewto
~pN! to subnanometer length scales using laser tweezers
led to direct measurements of the mechanics of motor p
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teins @10–12#, the forces of transcription@13#, thermal-scale
forces in colloidal systems@14,15#, and the elastic propertie
of polymers@16#.

In this paper we present our studies of the micromecha
cal properties of dipolar chains and chain aggregates in
suspensions. In Sec. II A we discuss our experimental m
rials and methods, including the details of our sample pre
ration and our optical trapping techniques. We present
mechanical properties of individual dipolar chains as sh
and tensile stresses are applied in Secs. III C and III D,
spectively. Our measurements of the rupture tension in b
cases are in good agreement with particle interactions ca
lated from a self-consistent point-dipole model when the
fects of a double-layer interaction are included. Lastly,
Sec. III E, we discuss the mechanics of chain defects
their influence on the micromechanical response of chain
well as their role in the mechanics of columns formed
lateral coalescence of single chains. We summarize the m
points of this work in Sec. IV.

II. EXPERIMENT

A. MR suspensions

We use two model MR suspensions for this study,
monodisperse ferrofluid emulsion and superparamagn
polystyrene spheres. The superparamagnetic behavior o
droplets and beads are both based on the presence of
odomain (;10 nm! iron oxide grains dispersed within th
particles. In the absence of an external magnetic field, th
domains are randomly aligned, and do not contribute to a
moment for the MR particle. When placed in a fieldH, the
iron oxide grains partially align in the field direction and th
droplet or beadi acquires a net dipole

mi5
4

3
pa3m0xH, ~1!

where a and x are the particle radius and susceptibilit
Equation~1! is applicable at low fields, well below the mag
netic saturation of the particle, andx includes demagnetiza
tion effects, as discussed below. A pair of particles will th
interact via an anisotropic dipolar potential
c-
6732 ©2000 The American Physical Society
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Ui j
dip5

1

4pm0

mi•mj23~ r̂•mi !~ r̂•mj !

r 3
. ~2!

r is the vector between particle centers andr̂ is the unit
vector r /r . The dipole strength characterizes the maxim
interaction between two dipoles aligned tip-to-tail versus
thermal energy@17#

l52
Ui j

dip,max

kT
5

pm0a3x2H2

9kT
. ~3!

Whenl@1, the dipolar interaction between particles is s
ficiently strong to overcome Brownian motion, and chains
particles grow in the field direction.

The ferrofluid emulsion is synthesized following the fra
tionation method due to Bibette@18#. A mixture of ferroflu-
ids ~Ferrofluidics EMG 905 and EMG 909!, composed of
monodomain Fe3O4 particles suspended in a hydrocarbon
emulsified into water using sodium dodecyl sulfate~SDS!
~Sigma, cmc5 2.351 g/ml!. The rough emulsion, consistin
of particles between 0.1 and 10mm in diameter, is fraction-
ated through seven to nine successive depletion aggrega
with SDS micelles. We vary the particle density by manip
lating the ratio of the EMG 905 (r51.24 g/ml, x i51.9,
Msat5400 Gauss! and EMG 909 (r51.02 g/ml, x i50.8,
Msat5200 Gauss! ferrofluids. The final droplet susceptibi
ity, accounting for the demagnetizing field for a sphere@19#,
x5x i /(11x i /3) is 0.86. The emulsion droplet density
this study is approximatelyr51.1 g/ml. We use particles o
approximately 1.3mm diameter.

For the second MR system, superparamagnetic poly
rene~PS! particles are acquired commercially~Bangs Labo-
ratories, 38 wt % Fe3O4). From transmission electron m
croscopy~TEM! we find the particle size distribution span
diameters between 0.4 and 0.85mm. The smallest particles
are eliminated by removing the supernatant after allow
the largest and heaviest particles to settle. Our TEM ima
also reveal that the iron oxide distribution within particles
not always homogeneous—some particles show signific
‘‘clumps’’ within the polystyrene matrix. The average ma
netic properties of the PS particles are measured usin
vibrating sample magnetometer~VSM!. As shown in Fig. 1,

FIG. 1. The measured magnetization of our PS beads dem
strates the superparamagnetic behavior of the particles. The
sponse of the particles is linear in the range of fields used
(,7600 A/m or 100 Gauss! with a measured susceptibility ofx
50.6760.1.
e
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there is no observable hysteresis or remnant magnetiza
The PS particle susceptibilityx over the range of fields used
0 to 7600 A/m, isx50.6760.01.

