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ABSTRACT

Characterization and Microstructure -based Modeling of Magnetorheological Elastomers

Mostafa Asadi Khanouki, PhD.
Concordia University, 2021

Multi-functional magnetorheological elastomers (MRES) with magiceticn t r ol | e dergraato p e r
potential for enabling netechnologiesn a diverse range of industry sectors, such as automotive, aerospace,
civil, and biomedicahpplications The mainobjective of thisresearchdissertation is to develop analysis
modelsfor magnetemechanical properties of smart MREs and to propose design optimization strategies to
optimally design anovel sandwich beartype MRE-based adaptive tuned vibration absorbeFhe
dissertation comprises threeajor interrelatedparts. In the first part,a quaststatic microstructurebased
model has been proposed to investigatarnibgneteelasticproperties of MRESThe elastic response of the
MREs at zero magnetic field isitially studied by comparing the results of three hyperelastic material
models. Then, a microscale model is developed for predicting thesjaasiresponse of MREs under an
external magnetifield. The model considers magnetic interaction between pegtiistributedin the carrier
elastomeric matrix according to regulattice models for isotropic MREs aratcording tochainlike
structure for anisotropic MREs. Several lattto@delsare proposed, and performance of each lattice is
compared with theicounterparts. Detailed explanation is provided onctieracteristicof the proposed
latticesand on theesultingchanges in thenicrostructureproperties of the MREs. Thsemulationresults for
different lattice models are then compared with the exmariah measurements for both isotropic and
anisotropic MRE samplassing an advanced rheometer equipped with a magnetorheological (MR).device

In the second parthe dynamic magnetonechanical prperties of MREs arénvestigated. For this
purposea dynamt physicbased modetonsidering the microstructure of MREsdevelogd to accurately
predict thefrequency andfield-dependent linear viscoelastic properties of the mat@ii@proposednodel
considersa cubic particle network in which magnetic pdetscare located at the junctures and connected
with elastic springdJsing Langevin dynamics, tlgoverning equations of motion of particles are derived to
evaluate the relaxation spectrum associated withtpa c| es 6 moti on i n pwthal | e
respecto the applied magnetic field. A dipole magnetic saturation model is also implemented to derive the
storage and loss moduli of the MREs in terms of frequency and magnetic flux d@mgtynateal

parameters in the proposed dynamic micrastmebasedmodel have been identified using experimental



tess. For this purposepscillatory sheartests were performedsing the magnettheometerin linear

viscoelastic region underwide range of exation frequency varying from 2 Hz to 100 Hepresence of
various levels of appliechagnetic fieldganging from 0.0T to 1.0 T. The viscoelastic propertiesamely

storage and loss moduwif both isotropic and anisotropic MREsgeresubsequentlyneasureénd compared
with those obtained using the demeéd modeto quantitatively evaluate its performance.

The third part of thepresentdissertatioraims to investigate thapplication of MRE in developing a
novel sandwich bearshaped MREbasedadaptive tuad vibration absorbefMRE-ATVA). An MRE-
ATVA comprised ofa lightweight sandwich beam treated with an MRE core layer and two electromagnets
installed at both free ends proposedThe MREATVA is designed to hava lightweight and compact
structureandthe electromagnets provide the magnetic fieldiregl to activate the MRE layer while also act
as the resonator of the absorbére finite element (FE) model of the proposed MREVA and magnetic
model of the electromagnetsth three different potential desigase developed and combined to evaluate
the frequency range of the absorber under varying magnetic field inteAs@yesults of the developed
models are validated in multiple stages with available analytical andiasion dataThe developed models
are then utilized to formulate tmaultidisaplinary design optimization problem to maximize the operating
frequency range of the MRETVA while respecting constraints of weight, size, mechanical stress, and
sandwich beandeflection The optimization problem is solved combining t@dient based geential
guadratic programming (SQP) technicared stochastic basegenetic algorithn{GA) to accurately obtain
the global optimunsolution Theperformance of the optimal MRETVAs with three potential designs are

finally compared.
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CHAPTER 1

| NTRODUCTI ON AND SCOPE OF THE DI SSE

1.1 Introduction

Intelligent smart fluids and elashas known as magnetorheological fluids (MRF) and
magnetorheologicadlastomers (MRE), respectively, y&received particular attention for the development
of semtactive adaptive devices due to their fast responsesdéel feature and low energy congiion [1].

MRFs consist of dispersion of micr@ized ferromagnetic particles into lai€l carrier such as silicon oll

With the goplication of an external magnetic field, the suspended ferromagnetic particles become polarized
and tend to align along the direction of the magnetic field thus forohiistersof particlesn form of chains

The resulting particle chaimgdrict movemat of fluid perpendicular to thenagneticflux direction and
thereby yield higher apparent viscosdyd yield strengtlof the fluid. Changes in the rheological behavior

of MRFs such as apparent viscosity and yield strength occur instantig\aardibly wth the changes ithe

applied magnetic field, which can be effectively utilized to design adaptive devices with variable damping.

