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Micromechanics of magnetorheological suspensions
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We apply optical trapping techniques in a magnetorheolodig®) 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.

PACS numbd(s): 82.70.Dd

I. INTRODUCTION teins[10-12, the forces of transcriptiofiL3], thermal-scale
forces in colloidal systemsl4,15, and the elastic properties
The key to understanding and controlling the rheology ofof polymers[16].
a colloidal system lies in characterizing the microstructure In this paper we present our studies of the micromechani-
and its response to perturbatiph]. The formation of well-  cal properties of dipolar chains and chain aggregates in MR
defined microstructures in a magnetorheologi®dR) sus- ~ suspensions. In Sec. Il A we discuss our experimental mate-
pension offers a clear example. During the application of ariials and methods, including the details of our sample prepa-
external magnetic field to a MR suspension, the particlegation and our optical trapping techniques. We present the
acquire dipole moments proportional to the field strengthmechanical properties of individual dipolar chains as shear
When the dipolar interaction between particles exceeds the@nd tensile stresses are applied in Secs. Il C and 11l D, re-
mal energy, the particles aggregate into chains of dipole§pectively. Our measurements of the rupture tension in both
aligned in the field direction. Because energy is required t¢ases are in good agreement with particle interactions calcu-
deform and rupture the chains, this microstructural transitiodated from a self-consistent point-dipole model when the ef-
is responsible for the onset of a large, “tunable,” finite yield fects of a double-layer interaction are included. Lastly, in
stress. In fact, the ability of a MR system to elastically storeSec. Il E, we discuss the mechanics of chain defects and
energy on a slow time scale and viscously dissipate it ortheir influence on the micromechanical response of chains as
much faster time scales is common to other materials thatell as their role in the mechanics of columns formed by
exhibit a yield stress behavior, including the electrical analodateral coalescence of single chains. We summarize the main
of MR systems, electrorheologicéER) suspensions, as well points of this work in Sec. IV.
as foamd?2].
Until now, the ability to probe the microscopic mechani- Il. EXPERIMENT
cal properties of MR and ER materials has been limited to
observation during the application of mechanical stref3gs
inferences from bulk rheological response during transient or We use two model MR suspensions for this study, a
oscillatory sheaf4,5], and simulation technique®]. Our  monodisperse ferrofluid emulsion and superparamagnetic
recent application of optical trapping techniques have alpolystyrene spheres. The superparamagnetic behavior of the
lowed us to directly study the micromechanical properties ofdroplets and beads are both based on the presence of mon-
dipolar chains and chain aggregates in a MR susperiijon odomain (10 nm iron oxide grains dispersed within the
The application of optical trapping to MR suspensions isparticles. In the absence of an external magnetic field, these
an extension of the microscopic manipulation andsitu ~ domains are randomly aligned, and do not contribute to a net
force-sensing techniques that have led to significant insightmoment for the MR particle. When placed in a fiefd the
in biomechanical, polymeric, and colloidal systems. Airon oxide grains partially align in the field direction and the
single-beam optical gradient force trap, or “laser tweezer,”droplet or bead acquires a net dipole
was realized by Ashkin and co-workers and later used to
manipulate colloidal particles and living cell-9]. Since
then, the ability to probe forces on the order of piconewtons
(pN) to subnanometer length scales using laser tweezers has
led to direct measurements of the mechanics of motor prowhere a and y are the particle radius and susceptibility.
Equation(1) is applicable at low fields, well below the mag-
netic saturation of the particle, andincludes demagnetiza-
* Author to whom all correspondence should be addressed. Eledion effects, as discussed below. A pair of particles will then
tronic address: alice@chemeng.stanford.edu interact via an anisotropic dipolar potential

A. MR suspensions
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50| there is no observable hysteresis or remnant magnetization.
The PS particle susceptibility over the range of fields used,
0 to 7600 A/m, isy=0.67=0.01.
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""""""" g""“""“' B. Optical trapping

Optical traps capable of holding and manipulating
micron-sized dielectric particles are constructed simply by
focusing a laser beam to a diffraction limited spot. In the
o —_— ray-optic limit, the change in momentum of the converging

200 -100 0 100 200 beam as it is refracted through the particle imparts a force
H (kA/m) that pulls the particle into the region of highest intensity
o [20,21]. In addition to this gradient force, radiation pressure