B. Optical trapping

Optical traps capable of holding and manipulati
micron-sized dielectric particles are constructed simply
focusing a laser beam to a diffraction limited spot. In t
ray-optic limit, the change in momentum of the convergi
beam as it is refracted through the particle imparts a fo
that pulls the particle into the region of highest intens
@20,21#. In addition to this gradient force, radiation pressu
acts on the particle in the direction of the propagating bea
Using a high numerical aperture~NA! objective to create the
trap ensures the largest possible intensity gradient to o
come the scattering force. Factors such as the incident in
sity, particle geometry, laser wavelength and mode, part
refractive index relative to the surrounding medium, a
beam polarization state contribute to the trapping force.

Our laser tweezers consist of two independently c
trolled traps. A single beam with transverse mode TEM00
from the 488 or 514 nm line of a 5W Ar1 laser ~Lexel
Corporation! is expanded and passes through a polariz
cube splitter. The beams recombine to illuminate the b
aperture of a 633NA 1.2 water immersion microscope ob
jective~Zeiss C-Apochromat!, creating two regions of highly
focused light in our sample. The angle of incidence of ea
beam at the back aperture is controlled by a motorized g
bal mirror and 1:1 telescope, enabling us to move the tr
two dimensionally throughout the entire focal plane. T
sample-objective assembly is located at the center of He
holtz coils. The intensity of each trap beam entering the
jective can be as high as 25 mW depending on the des
trap stiffness and maximum trapping force. Images are c
tured on a charge-coupled device~CCD! camera~8 bit, 640
3480 pixels!, and stored with a S-VHS videorecorder~JVC
BR-S622U! for further image processing and analysis~Scion
Image!.

Using the tweezers, force measurements on the orde
0.1 to 10 pN can be made by measuring the displacemen
a particle from the trap center. The traps are calibrated
each experiment by measuring the displacement of a p
3.5 mm PS bead held far from surrounding interfac
(*50 mm) while the sample stage is translated at kno
velocities U, thus imparting a drag force of 6pahU. The
displacement of the bead is analyzed using particle track
techniques@22#, with a position sensitivity better than 30 nm
As mentioned above, the trap stiffness and maximum tr
ping force can be varied. Typical maximum trapping forc
range between 3 and 12 pN@23#.

Strong radiation pressure from scattering and absorp
due to the presence of iron oxide grains in the MR partic
prevents us from trapping them. Instead, we attach ‘‘tethe
that can then be held by the laser traps and used to de
the chains or measure applied tensions. For experiments
ing the ferrofluid emulsions, a small amount (f,1026) of
3.5 mm streptavidin-coated beads are mixed with a sim
volume fraction of 2.46mm biotinylated superparamagnet
beads~39 wt % Fe3O4). Doublets that are formed through th
strong streptavidin-biotin interaction (Ka51015 M21) are
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6734 PRE 61ERIC M. FURST AND ALICE P. GAST
physically incorporated into the emulsion chains and use
grab them with the laser traps. Thus, using the bio
streptavidin interaction as an inert adhesive, we combine
PS tethers with magnetic ‘‘handles’’ capable of grabbing a
manipulating particle chains. Streptavidin- and biotin-coa
beads are obtained commercially~Bangs Laboratories! or
produced in-house using straightforward covalent coup
chemistries for commercial carboxylated or amin
functionalized particles@24#. For experiments using the su
perparamagnetic PS particles, the entire MR suspensio
biotinylated and mixed with the 3.5mm streptavidin sphere
(f'1026).