MREs are basically the solid analog of MRFs arecomposed of microsized ferromagnetic particles
dispersed sithe fillerinto a noamagnetic polymeric mediunCarbonyl iron pwder(CIP), dueto its high
saturation limifand silicon rubbeibecause of its hyper elastic behayase commaly used as magnetizable
filler and noAmagnetic polymeric medium, respeetly. Applyingan external magnetic field on the material
will magnetize the embedded particles and produce-patticle magnetic forces. Magnetic interaction
between particles results in variation in shape, size, stiffness, and damping of the mhateuaigqudeature
of rapid and reversible change in properties, makes MREs a feasible solution for a wide range of
technological applications ranging from soft actuators and sensors to medical devices, doahdngdth
adaptive vibration neutralizer syems|[1]i[3]. Although MRFs may provide greater improvement in
mechanical propertiesnd MR effect MREs are less cataminating for the ecosystem add not have the
sedimentation of particles angkaling issues often encountered in MRRdoreover, while damping
properties of MRFs are nmdy affected under the application of an external magnetic field, both the siffnes
and damping properties MREscould be controlled by varying applied magnetic field whties MREs
ideal candidates for the development of next generation of broaddaptvetunedvibration absorberand

isolators



Vibration and noise control hayeeen one of the most important concerns in design of structures in
automotive, aerospace and marine vehicles and an inseparable part of the engineering researatcstudies si
the onset of 20 century. The first tuned vibration absorber (TVA) inventedFbghm in 19114] had a
simple configuration comprised of mass,isgr and damper elements. Afterwards, several types of TVAs
have been proposed Hiifferent researcher®ver manyyears. Solid viscoelastic materials grassive
damping materialthat have been widely uséor passive TVAs and vibration control applicatsdueto
their simplicity,low cost and ease of installatiomhe effectiveness opassive vibration absorbersmsinly
limited to a specific narrow range of frequency duethe fixed stiffness and dampingropertiesof
conventionaVviscoelastic materialwhich are identified at the early design stagece the working frequency
of the primary vibrating system changes with time, passive vibration absorbers may lose their effectivenes:
and might even cause the amplification of the atilons due to the mistuned conditsdb]. Alternatively,
smart magnetactiveelastomersvith controllable stiffness and dampipgoperties offer uniquepotential
to adaptivelyattenuate the&ibration and nois@ver a broasband frequency randé]. Adaptive vibration
absorbers having smart magneiiive materialscan yield superior vibrationattenuation performance
comparedvith passivevibration absorberd=or instance, it is reported in the literature that up to 47% of the
str uct leramdcan ba reduad by usimiRE as the spring element of an adaptive absorber compared
to that ofa passive absorbesingviscoelastic materidgl’]. Moreover, smart magnetctive elastomebased
structures exhibit greater stability region under different loading conditions comparedcesdeihpassive
viscoelastic core layg8].

The present dissertatiomainly aims at investigating the queastatic and dynamic properties of MREs
operatimg in shear modasinga microstructure approadiased on magnetic interaction between particles in
the materials microstructure Viscoelastic properties of MREs, namely storage and loss moduli, are
investigated under various loading conditions and diffelevels of applied magnetic fiekkperimentally.
Then, physics-basedmicrostructual models are proposed to predict the magnatoced quasstatic and
viscoelasticdynamic properties of MREs. Finally, the application of the MREs in developingvel
sandwich bearshapedMRE-ATVA is presented. In the following, a systematic literature review on the
pertinent research studiess presented which is then followed by the motivations objectives and

organization of the dissertation.

1.2 Fabrication and Characterization of MRES

Fabrication of MREconsists of three major steps, includingMixing of ingredients, 2Degassingf

mixture usingvacuum chamber, and Guringthe specimens in a mold. the mixing stage, the polymeric



matrix materials which are itmally in fluid phase are blended with the required amount of magnetic particles
for a specified time period. Thethe mixture is placed into a vacuum chamber toonarthe air bubbles
trapped insidéhe mixture. Finally, th product is transferred intadasired moldo be cured.

The curing process could be done in absence or presetheapplied magnetic fieldCuring the mixture
in the absence of magnetic field will result in isotrdpign-orientedMRE in which the magnetic particles
have beemniformly distributed inside the matr{®]. Applying magnetic field during the curirmgefore the
crosslinking phase of the carrier matteuses the magnetic particles to form a clistructure inside the
elastomeric matrix and produce anisotrépicentedMRE [10], [11]. Figure 1.1 shows the schematic and
microscopicimages of isotropic and anisotropic distributionsofid particles withinthe matrix of MRE
sampleslt should be noted that the curing conlsbperatroom temperature or at higher temperatures in an
oven, thdatterwill accelerate the curing process and the MRE would require less time to solidify

The type and spatial distribution of magnetizable particles inside the elastomeric matmoacethe
most important parameters that affect magmeézhanical propées of MRES[12]. Magnetic @rticles of
various shapes and sizes are used in the fabrication of M&iEerical microssized CIPswith narrow
hysteresis loop is one of the most common ferromagnetic material for this purpose. Soft magnetic behavio
and spherical shape of such parsctacilitate the dispersion of particles within the host polymer. Severa
studies have experimentally investigated the influence of particles shapepatiag percentage, and
distribution on the properties of MR materialsch as viscoelastic and matpstriction properties and MR
effects[13]i [17].