FIG. 1. The measured magnetization of our PS beads demor «q on the particle in the direction of the propagating beam.
strates the superparamagnetic bghavnor of the partlcles. The r‘sting a high numerical apertutBlA) objective to create the
sponse of the particles is “n.ear in the range of f'ek.js. .USEd her fap ensures the largest possible intensity gradient to over-
(<7600 A/m or 100 Gau$swith a measured susceptibility of . S .
—0.67+01. come the scattering force. Factors such as the incident inten-
sity, particle geometry, laser wavelength and mode, particle
refractive index relative to the surrounding medium, and

udir— ) beam polarization state contribute to the trapping force.
U A r3 Our laser tweezers consist of two independently con-
trolled traps. A single beam with transverse mode TEM
r is the vector between particle centers ands the unit from the 488 or 514 nm line of a 5W Ar laser (Lexel
vectorr/r. The dipole strength characterizes the maximumCorporation is expanded and passes through a polarizing
interaction between two dipoles aligned tip-to-tail versus thecube splitter. The beams recombine to illuminate the back
thermal energy17] aperture of a 683 NA 1.2 water immersion microscope ob-
jective (Zeiss C-Apochromaf creating two regions of highly
meaSy?H? focused light in our sample. The angle of incidence of each
KT okT 3 peam at the back aperture is controlled by a motorized gim-
bal mirror and 1:1 telescope, enabling us to move the traps
WhenA>1, the dipolar interaction between patrticles is suf-two dimensionally throughout the entire focal plane. The
ficiently strong to overcome Brownian motion, and chains ofsample-objective assembly is located at the center of Helm-
particles grow in the field direction. holtz coils. The intensity of each trap beam entering the ob-

The ferrofluid emulsion is synthesized following the frac- jective can be as high as 25 mW depending on the desired
tionation method due to Bibet{d 8]. A mixture of ferroflu-  trap stiffness and maximum trapping force. Images are cap-
ids (Ferrofluidics EMG 905 and EMG 909composed of tured on a charge-coupled devi@@CD) camera(8 bit, 640
monodomain FgO, particles suspended in a hydrocarbon, isx 480 pixels, and stored with a S-VHS videorecorddivC
emulsified into water using sodium dodecyl sulfa&DS BR-S622U for further image processing and analygion
(Sigma, cmc= 2.351 g/m). The rough emulsion, consisting Image.
of particles between 0.1 and 1m in diameter, is fraction- Using the tweezers, force measurements on the order of
ated through seven to nine successive depletion aggregatiofisl to 10 pN can be made by measuring the displacement of
with SDS micelles. We vary the particle density by manipu-a particle from the trap center. The traps are calibrated for
lating the ratio of the EMG 905p=1.24 g/ml, x;=1.9, each experiment by measuring the displacement of a plain
Msa=400 Gaussand EMG 909 p=1.02 g/ml, x;=0.8, 3.5 um PS bead held far from surrounding interfaces
Mg.=200 Gaussferrofluids. The final droplet susceptibil- (=50 wm) while the sample stage is translated at known
ity, accounting for the demagnetizing field for a sphiell®],  velocities U, thus imparting a drag force of7#tanU. The
x=xi/(1+x;/3) is 0.86. The emulsion droplet density in displacement of the bead is analyzed using particle tracking
this study is approximately=1.1 g/ml. We use patrticles of technique$22], with a position sensitivity better than 30 nm.
approximately 1.3um diameter. As mentioned above, the trap stiffness and maximum trap-

For the second MR system, superparamagnetic polystyping force can be varied. Typical maximum trapping forces
rene(P9 particles are acquired commercialBangs Labo- range between 3 and 12 {i93].
ratories, 38 wt% F,). From transmission electron mi- Strong radiation pressure from scattering and absorption
croscopy(TEM) we find the particle size distribution spans due to the presence of iron oxide grains in the MR particles
diameters between 0.4 and 0.g5n. The smallest particles prevents us from trapping them. Instead, we attach “tethers”
are eliminated by removing the supernatant after allowinghat can then be held by the laser traps and used to deform
the largest and heaviest particles to settle. Our TEM imagethe chains or measure applied tensions. For experiments us-
also reveal that the iron oxide distribution within particles ising the ferrofluid emulsions, a small amounb<10 ) of
not always homogeneous—some particles show significar8.5 um streptavidin-coated beads are mixed with a similar
“clumps” within the polystyrene matrix. The average mag- volume fraction of 2.46«m biotinylated superparamagnetic
netic properties of the PS particles are measured using lzeadg39 wt % FeO,). Doublets that are formed through the
vibrating sample magnetomet&/SM). As shown in Fig. 1, strong streptavidin-biotin interactionkK(=10" M~1) are
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enced by a dipolar particleis due to the applied external
field and the local field induced by a neighboring dipolar
particlej, Hi=Hq+H;, where