Figure 2 illustrates a typical experimental geometry. T
laser traps hold separate tethers that are attached to a di
chain aligned in the field direction. One trap is translated a
deforms the chain perpendicularly or parallel to the appl
magnetic field. The tension imparted on the chain is m
sured from the displacement of the second tether in the
tionary trap. Translation rates are kept small (&6 mm/s) to
ensure accurate tension measurements and mechanical
librium.

III. RESULTS AND DISCUSSION

A. Particle interactions

Dipolar interaction. As described above, the unique r
versible rheological transition MR suspensions exhibit is d
to the superparamagnetic nature of the particles and the
teraction of induced magnetic moments to form chains
chain aggregates. Equations~1! and~2! describe the interac
tion between field-induced moments; however, to underst
the mechanics of dipolar chains, it is necessary to cons
the effects of the local field due to chaining as well as
long-range interaction between particles. The field exp

FIG. 2. Deformation of a dipolar chain of superparamagne
emulsion droplets perpendicular to the applied field. Two 3.5mm
PS ‘‘tethers’’ are held in separate laser traps on the far left and r
of the image. Attached to the tethers are biotinylated superparam
netic PS particles that hold the emulsion chain. The right-most
is translated down at 6mm/s. ~a! Before deforming the chain.~b!
Immediately before the chain ruptures.~c! The chain recoils after
rupturing. The scale bar is 10mm.
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enced by a dipolar particlei is due to the applied externa
field and the local field induced by a neighboring dipo
particle j, H i5H01H j , where

H j5
1

4pm0

3r̂ ~ r̂•mj !2mj

r 3
. ~4!

In a dipolar chain particlei experiences a total field due to a
neighboring particles

H i5H01(
j Þ i

H j . ~5!

The final form for the magnetic moment is

mi5
4

3
pa3m0xFH01(

j Þ i

3r̂ ~ r̂•mj !2mj

4pm0r 3 G . ~6!

Long-range particle interactions along the chain can be
counted for in a similar manner by summing over all pa
ticles interacting with particlei,

Ui
dip5(

j Þ i
Ui j . ~7!

Equation~6! can be solved by numerical iteration to fin
self-consistent particle moments and interaction energ
Numerical calculations are useful for arbitrary particle co
figurations, such as chains with defects. An analytical so
tion to Eq.~6! is possible in the case of infinitely long linea
chains. One can then find the particle moments s
consistently sincemi5mj . Equation~6! is written as

mi5
4

3
pa3m0xFH012(

n51

`
3r̂ ~ r̂•mi !2mi

4pm0~nr !3 G , ~8!

wherer becomes the average interparticle spacing. Follo
ing Zhang and Widom@25# the sum in Eq.~8! is expressed in
terms of the zeta functionz(3)5(n51

` (1/n3)'1.202. The
components ofmi and subsequent interaction energy a
force are then directly calculated. Summing the interactio
for an infinite chain, the interaction between any two p
ticles becomes

Udip5
mi

2z~3!

4pm0
F123cos2u

r 3 G , ~9!

where u is the angle of the chain. Calculations based
infinite chains are often a reasonable approximation since
measure mechanical properties far from the chain ends.

Double-layer interaction.Both the emulsion droplets an
PS MR particles are electrostatically stabilized with an a
ionic surfactant. The repulsive double layer is included
our calculations of chain rupturing tensions using the D
jaguin approximation@26#,

Uel~r !52pee0c0
2a ln@11e2k(r 22a)#, ~10!

wheree is the dielectric permittivity of the suspending m
dium and k is the inverse Debye screening length.k
50.3 nm21 for the 2.35 g/L SDS solution. The surface p
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tential for PS particles due to SDS adsorption isc0540 mV
@27#, while the emulsion droplets have a surface potentia
approximately 45 mV@28#.