Lu et al.[13] have investigated the rheological and mechanical properties of isotropic and anisotropic
MRE composites containing micreaized CIPs and poly (styremthylenebutylenestyrene) (SEBS)ri-
block copolymer utilized as ¢hthermoplastic matrix rubber. Largemtearmoduluswasobservedor both
isotropic and anisotropic composites compared tptineSEBS matrixnot only in the presence ofagnetic
field but also in the absencerafigneticexcitation The increase of modus at zero magnetic excitation was
explained asa result othe filler effect in the matriincluding uniformly dispersed CIRs isotropic samples
andaligned chaidike structure of the particles in anisotropic sampldgharthajet al.[16] have studied
thee ect of the size of spdpertiedottadRIgsisprephradpusEnd mageetite i ¢
(Fe304) nanoparticles and/or carbonyl ir@i)(micro-particles dispersed in a polymer gé&lhe results
indicated an increase in the storage modwand saturation magnetizatiaf the prepared samples of
magnetic gel with the decrease in the size of the partidhesexperiments revealed an in@ean the stoige

modulus up to 28% for the MR gels prepared with 20% by weight of magnetite nanoparticles.



Under high strength magnetic field, magnetizable particles become magnetically sategted
which, no further change in the properties candieexed by inaeasing the magnetic fiel@he extent of
variation in the material properties from zero magnetic excitation up to magnetic saturation is typically called
the MR effectwhich is anotheimportant feature of MREs. MR effedepends on severtdctors such as
concentration of iron particles, distribution and orientation of particles, physical properties of matrix material,
and magnetic properties and percentage of filler parfit®s [18]i [20].

Recently, dopatterned MREs have been fabricated using 3D printing technologgutiapplying a

magnetic yeld duri Rgi[28Blhe fabrication process
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Figurel.1 (a) schematic pictures and (b) microscopic imd@j8kof isotropic and anisotropic distribution of
solid particles in MAE samples

Variation in MRE properés, particularly in the stiffness and damping, under an applied magnetic field
can be characterizagsing different experimental testing devices such as sbydvaulic material testing
maching[24], dynamic mechanical analyzer (DMM)3], and rheometef5]. Testing might be performed
in different modes of mechanical excitation includungaxial tensionand compression26], translational
shear[9], rotational sheaf27], or a combination of these modgZ8], [29]. While under quasstatic
mechanical loadingnd an applied magnetic field, MRBenerally behavéke hyperelastic materialsitk
linear/nonlinear magnetelastic responseMREs showa strong magneteviscoelastic responsander
dynamic loadingvhich is obserable from the hysteresis loofl, [27].

Many researclstudieshave been conducted experimentachamacterization ofMRES under various
excitationmodesunderlow frequency quasstatic[30], [31] or dynamic loading25], [32]i [34] conditions.

At low frequency quasstatic conditionsCoquelle et al[35] obtained the stesstrain curves in a quasi

static tension test for elastomers filled with iron powders arranged in isotropic and anisotropic distribution.
The elastic modulus of ¢hsampleswith chainlike arrangement of particles was 750 kPa while for the
isotropic samfes was found to be 370 kPa. Varga efI8] investigated the effect of particle concentration

and distribution, and magnetic field intensity on the improvement of-ifieldced elastic modulus. They



showed bothhe magnetic field and volume content of iron particles have a considerable impaet on th
improvement otheelastic modulus. They considered several cases depending on the direction of the appliec
magnetic field, the direction of particle chains, and tinection of the appéd force as illustrated iRigure

1.2. The most significant MR effect was found to occur for anisotropic sample where the direction of the
field is parallel to the particle alignment and to theection of the mechacal loading.Bodelotet al.[30]

have studied the magnetaechanical properties of fabricated MRE sarspkinga dedicate@xperimental
setup.The custorrdesigned testetupis able to bringhe sample in the fieldna allows forthe application

of low rate cyclic tesile loadings while monitoring igitu mechanical and magnetic quaes. The
experiments revealed that isotropic samples exhigitificant magnetostrion along the direction of the

applied field while samples with fielstructured particles experienieesignificantmagnetostriction.
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Figurel.2 Different cases regarding the direction of the applied magnetic field, particle chains and the direction
of the mechanical loading in characterization of MIRES.