1 3r(r-m)—m

I dmpg r3 @
In a dipolar chain particleexperiences a total field due to all
neighboring particles

Hi=H0+§i H;. (5)

The final form for the magnetic moment is

4

— a3
mi—377a MoX H0+j2#i Py

3r(r-m;)—m;

©)

Long-range particle interactions along the chain can be ac-

FIG. 2. Deformation of a dipolar chain of superparamagneticcqnted for in a similar manner by summing over all par-
emulsion droplets perpendicular to the applied field. Two 3B ticles interacting with particlé

PS “tethers” are held in separate laser traps on the far left and right
of the image. Attached to the tethers are biotinylated superparamag- )
netic PS particles that hold the emulsion chain. The right-most trap Uid'pz 2 Uj; - (7)
is translated down at gm/s. (a) Before deforming the chair(b) 17

Immediately before the chain ruptures) The chain recoils after

rupturing. The scale bar is 10m. Equation(6) can be solved by numerical iteration to find

self-consistent particle moments and interaction energies.
physically incorporated into the emulsion chains and used tdlumerical calculations are useful for arbitrary particle con-
grab them with the laser traps. Thus, using the biotinfigurations, such as chains with defects. An analytical solu-
streptavidin interaction as an inert adhesive, we combine th#on to Eq.(6) is possible in the case of infinitely long linear
PS tethers with magnetic “handles” capable of grabbing ancthains. One can then find the particle moments self-
manipulating particle chains. Streptavidin- and biotin-coatecFonsistently sincen;=m; . Equation(6) is written as

beads are obtained commerciallangs Laboratorigsor o o~ o~
produced in-house using straightforward covalent coupling 4 3r(r-m;)—m;

o . ) m==maduoy| Ho+2Y, —————— (8)
chemistries for commercial carboxylated or amine- 3 A=1 Ampg(nr)®

functionalized particle$24]. For experiments using the su-
perparamagnetic PS particles, the entire MR suspension 8herer becomes the average interparticle spacing. Follow-
biotinylated and mixed with the 3.am streptavidin spheres ing Zhang and Widon25] the sum in Eq(8) is expressed in
(¢=~1079). terms of the zeta functiog(3)=2_,(1/n%)~1.202. The
Figure 2 illustrates a typical experimental geometry. Thecomponents ofm; and subsequent interaction energy and
laser traps hold separate tethers that are attached to a dipotarce are then directly calculated. Summing the interactions
chain aligned in the field direction. One trap is translated andor an infinite chain, the interaction between any two par-
deforms the chain perpendicularly or parallel to the appliedicles becomes
magnetic field. The tension imparted on the chain is mea-
sured from the displacement of the second tether in the sta- di m?§(3)
L k ip_
tionary trap. Translation rates are kept smatl§ um/s) to U™F= A,
ensure accurate tension measurements and mechanical equi-

librium. where @ is the angle of the chain. Calculations based on
infinite chains are often a reasonable approximation since we
lll. RESULTS AND DISCUSSION measure mechanical properties far from the chain ends.
Double-layer interactionBoth the emulsion droplets and
] ) ) ] ) PS MR particles are electrostatically stabilized with an an-
Dipolar interaction. As described above, the unique re- jonjc surfactant. The repulsive double layer is included in

versible rheological transition MR suspensions exhibit is dugyyr calculations of chain rupturing tensions using the Der-
to the superparamagnetic nature of the particles and the ifaguin approximatiori26],

teraction of induced magnetic moments to form chains and

chain aggregates. Equatiof® and(2) describe the interac- Uel(r)=2meeopdaln[1+e <237, (10)
tion between field-induced moments; however, to understand

the mechanics of dipolar chains, it is necessary to considerheree is the dielectric permittivity of the suspending me-
the effects of the local field due to chaining as well as thedium and « is the inverse Debye screening lengtk.
long-range interaction between particles. The field experi=0.3 nm ! for the 2.35 g/L SDS solution. The surface po-

1—-3cog6
3
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A. Particle interactions
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tential for PS particles due to SDS adsorptiowjs=40 mV
[27], while the emulsion droplets have a surface potential of
approximately 45 m\[28].