B. MR suspension rheology

The steady-shear rheological response of a MR sus
sion is typically described as a Bingham fluid with a she
stress

t5hpġ1t0 , ~11!

wherehp is the plastic viscosity,ġ is the shear rate, andt0
is the Bingham ordynamic yield stress@29#. The shear stres
typically increases asH0

2 at low field strengths, similar to ER
suspensions; however, at intermediate field strengthst scales
subquadratically@30–32#. At the highest field strengthst
becomes independent ofH0 and instead scales as;Msat

2

@33#. hp is generally insensitive to the applied field at lar
field strengths. The minimum stress required to induce fl
in a MR suspension is not necessarily the Bingham stress
the static yield stress@2#.

Microscopic models of the rheological properties of M
and ER systems, especially with respect to the dynamic
static yield stress behavior, focus on the response of
field-induced microstructure to deformation perpendicular
the field direction. Klingenberg and Zukoski@3# and Martin
and Anderson@34# discuss chain models of electrorheolo
that capture the essential properties of the dynamic y
stress, including the quadratic field-dependence. Both
based on the calculated rupturing tension of dipolar cha
with respect to imposed strain. The yield stress is then du
the collective rupturing and reformation of chains, which
applicable to dilute MR suspensions under low-field con
tions and shear rates. In this regime the dipolar stress do
nates the hydrodynamic stress and the structure con
largely of individual chains rather than columns or a den
cross-linked network of chains. Bonnecaze and Brady h
also confirmed the role of chain rupture with Stokesian
namics simulations, and have shown that the dynamic y
stress is an inherent material property based on the disp
of time scales as chains slowly store energy elastically t
rapidly dissipate it to the viscous medium@2#. Finally,
Ginder and Davis also highlight the role of interparticle i
teractions and chain rupture, showing that the subquad
behavior of t with respect toH0 at intermediate field
strengths is due to local saturation of magnetization in
region of particle contacts@31#.

C. Lateral deformation of single dipolar chains

Emulsion droplets.We measure the resistance of a sing
dipolar chain to a deformation perpendicular to the appl
field. For instance, Fig. 2 shows lateral deformation and r
turing of an emulsion chain. Initially, the chain is aligned
the field direction. One trap is held stationary while the s
ond is translated until the chain ruptures and recoils. T
experiments are repeated for several dipole strengths,
excellent reproducibility. This is illustrated in Fig. 3 whe
the applied tension is plotted versus the strain for two
quential measurements of the same chain atl5 340. As the
data shows, the chain is initially held with zero applied te
f
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sion and strain. As strain is induced with a translating tr
an increasing tension is applied to the chain. When the
sion exceeds the interparticle force, calculated asf 5
2¹(Udip1Uel) from Eqs.~9! and ~10!, the chain ruptures
shown by the arrow. The chains ‘‘snap’’ back into conta
when they are brought sufficiently close, and the measu
ment is repeated, exhibiting essentially identical behavio

Figure 4 summarizes the measured rupture tensions
sus the rupture strains for several dipole strengths. The a
age rupturing strains are 0.39, 0.37, and 0.33 forl5340,
240, and 150, respectively, from which we calculate the c
responding rupturing tensions of 5.7, 4.2, and 2.6 pN. T
rupture tensions are in excellent agreement with values
culated from Eqs.~9! and ~10!. This highlights the impor-
tance of accounting for mutual induction between partic
and chaining effects when considering the interactions

FIG. 3. Applied tension with respect to the imposed bend
strain on a chain of dipolar emulsion droplets. The chain is initia
deformed until rupturing at 5.5 pN~crossed circles!. The right-most
arrow indicates the drop in tension as the chain ruptures. For
second measurement~open circles! the chain halves are reas
sembled. The left-most arrow indicates the point at which the ch
fragments ‘‘jump’’ back into contact. The second measurem
demonstrates the reproducibility of the rupturing tension.

FIG. 4. Experimental~symbols! and calculated~line! results.
Rupture tensions for chains of paramagnetic emulsion droplets
formed perpendicularly to the applied magnetic field atl5150,
240, and 340. The corresponding average rupture strains are
0.37, and 0.39.
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MR suspensions. It is also interesting to note that the p
ence of a double-layer interaction decreases the calcul
rupture tension by;0.5–1 pN.