Experiments uner quaststatic excitation are usdfto determinesome mechanicagroperties of MREs
such agnagnetehyperelasticity and also to develop modeling approaches for estimation of the MR effect.
However, due to working conditions in most practical applicatidgeamic loading is much closer tioe
real situation oexcitationg[36]. As an early research work in this area, Ginder g8l developedVIREs
made ofCIPsembedded in natural rubbtr stow the ability of increasing thdynamicstarage and loss
moduli under applied magnetic field. By applying shear harmonic deformation on the samples, they showec
that both stiffness and damping can be increaseiicreasing the magnetiltix density. Gonget al.[32]
studied the relationship between microstructure and dynamic mechanical properties of the igREpIc
by altering the percentage of the constituents in the fabrication process. For a sample compibag® of 7
iron particles, 2@vt% silicone oil, ad 10wt% silicone rubber, a considerable increase in the storage modulus
(51%) was achieed at the resonance frequemdéythe sample

Li et al. [27] studied the viscoelastic properties of E&Rkby applying harmonic loadinghdervarious

strainamplitudes and frequencies via a parallel plate rheometer dBeicstrain amplitudes under %0and



the frequency under 10 Hz, the strefimin curves of the anisotropic sangshowed fullyelliptical loops
which represents dinear viscoelasc behavior. The magnetmechanical properties of MREs with
thermoplastic elastomer matrix containing' 6 iron particles of irregular shape was also studied by Kaleta
et al.[33] using cyclic shearing load along witihe applied magnetic fielthtensityup to 100 kA/m. They
considered change in the area of the hysteresis loasti@ss amplitude as an indication of ke effect
which is shown to be larger for the anisotropic samplrgahi et al[9] have conductedextensive
experimental characterization on six isotropic MRE samples in shear sidg.a table tofBose Electro
Force test system equipped with arrangement of permanent magegtsxperimentally evaluated static
characteristics as well as dynamioperties of the MRE sampléBhey applied p to 450 mT magnetic flux

densityand reportedround 1700%ncrease in the storage modulus.

1.3Modeling of MREs

Along with the experimental characterizatioievelopment ofmodels that couldccuratelypredict the
response of MREasa function of applied magnetic fieldriving frequency, strain amplitude and other
operating and environmental conditions of paramount importanc utilization of MREs in practical
adaptive devices. These models once validatemh practically replace costly andnie-consuming
experimental testand thus provideessential guidancéor designoptimization of MRE-based adaptive
deviceq38], [39].

There are generally three types of modeling tectesgfor the MREs namely continutdbased,
phenomenological, and microstructirasedmodeling approachen continuum mechanics approathe
MRE is assume to be a continuous medium in which tetect of iron particlesis smearednto the
elastomeric carrierThe macroscopic behavior of this continuous mediuthénstudiedusing thecoupled
equations ofelasticity and magnetism, based on the physicahgiyples of continuum mechanics,
hyperelasticity, viscoelasticity and magseti[40]i[47]. For instanceBorcea and Brun$45] have used
minimum energy principle of magto-elasticity to study the macroscopic behavior of composite elastomers
with isotropic dispersion of magnetic particles. They obtained the overall deformation aneststiess
relations through complex mathematical formulations. Dorfmann and OptBinhave derivedthe
constitutive relations for magnesensitive elastic solids and applidftem for a special case of circular
cylindrical sample under a radial magnetic field and subjected to axial shear deformatimmedEtehowed
the effect of the magnetic field stiffeningthe shear response of the materialibwasunable tgredict he
saturation of the shear stress at higher fiddggadnov and Dorfmanf®#2] have also used a simple strain

energy function to find a closed form solutiamr the Cauchy stress function followed by the calculation of



the shear stress for an isotropic MRE under simple shear deformation. They comparedltheofres
mathematical modeling with experimental data abthinedanacceptable agreement.

The phenomeriogical or parametribased models may be described as a specific configuration of
spring and damper elements which are used to represent dampingffaedssof the MRE material
Different studies have investigated the performance of parametric moadptedicting the viscoelastic
response of MRER4], [27], [48] [50]. Li et al.[27] used a four parameter spridgshpot viscoelastic model
to find thestorage and loss moduli of a MRE. They used the experimental data generated by a parallel plat
rheometer to identify the stiffness and damping pararaetf the model through curfigting processThe
parameters were then obtained for different magflaaensities to predict the hysteresis loops stodage
and lossnoduli. Chen and JerranjS0] presented a parametric moaeiich took into account theonlinear
viscoelastic effects in the dynamical properties of MB&Ewell They considered three parts in their model,

i.e. a standard linear model, a stiffsevariable spring, and a spri@@ulomb friction slider to account for
viscoelasticity of the polymer composite, magnetic fielduced properties, and the irfaasial slippage
between the matrix and particles, respectively. Unlike the other paramettedanthis model considered

also the volume fraction of particles in the second part of the model. NorouZP4{ altroduced a modified
Kelvin-Voigt model including five parameters in the formulatidrsiear storage modulus and viscosity of

the MRE. Modulus and viscosity were written as fupnas of strain frequency, strain amplitude, and
magnetic flux density using the unknown parameters. The unknown parameters were then calculated by
nonlinear regession method of minimizing the error between experimental and theoretical results.