B. MR suspension rheology

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

T= np.)/-i- To, (11

where 7, is the plastic viscosityy is the shear rate, ant
is the Bingham odynamic yield stresg29]. The shear stress
typically increases alslg at low field strengths, similar to ER
suspensions; however, at intermediate field strenggtales

subquadratically{30-33. At the highest field strengths FIG. 3. Ahpr?"edf ;‘?”Slion Witfl‘ _reSF:jECt Itot th$himprc]>s_ed_ b_ef‘t‘_jiﬂg
; ; 2 strain on a chain of dipolar emulsion droplets. The chain is initially
becomes independent f, and instead scales asMgq, deformed until rupturing at 5.5 pkerossed circles The right-most

[33]. 7p is generally insensitive to the applied field at Iargearrow indicates the drop in tension as the chain ruptures. For the

field strengths. The minimum stress required to induce flow, . measuremerfopen circles the chain halves are reas-

in a MR suspension is not necessarily the Bingham stress bls’[ambled. The left-most arrow indicates the point at which the chain

the S_tatic yie'?‘ stres$2]. . . fragments “jump” back into contact. The second measurement
Microscopic models Qf the _rhEOIOg'CaI properties Of_MR demonstrates the reproducibility of the rupturing tension.
and ER systems, especially with respect to the dynamic and

static yield stress behavior, focus on the response of the, . L . .
field-induced microstructure to deformation perpendicular tg>©" @nd strain. As strain is induced with a translating trap,
the field direction. Klingenberg and Zukogld] and Martin an increasing tensmp is appl'led to the chain. When the ten-
and Andersori34] discuss chain models of electrorheology S'O" ed>i<F():eed§| the interparticle force, calculated fas

that capture the essential properties of the dynamic yield Y (U™’ +U") from Egs.(9) and(10), the chain ruptures,
stress, including the quadratic field-dependence. Both areoWn by the arrow. The chains “snap” back into contact
based on the calculated rupturing tension of dipolar chain¥/nén they are brought sufficiently close, and the measure-
with respect to imposed strain. The yield stress is then due tB'€Nt iS repeated, exhibiting essentially identical behavior.
the collective rupturing and reformation of chains, which is  Figure 4 summarizes the measured rupture tensions ver-
applicable to dilute MR suspensions under low-field condi-Sus the rupture strglns for several dipole strengths. The aver-
tions and shear rates. In this regime the dipolar stress domd€ rupturing strains are 0.39, 0.37, and 0.33 Xer340,
nates the hydrodynamic stress and the structure consisté0: @nd 150, respectively, from which we calculate the cor-
largely of individual chains rather than columns or a densef€SPonding rupturing tensions of 5.7, 4.2, and 2.6 pN. The
cross-linked network of chains. Bonnecaze and Brady havE/Pture tensions are in excellent agreement with values cal-
also confirmed the role of chain rupture with Stokesian dy-culated from Eqs(9) and (10). This highlights the impor-
namics simulations, and have shown that the dynamic yiel{@nCe of accounting for mutual induction between particles
stress is an inherent material property based on the dispari§’d chaining effects when considering the interactions in

of time scales as chains slowly store energy elastically then

rapidly dissipate it to the viscous mediuf2]. Finally,
Ginder and Davis also highlight the role of interparticle in- 6
teractions and chain rupture, showing that the subquadratic 3
behavior of = with respect toH, at intermediate field 54
strengths is due to local saturation of magnetization in the
region of particle contact31]. %‘ 49
ol B
C. Lateral deformation of single dipolar chains

Emulsion dropletsWWe measure the resistance of a single 2+
dipolar chain to a deformation perpendicular to the applied
field. For instance, Fig. 2 shows lateral deformation and rup- 19
turing of an emulsion chain. Initially, the chain is aligned in — — —— —— ——————t——
the field direction. One trap is held stationary while the sec- 160 200 210 280 320

ond is translated until the chain ruptures and recoils. The

experiments are repeated for several dipole strengths, with g 4. Experimentalsymbol$ and calculatedline) results.
excellent reproducibility. This is illustrated in Fig. 3 where Rrypture tensions for chains of paramagnetic emulsion droplets de-
the applied tension is plotted versus the strain for two Seformed perpendicularly to the applied magnetic field\at 150,
guential measurements of the same chain-at340. As the 240, and 340. The corresponding average rupture strains are 0.33,
data shows, the chain is initially held with zero applied ten-0.37, and 0.39.
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FIG. 5. Measured rupture tensions as a function of dipole 100 120 140 160 180 200 220
strength for chains of magnetic PS beads deformed perpendicularly A
to the field direction. The presence of smaller particles in the PS b A
system as well as heterogeneity of magnetite distribution within 1.04

some particles creates weak points, causing them to rupture at lower
applied tensions. The line indicates the calculated rupture tensions
for 0.85 um patrticles.