PS particles.Figure 5 shows the rupture tensions as
function of l. Calculations based on the nominal partic
size, 0.85mm, agree well with the upper bounds of our me
sured rupture tensions. As one would expect, the incorp
tion of smaller particles into the chains creates weakne
that cause the chains to rupture at lower tensions. The lo
bound of the measured rupture tensions correspond to
ticle diameters between 0.6 and 0.8mm. Magnetic heteroge
neity caused by the uneven distribution of iron oxide in so
particles may also play a role in weakening the overall ch
strength. The average rupture tensions, although lower
those expected from the nominal particle diameter, still
crease with increasing dipole strength. They are 2.360.5 pN,
2.661.2 pN, and 3.160.8 pN for l596, 150, and 210, re
spectively.

Defects in the chains occur more readily in the PS sys
due to the polydispersity, an effect which can be seen in
6. The PS chains tend to deform unevenly, with ‘‘steps’’
lower and higher field alignment, in contrast to Fig. 2.

While we show that individual chains can exhibit a wid
range of rupture tensions even at the same dipole stren
the average mechanical properties of the chains are m

FIG. 5. Measured rupture tensions as a function of dip
strength for chains of magnetic PS beads deformed perpendicu
to the field direction. The presence of smaller particles in the
system as well as heterogeneity of magnetite distribution wit
some particles creates weak points, causing them to rupture at l
applied tensions. The line indicates the calculated rupture tens
for 0.85mm particles.

FIG. 6. A dipolar chain of PS particles deformed perpendicu
to the field shows ‘‘steps’’ caused by defects. The defects stab
short steep regions, allowing the larger segments in betwee
align in the field direction.
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useful for estimating the bulk rheological behavior. In a sy
tem of chains spanning two plates, for instance, the yi
stress will be due to the deformation, rupturing, and sub
quent reformation of a large number of chains when one
the plates is sheared. Considering this, the agreement
tween the experiments and the calculated rupturing tens
for both the emulsion and PS particles would result in
observed quadratic field dependence of the shear stres
MR and ER suspensions at low shear rates and volume f
tions.

D. Deformation of dipolar chains in the field direction

In addition to lateral deformation, we apply tension
chains in the field direction to compare with our calculat
rupturing tensions. Chains deformed along the field sho
rupture at somewhat higher tensions compared with the
eral deformation experiments since the interparticle inter
tion is strongest in the direction of the field.

Figure 7 illustrates the rupture tensions measured
chains of PS particles deformed in the field direction. The
linear deformation experiments exhibit behavior analogo
to the bending experiments of PS particles discussed ab
Most notable is the large range of measured rupture tens
for each dipole strength. Like the bending experiments,
is due to the polydispersity. Again, the highest measu
tensions agree well with calculated rupture tensions base

e
rly
S
n
er
ns

r
e
to

FIG. 7. Measured rupture tensions as a function of dip
strength for chains of magnetic PS beads extended in the field
rection.~a! Defects and magnetic heterogeneity cause a broade
in the measured rupture tensions, similar to Fig. 5 compared w
calculations for 0.85mm particles.~b! The average rupture tension
increase roughly as the square of the applied field, indicating
magnetic saturation is not a factor.
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the nominal particle size. The lowest forces measured
consistent with particle sizes on the order of 0.6mm. The
average rupture tensions are 1.360.6 pN, 2.461.0 pN, and
3.061.1 pN forl596, 150, and 210, respectively.

Chains exhibit a slight increase in strain during linear d
formation, typically under 0.05. Initially, the chains are flu
tuating thermally@35#, thus the contour length of the cha
between tether points is longer than their separation dista
The observed strain increase is most likely due to
straightening of this contour length. The distance betw
the equilibrium and the rupturing particle separations
&0.05 particle radii, and thus should not contribute sign
cantly to the strain increase.

In our earlier paper@6# we reported interesting occur
rences of sudden, large strain increases during the exten
of dipolar chains, contrasting their typically rigid behavio
There we speculated that sufficiently high applied tensi
may induce chain reorganizations, such as the incorpora
of ‘‘satellite’’ particles attached to the side of the chain. W
will discuss the mechanics of such defects and reorgan
tions in the following section.