While parametric viscoelastic models could not consider the difference in arrangement of particles for
isotropic and anisotropic MRE samplesicroscalemodek which arebased on the microstructuoé MREs
can address the isotropic or anisotropic distribution dighas in the host matrix. This modeling approach
considers magnetic interaction between embedded magnetic fillers and their corresponding effect on th
polymerc matrix which is the main reason behind the change of properties under an applied magmhetic fi
Severakttempts have been masi@ce the last decade of2€enturyto develop and improwaicrostructure
basednodeling approachlolly et al.[51], [52] presented a quastatic dipole model to preditield-induced
elastic moduluof anisotropic MREs. By considering magnetic interaction between two adjacent dipoles
(magnetized particles inside the material), they obtained a forroul@efd induced shear modulus as a
function of the applied magnetic field density, and iron particles concentr&ased on the previous
progresses in the modeling of MR fluiff3], [54], Davis[55] presentecah model based on interaction of
dipoles to predict the mechanical behavior of B&®ith/without the presence oimaagnetic fieldTheOgden

strain potentialas utilizedto express elastic properties of an unfilled elastomer. Then a finite element



method based on a previous w@88] was utilized to predict shear modulus of a filled elastomer in the
absence of a magnetic field. Finally, a relatimaspresented to predict maximum increase of shear modulus
(once saturation of MRE is occurred) asiaction of saturation magnettion and volume fraction of filler
particles.The optimum volume fraction of iron particles was reported to be 27% to achieve the maximum
relative MR effectThemodel proposed bpavis[55] hasalsobeen used in some other studies to obtain the
operatingfrequency range of the MRiEaseddeviceg56], [57].

In the studies performed by Jobt al.[51], [52] and Davig55], magnetic interactions between only two
adjacent particles have beeonsideed which is far from the real situatiobater, some researchers have
tried to developnodels capable of considering interactions of all particles in a [3ior between multiple
chaing[58]. Shen et al[31] have proposed a quastiaticmodel for predicting stresstrain curves of MREs
made of polyurethane and natural rubber matrix materials. The model assumeslkellstribution of
magnetic particles and takegaraccount the dipole interactions between all particles in a chiaetotal
stress developed the MRE is then assumed to be due to two sources. One due to mechanical interaction of
particles and matrix at zero magnetic field, and the other due toet@grteraction between dipoles in a
chain. The developed model cddde used only at low magnetic fields since it cannot predict properties near
saturatiorregion

In more recentresearchessome regular or periodic structurbave been useds idealizedspatial
dispersion of particles in the matrix to analyze magnettistni effect or mechanical properties of MRES
[59]1[61]. In a series of publicationvaneyko et al.[62]i [64] proposed a microstructure model for
investigation of magnetostriction phenomenon andymesselastic properties ofboth isotropic and
anisotropicMREs, callel magnetesensitive elastomers (MSES) their study, byconsidering interactions
between all the particles in the network. They used three lattice models i.e. simple cubic (SCgnterdy
cubic (BCC), and hexagonal clepacked (HCP) to represent argement of particle$62] and also
expressed agnetic energysa functionwhich depends othe spatial distribution of particles (lattice type).
The total energy ifinally defined aghe summation of elastic energy of host matrix and magnetic energy of
particle network. The stress and modulus of MREsaitgsequentlyalculated by taking derivian of the
energy function. Based on their theoretical req6i2$, the elastic tensile modulus of isotropic MREs based
on SC and BCC lattice models decreases with the applied mafigidtigvhich is obviously in contradiction
with experimental observatioriganeyko et al[65], [66] have alsavorked oma coarsegrained dipolespring
network model which takes into account the influence of interactions between magnetic particles on the
dynamiemechanical properties of magnaensitive edstomers with isotropic and anisotropic distribution
of particles. In their model, the paitts are assumed as beads located at the joints of thdickssand



arranged in a cubic network. Particles are connected by elastic springs where each paracfadtion
coefficient. The motion of particle network is formulated to find the frequeependent storage and loss
moduli of MREs in terms of the particle magnetizatiparticle volume fraction, and thpolymer matrix

elasticity.

1.4 Application of MREs in Adaptive Tuned Vibration Absorbers

The applications of MRE devices with adjustable séffs are vast ranging from construction, aerospace,
automotive to biomedical industri¢s], [67], [68]. A semiactiveadaptivetuned vibration aligber which
uses MRE as tunableviscoelastic elemesats namedhereasMRE-ATVA. While a passivéuned vibration
absorber(TVA) is a simple andeliableway to attenuate vibration aroundspeific tunedfrequency, a
MRE-ATVA can adaptively change its natural frequency in response to the change in external excitations
due tounpredicted environmental conditioasid thus can &ctively attenuate vibration over a broad
frequency range.