MR suspensions. It is also interesting to note that the pres- 0.4 slope =2.2+/-0.5

ence of a double-layer interaction decreases the calculated S : : . .
rupture tension by\‘ 0.5-1 pN 86 8.7 8.8 89

PS particles.Figure 5 shows the rupture tensions as a In(H,)
function of A. Calculations based on the nominal particle ) , )
size, 0.85um, agree well with the upper bounds of our mea- _F'G: 7. Measured rupture tensions as a function of dipole
sured rupture tensions. As one would expect, the incorporasitrength for chains of magnetic PS beads extended in the field di-

. . . . rection.(a) Defects and magnetic heterogeneity cause a broadenin
tion of smaller particles into the chains creates weaknesses @ N geneity 9

. . in the measured rupture tensions, similar to Fig. 5 compared with
that cause the chains to rupture at lower tensions. The lower, P 9 P

b d of th d t tensi dt Calculations for 0.85um particles(b) The average rupture tensions
_oun . of the measured rupture tensions Cor_respon 0 Paficrease roughly as the square of the applied field, indicating that
ticle diameters between 0.6 and u&1. Magnetic heteroge- magnetic saturation is not a factor.

neity caused by the uneven distribution of iron oxide in some

particles may also play a role in weakening the overall chairuseful for estimating the bulk rheological behavior. In a sys-
strength. The average rupture tensions, although lower thaem of chains spanning two plates, for instance, the yield
those expected from the nominal particle diameter, still in-stress will be due to the deformation, rupturing, and subse-
crease with increasing dipole strength. They are=@3 pN, quent reformation of a large number of chains when one of
2.6x1.2 pN, and 3.+ 0.8 pN forA=96, 150, and 210, re- the plates is sheared. Considering this, the agreement be-
spectively. tween the experiments and the calculated rupturing tensions
Defects in the chains occur more readily in the PS systenfor both the emulsion and PS particles would result in the
due to the polydispersity, an effect which can be seen in Figobserved quadratic field dependence of the shear stress of
6. The PS chains tend to deform unevenly, with “steps” of MR and ER suspensions at low shear rates and volume frac-
lower and higher field alignment, in contrast to Fig. 2. tions.
While we show that individual chains can exhibit a wide
range of rupture tensions even at the same dipole strength, p. peformation of dipolar chains in the field direction

the average mechanical properties of the chains are most . . .
In addition to lateral deformation, we apply tension to

chains in the field direction to compare with our calculated
rupturing tensions. Chains deformed along the field should
rupture at somewhat higher tensions compared with the lat-
eral deformation experiments since the interparticle interac-
tion is strongest in the direction of the field.

Figure 7 illustrates the rupture tensions measured for
chains of PS particles deformed in the field direction. These
linear deformation experiments exhibit behavior analogous
to the bending experiments of PS particles discussed above.

FIG. 6. A dipolar chain of PS particles deformed perpendicularMost notable is the large range of measured rupture tensions
to the field shows “steps” caused by defects. The defects stabilizéor each dipole strength. Like the bending experiments, this
short steep regions, allowing the larger segments in between tis due to the polydispersity. Again, the highest measured
align in the field direction. tensions agree well with calculated rupture tensions based on
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FIG. 8. Common defects observed in dipolar chains are charac- gila S narwiam
terized aga) satellites,(b) cruciforms, andc) double cruciforms.