E. Micromechanical properties of defects

Chain defects are interesting for their micromechani
behavior and have important implications in MR rheolog
especially for transient flows. Chain defects such as sate
particles can occur and influence the behavior as chains
deformed. Figure 8 illustrates typical defects observed in
polar chains, including satellites, cruciforms, and multip
cruciforms.

Experimental confirmation of the relationship betwe
large strain increases and chain reorganizations are show
Fig. 9. The double-cruciform defect, highlighted in the ser
of images, anneals as a linear tension is applied to the ch
First @9~a! and 9~b!# the left-most cruciform rotates to form
satellite defect. In 9~c! and 9~d! the right cruciform begins to
rotate and completely anneals, leaving one satellite de
@9~e!#. As the translation of the moving trap continues, t
last satellite defect incorporates itself into the chain throu
a rapid ‘‘jump.’’ After this last anneal@9~f!#, the chain no
longer deforms but ruptures instead as the tension increa
Figure 10 illustrates the measured tension during the de
annealing. As the strain is applied, the tension increases
plateaus during the anneal at;0.6 pN. After the anneal is
complete, the tension increases rapidly to a final ruptur
tension of 4.5 pN.

It is important to consider how defects affect the over
mechanics of chains as they are deformed. As the prev
example illustrates, the annealing events can occur at a f
low tension with respect to the final rupture tension. In t

FIG. 8. Common defects observed in dipolar chains are cha
terized as~a! satellites,~b! cruciforms, and~c! double cruciforms.
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case, the anneal occurred at an applied tension of appr
mately 0.6 pN compared to a final rupture tension of 4.4 p
We use quasistatic numerical calculations of chain ruptur
to show that defects cause localized weaknesses in

c-

FIG. 9. Annealing a double cruciform defect during the app
cation of tension to a dipolar PS chain. A white box highlights t
chain strain increase during the annealing. The tension during
anneal is shown in Fig. 10.~a! Two arrows show the defects at th
onset of the reorganization.~b! The top-most particle of the lef
cruciform rotates into the chain leading to a satellite/cruciform p
shown in ~c!. ~d! The right cruciform is shown rotating into th
chain. ~e! The final satellite defect is shown before annealing.~f!
After the final anneal, the chain is rigid and eventually ruptures

FIG. 10. The corresponding tension measured during the an
of a double cruciform defect shown in Fig. 9; the letters refer to
first and last frames in the image sequence. The tension plat
during the anneal at approximately 0.6 pN. The tension then
creases rapidly and ruptures at 4.4 pN.
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chain—points at which dipolar chains are more likely to ru
ture or reorganize.

The effects of several types of defects are examined u
the finite-chain numerical calculations described in Sec. II
without implementing the double-layer interaction. A cha
consisting ofN particles with a satellite, cruciform, or doub
cruciform defect at the center is generated.

To calculate the local rupturing force we first select
point along the chain a distancel from the defect. The tota
energy

Uc5(
i

(
j . i

Ui j
dip ~12!

is computed as the chain is separated into two fragment
Dz along the chain axis atl. The rupturing force at pointl is
Fl52]Uc /](Dz). During each numerical iteration ofDz
we recalculate the particle moments before computingUc .

In Fig. 11 we showFl normalized with the defect-free
rupture tensionFl ,0 as a function ofl for the three character
istic defects. The figure demonstrates that regions imm
ately adjacent to the defect rupture at lower tensions tha
nondefective chain. This is not surprising, since the dipo
interactions near the defect are weak or unfavorable.
instance, the angle between a satellite particle and its ne
neighbors is 60°, which is in the repulsive regime of t
dipolar interaction. The localization of this weakness is e
hanced by the fact that distances along the chain immedia
beyond the weak point are strengthened by the presence
defect because they experience a larger number of favor
interactions compared with a perfect chain. With increas
distance from the defect, the rupturing force decays to
defect-free tension.