Over the years, arious MRE-based adaptive vibration absorbers, isolators, and dampers have been
proposedy researcherderner and Cunefai®9] designed three types of MRETVAs working in shear,
squeeze, and longitudinal modes as showhigire 1.3. For the shear mode, thigrection ofmechanical
excitation is perpendicular to thairection of applied magnetic field, whereas they are parallel in the
compression and squeeze working mottethis work, he absorber devices were aimed to be asddned
vibration absorbers for ATR 42 and 74 aircraft fuselaBesults suggested thidile squeeze mode device
has the largest frequency range of37 Hz undetheapplied magnetic fielthtensty ranging fromOkA/m
to 20 KA/m.

Sun et al.[70] designed and protyped a squeeze working motRE-ATVA. Schematic of this
absorbeland itscomponentareillustrated inFigure 1.4 in which red arrows represent the direction of the
generated magnetic field which is parallel to the direction of mechanical excitation. The modulus of the MRE
and subsequently the naturalguency of the absorber vary blganginghe strength of thappliedmagnetic
y e | d natufalfreqiuencyof the designed squeeze mddRE-ATVA wasreported to vary fron37 Hz to
67 Hzby changing the magnetic field intensity frénkA/m to 250 kA/m respetively.
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Sun and coworkerg 1] have also designed, fabricated, and testedMR&-ATVAs working in squeeze
and shear modes. Results showed that the squeeze working bsodeea has a larger range of tunable
natural frequency (62 to 127 Hz) than that of the shemte absorber (32 to 62 Hz). In another wiai],
they hae introduced a multilayered MRE dynamic vibration absorber which can operate at low frequencies
in therange of 3.2 Hz to 19 HA MRE-baseddynamic vibraibn absrber wasalsointroducedby Xin et al.
[72] for powertrain mount systems oftamobiles. This device consists of anabon absorption unit, which
uses MRE as a spring with variable stiffness and a passive vibration isolation unit which includes a rubbe
spring.

Chen et al[38] proposed a method for design and optimization of a bed#natgcontaindaminated
MREs. Their model integrates MRE material parameters into the magreetwanical characteristics of the
bearing compnents. After analytical modeling andtiopization, a laminated MRE bearing with four layers
of MRE was fabricated and tested with MTS test bench in shear mode. Using MRE samples incorporating
11% volume fraction of iron particles, the best performantleefaminated MRE bearing. the maximm
adjustable range of stiffness for the beanvegs achievedinderinput power of 58.5 WYang et al.[28]
presented a compact MRE isolator capable of working in shear and compression modes simultaneously usir
two pieces of MREs in the structure. The shift of the stiffness coefficient of this mixedsotader device
(329.63%) was significantly higher in mparison with a similar single sttemode isolato(17.57%)[73].
A recentdetailed reviewon MREdeviceshave beemlsoprovided in Ref[36].
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1.5 Motivation and Objectives

While phenomenological and parametfb@sed modeling of fieldependent properties of MREs under
guastistatic and dynamic loadindgsave been widely studiedery limited number of studie®ave been
conducted orthe modeling of MREO magnetemechanical properties using microstructbesed theories
capable ofaddresmg the distribution of particles iIMREs and explaimg their microstructurepropertes
These models are of paramount impade as thewot onlycan provide physicahsight to investigate the
effect of magnetic particles and their arrangements on physical properties of MREdsdyuan be
effectively utilized to design MREs with enhanced properties, rather than condagpegsive athoc
experimemal tests As disussed in Sectiof.3, lvaneyko et al[62], [64] provided a basis to describe the
relation between the microstructure of MREBd their mechanical propertie quasi static loading
condiion. Howeverthe lack of explanation on different charaigics of the proposed lattice modaiskes
it difficult to understad the physical interpretation of the relation between particles distribution and shange
in the modulus of MRE under magneticiuction.They also investigated tledasticshear response of MREs
with isotropic, chaidike and layeflike arrangement of pacles[64], however, theroposed formulation
describes the shear modulus as a function of s
modulus to the applied magnetic flux densityich is necessary for any practical apalion

In the case of dynamic properties, generaligptretical description of the dynamic behavior of polymers
is a complicated task as the dynamic properties depend strongly on the structure of the polymi@d¢hains
[75]. This becomes even more complex for the composite polymers containing magnetic parnsitsing
the magneticriteracion of particles as well as the viscoelastic interactions between polymeric éhaites.
the coarsegrained network model proposed by Ivaneyko eff@B], [66] can describethe dynamics of
magneto sensitive elastomers from a microscale ,iasisormulateddynamic moduli in terms of particles
magnetization cannot be directly measured in pragtives,hindering the practical realization of the madel
Moreover,magnetic saturation of MREs occurreyg the increase of magnetic field intenditgs not been
addressed itheformulationandthe modécan only be used for a limitedmge otheapplied magnetic field.