the nominal particle size. The lowest forces measured are A

o L .
Gls § gpan B B MEFES

consistent with particle sizes on the order of Q6. The
average rupture tensions are 3.6 pN, 2.4-1.0 pN, and l"*‘-‘
3.0+1.1 pN forA =96, 150, and 210, respectively.
Chains exhibit a slight increase in strain during linear de- (e S
formation, typically under 0.05. Initially, the chains are fluc- s Sga-s pamenns 3
tuating thermally[35], thus the contour length of the chain {i*‘“ s
between tether points is longer than their separation distance. ;
The observed strain increase is most likely due to the S B e
straightening of this contour length. The distance between e S mnat s mBuspss
the equilibrium and the rupturing particle separations is ; R
=<0.05 particle radii, and thus should not contribute signifi-

e oy

cantly to the strain increase. f“
In our earlier papef6] we reported interesting occur- et o'y uad
rences of sudden, large strain increases during the extension !;*_.

of dipolar chains, contrasting their typically rigid behavior.
There we speculated that sufficiently high applied tensions . . . .
may induce chain reorganizations, such as the incorporatiogati';'r?'ofg t.eﬁgigiatléng Zisglgflssc r:hc;fi?]m;\ (\jﬁ:ﬁgtb%i”ﬂ% ;:gh?sp?rl:e
of “satellite” particles attached to the side of the chain. We :

il di th hani f h defect d ._ chain strain increase during the annealing. The tension during the
V.V' I_Scuss € ”.‘ec anlqs OF Such detects and reorganizay, ,q,) is shown in Fig. 1@a) Two arrows show the defects at the
tions in the following section.

onset of the reorganizatiorib) The top-most particle of the left
. . _ cruciform rotates into the chain leading to a satellite/cruciform pair
E. Micromechanical properties of defects shown in(c). (d) The right cruciform is shown rotating into the

Chain defects are interesting for their micromechanicafh@n-(€) The final sateliite defect is shown before annealifiy.
behavior and have important implications in MR rheology,After the final anneal, the chain is rigid and eventually ruptures.
especially for transient flows. Chain defects such as satellite
particles can occur and influence the behavior as chains a
deformed. Figure 8 illustrates typical defects observed in di
polar chains, including satellites, cruciforms, and multiple
cruciforms.

Experimental confirmation of the relationship between
large strain increases and chain reorganizations are shown in
Fig. 9. The double-cruciform defect, highlighted in the series
of images, anneals as a linear tension is applied to the chain.
First[9(a) and 9b)] the left-most cruciform rotates to form a
satellite defect. In @) and 9d) the right cruciform begins to
rotate and completely anneals, leaving one satellite defect
[9(e)]. As the translation of the moving trap continues, the
last satellite defect incorporates itself into the chain through
a rapid “jump.” After this last annea]9(f)], the chain no
longer deforms but ruptures instead as the tension increases.
Figure 10 illustrates the measured tension during the defect
annealing. As the strain is applied, the tension increases, but T T T T T T T T
plateaus during the anneal at0.6 pN. After the anneal is 51.0 515 52.0 52'? 53.0 535 540 545
complete, the tension increases rapidly to a final rupturing (¢)
tension of 4.5 pN. FIG. 10. The corresponding tension measured during the anneal

It is important to consider how defects affect the overallof a double cruciform defect shown in Fig. 9; the letters refer to the
mechanics of chains as they are deformed. As the previousist and last frames in the image sequence. The tension plateaus
example illustrates, the annealing events can occur at a fairlyuring the anneal at approximately 0.6 pN. The tension then in-
low tension with respect to the final rupture tension. In thiscreases rapidly and ruptures at 4.4 pN.

se, the anneal occurred at an applied tension of approxi-
mately 0.6 pN compared to a final rupture tension of 4.4 pN.
We use quasistatic numerical calculations of chain rupturing
to show that defects cause localized weaknesses in the

F(pN)
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FIG. 11. The local mechanical properties caused by the presence FIG. 12. Whether a chain ruptures or reorganizes at a defect
of a defect al =0. We plot the rupturing tensioR, normalized ~ depends on a balance of the dipolar interaction with the chain and
with the defect-free rupture tensidf) o as a function of distance  the viscous drag, as characterized by the Mason number.
from a defect. A defect causes a localized weakness where chains
are more likely to rupture or reorganize. Note for the double cruci-"€quired to incorporate the particle into the chain to avoid
form, | =0 corresponds to one of the defects. The poitzat-1 is  rupturing is determined by the translational velocity of the
the rupture tension between the defect and the center particle béeparating chain fragments. Balancing the viscous force,
tween the cruciforms. characterized by the Peclet number Pe, with the dipolar

force, yields the Mason numbgs],
chain—points at which dipolar chains are more likely to rup-
ture or reorganize. Pe 549V,