Whether a defect will cause the chain to rupture or re
range while maintaining its integrity is dependent on seve
factors. For instance, consider a chain beginning to ruptur
a satellite defect, shown in Fig. 12. As the chain fragme
translate apart, two dominant forces are exerted on the s
lite: the dipolar force that pulls the satellite into the expan
ing gap and the viscous resistance to this motion. The

FIG. 11. The local mechanical properties caused by the pres
of a defect atl 50. We plot the rupturing tensionFl normalized
with the defect-free rupture tensionFl ,0 as a function of distancel
from a defect. A defect causes a localized weakness where ch
are more likely to rupture or reorganize. Note for the double cru
form, l 50 corresponds to one of the defects. The point atl 521 is
the rupture tension between the defect and the center particle
tween the cruciforms.
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required to incorporate the particle into the chain to av
rupturing is determined by the translational velocity of t
separating chain fragments. Balancing the viscous fo
characterized by the Peclet number Pe, with the dipo
force, yields the Mason number@3#,

Mn5
Pe

l
5

54hVpull

m0a~xH0!2
, ~13!

where Vpull is the translational velocity of the chain frag
ments, determined by the velocity of the translating trap. O
experiments exhibit reorganizations at defects rather t
ruptures because Mn&O(0.1).

Rearrangements in particle chains introduces a n
mechanism for energy dissipation in MR and ER system
As shown above it can significantly influence the rupturi
tension of the particle chains depending on the imposed
of deformation. The significance of small particle rearrang
ments have also been studied in transient and oscilla
shear experiments and simulations@4,5#. Parthasarathy and
Klingenberg show that similar rearrangements in structu
rather than the outright rupture of particle chains are resp
sible for the onset of nonlinear behavior in transient a
oscillatory shear.

In @6# we report that particle rearrangements also pla
role in the mechanical properties of columns of laterally a
gregated single chains. For instance, at intermediate fi
strengths we find ashear-hardeningbehavior during which
the column begins to deform, but acquires a more sta
structure through reorganization of the particle configu
tions. Our previous work also shows that the formation
columns sufficiently increases the microstructural streng
which will dramatically influence the macroscopic yie
stress. Understanding the lateral interactions that form
umns@36–38# and their mechanical properties as the und
lying suspension structures will significantly advance t
ability of microscopic models to capture the rheology of M
and ER suspensions at higher volume fractions.

IV. CONCLUSIONS

In this paper we use laser trapping to study the microm
chanical properties of a MR system that are of fundame
importance to the suspension rheology, especially with
gards to the yield stress behavior. Single dipolar chains

ce

ins
i-

e-

FIG. 12. Whether a chain ruptures or reorganizes at a de
depends on a balance of the dipolar interaction with the chain
the viscous drag, as characterized by the Mason number.
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superparamagnetic particles are deformed parallel and
pendicular to the applied magnetic field. The rupturing te
sions we measure are in excellent agreement with calc
tions based on a self-consistent point dipolar interaction
takes into account the mutual induction of particles as w
as longer-ranged interactions along the chains. The quad
behavior of the yield stress at low field strengths and volu
fractions can therefore be identified with the force requi
to rupture individual chains. As we show, defects play i
portant roles in the structure of chains and their microm
chanical behavior. When bending chains, defects cause
size polydispersity cause ‘‘steps’’ of higher and lower fie
alignment. The rearrangement of defects provides an a
tional mechanism for energy dissipation other than full ch
rupture. Defects also introduce localized weaknesses
chains where they are more likely to rupture or reorgan
We show that the tendency for defects to rupture versus
t.

ev
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organize is based on a balance between the force pulling
particle into an opening rupture versus the drag imparted
the particle, and can be characterized by the Mason num
Lastly, reorganizations may play an important role in t
behavior of columns of chains, which are important in th
own right for understanding the suspension rheology
higher particle volume fractions. It is clear that a detail
understanding the microscopic mechanics of dipolar cha
and chain aggregates is fundamental to understanding m
netorheology and electrorheology.
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