Moreover, whileMREs application in various areas includibgpmedical[2], [76], automotive[72],

[77], and specificallffor ATVAs [57], [68] have been investigated through the yearsethss limited studies
focusedon the multidisciplinary design optimization of the MHREsed devices in order to maximize their
operating range. In this subjectsearch studiesn theMR vibraton absorber devicesmployingcontinuous
sandwiclstructures are very limite@articularlynostudieshave been reported time development of design
optimization strategies faheseMRE-based sandwicadaptive devices. Hirunyapruk et gl8] proposed a
threelayer bearrike tuned vibration absorber which was treated with MRF in the core layer. Two
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electromagnets were considered on the begmowide the requiredhagnetic field on the MRF lay€eFhey
showedthat the natural frequency of the devmmuld varyfrom 106 to 149 Hz. While this work is very
useful for demonstrating the feasibility and operatioklBF beamlike absorber devices, the opahdesign
problan of the absorber has not been addressed. To the best of our knowledge, there have been no stu
conducted on the development and multidisciplinary design optimization of adaptive vibration absorbers
featuring multilayer MREbased sandwicstructures.
Although considerable research work has been conducted on development otMiBEsjtivemodels
for MREs, and MREbased vibration absorbers as discussed in the previous sections, however, the topic is
still in its infancy and much work is qeired to advare this enabling technology. The present research
advances the state of knowledgehe MREs by proposing microstructtibased models ibothquaststatic
and also dynamic loading conditions which are validated using experimentabtit@dby examiningthe
in-house prepared MREamples.Moreover, a novel sandwich beahapedadaptive tuned vibration
absorber igleveloped andhe design optimization problem is formulated and solved to obtagptmal
adaptivevibration absorbewith wide-bandwidth an@daptable frequency range.
Considering theresearch gapthe specificobjectives consideredfor the presentdissertation are
summarized as follows:
i.  Comparing the performance of three hyperelastic theories, i.eHNekean, one temn Ogden
model, and a twterm k-based model in presenting trerofield elastic response of the pegpd
MREs
ii.  Investigating different types of lattice models repraagrihe distribution of magnetic fillers in
the polymeric matrix. Studying the quasstatic magnetanechanicalproperties of MREs and
obtaining the kstic shear modulus of MREB terms of external magnetic flux denseyd
particle participation using an emgy approactor both of isotropic and anisotropic MREs
Validating the performance of the model in predng theelasticshear modulugy comparing
the results with thse measureelxperimentdy. Evaluating theefficiency of the selected lattices
guantitatively by comparing their performance in prediction of experimental results.
iii.  Improving the coarsgrainednetwork models by deriving frequency and magnetic flux
dependentnicrostructurebased model fopredicting thedynamic moduli of MRESn a broad
range of excitation frequency and magnetic field ught saturation point. Validating the
dynamic model wh experimental results for several isotropic and anisotropic MRE samples with

different volume fraction o$olid particles
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iv.  Proposingthree different novel configurations fasandwich bearshaped MRE-ATVA.
Developing aihite element model of the propasBIRE-ATVA and magnetic model of the three
types of electromagnets. Developing altdisciplinary design optimizaton framework to
maximize the frequency bandwidth of the MREVA under constraints of mass, maximum

stress, and static deflection

1.6 Organization of the Manuscript-Based Dissertation

The present dissertation is prepared in manusbaped format followinghte instructiondescribedn
A T h e s iastiorPane Phesis Examinatidhe gul ati ono bookl et Siudiesofhe S
Concordia Uiversity. The dissertation includds/e chapterswhich addresghe objectivesoutlined in
Sectionl.5.

Chapter 1 presents an introduction toréeearcldissertationncludingthe introduction on MR materials
and their features and applicatiphigerature reviewmotivationsand objectives, and organization of the
dissertationThereafter, Chapter2, 3, and 4 are presented based orhtleearticlesthat areextracted from
this researcldissertation All thesearticleshave been publisheid high rankedand prestigiouscientific
journals Thesechaptersare organizeth sequential manner whiclescribe the methodologies to addrbes
objectives of the dissertati@nd discussion on the obtained resWigally, the main conclusions extracted
from theresearch dissertation are summariethe Chapter fogether with recommendations thefuture
works It shouldbe mentioned that some repetitions in the developed formusatimithe experimental sty
in some chapters cannot be avoided since they are required to present the integrity of the articles and
illustrate the entire developed metiology.In the following, the summary of each chapter is presented.

Chapter 2 presents the following artipleblishedin thefiJournalof Composites PartEEn gi neer i n

Asadi Khanouki M., Sedaghati R., and Hemmatian M. "Experimental characterizatiomiaruscale
modeling of isotropic and anisotropic magnetorheological elaston@mposites Part B: Engineeg, 176
(2019): p.107311.