The effects of several types of defects are examined using Mn= N W' (13

the finite-chain numerical calculations described in Sec. Ill A HodixTo

without implementing the double-layer interaction. A chain\yherev,,,, is the translational velocity of the chain frag-
consisting o particles with a satellite, cruciform, or double ments. determined by the velocity of the translating trap. Our

cruciform defect at the center is generated. experiments exhibit reorganizations at defects rather than
To calculate the local rupturing force we first select aruptures because MrO(0.1).
point along the chain a distantdérom the defect. The total Rearrangements in particle chains introduces a new
energy mechanism for energy dissipation in MR and ER systems.
As shown above it can significantly influence the rupturing
Uc=2 U?jip (12)  tension of the particle chains depending on the imposed rate
P> of deformation. The significance of small particle rearrange-

. o ) ments have also been studied in transient and oscillatory
is computed as the chain is separated into two fragments Byhear experiments and simulatiof#s5]. Parthasarathy and
Az along the chain axis dt The rupturing force at poiritis  kjingenberg show that similar rearrangements in structures
Fi=—-dU./d(Az). During each numerical iteration &fz  4ther than the outright rupture of particle chains are respon-
we recalculate the particle moments before computing  sjple for the onset of nonlinear behavior in transient and
In Fig. 11 we showF, normalized with the defect-free oscillatory shear.
rupture tensiorf, o as a function of for the three character- | [6] we report that particle rearrangements also play a
istic defects. The figure demonstrates that regions immedigje in the mechanical properties of columns of laterally ag-
ately adjacent to the defect rupture at lower tensions than gregated single chains. For instance, at intermediate field
nondefective chain. This is not surprising, since the dip0|a"strengths we find ahear-hardeningehavior during which
interactions near the defect are weak or unfavorable. Fofhe column begins to deform, but acquires a more stable
instance, the angle between a satellite particle and its nearesycture through reorganization of the particle configura-
neighbors is 60°, which is in the repulsive regime of thetions. Our previous work also shows that the formation of
dipolar interaction. The localization of this weakness is encolumns sufficiently increases the microstructural strength,
hanced by the fact that distances along the chain immediatelyhich will dramatically influence the macroscopic vyield
beyond the weak point are strengthened by the presence ofsgess. Understanding the lateral interactions that form col-
defect because they experience a larger number of favorab{gms[gg_ga and their mechanical properties as the under-
interactions Compared with a perfeCt chain. With ianeaSingying Suspension structures will Significanﬂy advance the
distance from the defect, the rupturing force decays to th@pility of microscopic models to capture the rheology of MR

defect-free tension. _ and ER suspensions at higher volume fractions.
Whether a defect will cause the chain to rupture or rear-

range while maintaining its integrity is dependent on several
factors. For instance, consider a chain beginning to rupture at
a satellite defect, shown in Fig. 12. As the chain fragments In this paper we use laser trapping to study the microme-
translate apart, two dominant forces are exerted on the satathanical properties of a MR system that are of fundamental
lite: the dipolar force that pulls the satellite into the expand-importance to the suspension rheology, especially with re-
ing gap and the viscous resistance to this motion. The ratgards to the yield stress behavior. Single dipolar chains of

IV. CONCLUSIONS
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superparamagnetic particles are deformed parallel and peorganize is based on a balance between the force pulling the
pendicular to the applied magnetic field. The rupturing ten-article into an opening rupture versus the drag imparted on
sions we measure are in excellent agreement with calculdhe particle, and can be characterized by the Mason number.
tions based on a self-consistent point dipolar interaction thatastly, reorganizations may play an important role in the
takes into account the mutual induction of particles as welbehavior of columns of chains, which are important in their
as longer-ranged interactions along the chains. The quadratvn right for understanding the suspension rheology at
behavior of the yield stress at low field strengths and volumdnigher particle volume fractions. It is clear that a detailed
fractions can therefore be identified with the force requiredunderstanding the microscopic mechanics of dipolar chains
to rupture individual chains. As we show, defects play im-and chain aggregates is fundamental to understanding mag-
portant roles in the structure of chains and their micromenetorheology and electrorheology.

chanical behavior. When bending chains, defects caused by
size polydispersity cause “steps” of higher and lower field
alignment. The rearrangement of defects provides an addi-
tional mechanism for energy dissipation other than full chain The authors would like to thank M. Fermigier for fruitful
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