In thisarticle, a systematic study is conducted on the sample preparation, characterization and microscal
modeling ofMREs with isotropic and anisotropic particle distributiomsjuaststatic condition Different
MRE specimensvith silicone rubber as the matrix material and varying content of carbonyl iron particles as
magnetizable fillers are fabricated. The qustaic properties of the samples are characterized
experimentally using an advanced rheometer equipped WAR device. The elastic response of the MREs

at zero magnetic field is first investigated theoretically and experimentally. A microscale modelirachppro
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is then used for predicting the response of the MREs under an external magnetic flux density. The approac
is based on the idealized distribution of particles inside the matrix according to the regular lattice models ol
chaintlike structure for isotrap and anisotropiparticledispersions, respectively. Several lattice types are
proposed, and performance @hch lattice is compared with their counterparts. Detailed explanation is
provided on the behavior of the proposed lattices and changes in gestig® of the MRESs are described

from the microstructure point of viewy considering the magnetic interactibbetween particlesThe
performance oflifferent latticemodels arguantitativelydemonstrated bgomparing the model resultsth

the experimetal datafor both isotropic and anisotropic MRE samples.

Chapter 3 presents the following artigleblished int h e i J dVaterial &tience &nBngineering
BO :

Asadi Khanouki M., Sedaghati R., and Hemmatian Atdadptive Dynamic Moduli of Magnetodological
Elastomers: from Experimental Identification to Mistructurebased Modeling Journal of Material
Science and Engineering B67 (May 2021): p. 115083.

This researchpaperaims at the development of a dynamic pmsased model considering the
microstructure of isotropic and anisotropic MREs to accurgiedylict their fielddependent viscoelastic
properties. A cubic network in which magnetic particles are located at the junctures and connected witt
elastic springs has been utilized to derive ttynamic governing equations of motiontlé particles to
evaluate their relaxation spectrum while moving parallel and normal feettelirection.A dipole magnetic
saturation model is subsequently implemented to derive thediggdndent dynamic seme and loss moduli
of the MRESs. An experimental test hasoaieen designed to identify few constant material parameters in the
model and also to validate the developed motiadtropic and anisotropic MRE samples with 15% and 25%
volume fraction of pdicles are fabricatednd the $otropic and anisotropic didtition of particles in the
matrix are verifiedhroughmicrostructure images. MRE samples are subsequently tested under oscillatory
torsional shear mode using an advanasdry rheometer in a we range of excitation frequency varying
from 2 Hz to 100 Hand magnetic fields up to 1 T. Results for storage and loss moduli are finally compared
with those of experiment in a wide range of excitation frequency and magnetic fieldhgsé&burationlt
has been shown that there is a good agreement betweemegeand theoretical results. The developed
modelcan provide essential guidanice the development of highandwidth MRE based adaptive devices

at early stages of design.

Chapter 4 presentke following articlepublishedint he fAJour neal of Materi al s
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Asadi Khanouki, M.; Sedaghati, R.; Hemmatian, M. "Multidisciplinary Design Optimization of a Novel
Sandwich BeanBased Adaptive Tuned Vibration Absorber Featuring Magnetorheological Elastomer.”
Materials 13 (2020): p. 2261.

This study concerns with invégating the dynamic performance and design optimization of a novel
MRE-ATVA. The proposed MRATVA consists of a lightveight sandwich beam treated with an MRE
core layer and two electromagnétstalled at both free ends. Three different design configumsatare
proposed for the electromagnets includinghape, Hshape, and Shape designs. The finite element (FE)
model of the proposed MRETVA and magnetic model of the electromagnets areldped and combined
to evaluate the frequency range of the absiounder varying magnetic field intensity. The results of the
developed model are validated in multiple stages with available analytical and simulation data. A
multidisciplinary design optimetion strategy has been formulated to maximize the frequancye rof the
proposed MREATVA while respecting constraints of weight, size, mechanical stress, and sandwich beam
deflection. The optimal solution is obtained and compared for the three pr@pbgédconfigurations. The
optimal ATVA with a Ushaped electroagnet shows more than 40% increase in the natural frequency while

having a total mass of 596 g.
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CHAPTER 2

EXPERI MENTAL CHARACTERI ZATI ON AND MI CROS!
| SOTROPI C AND ANI SOTROPI OGMASNEEORSEOME R

2.1 Introduction

MREs are smamtlastomerianaterials with controllable mechanical aridcoelastigropertieghrough
the application of external magnetic fieMREs essentiallyconsist of microrsized ferromagnetic particles
dispersed int@ normagnetic polymeric medium. Differenptes of filler particles and host matrix material
could be used in fabrication of MRESs that will obviously results in different firggertied12], [79]. Once
a magnetic field is applied, the stiffnesslalamping of the material changes within a few milliseconds as a
result of magnetic interaction between the filler particles. BIREe utilizedasthe adaptable viscoelastic
elementn a range of applications clu as adaptive vibraticabsorber§9], [80], seismic isolator§7], [81],
automotive suspesion[72], [77], sensing deviceand actuator§82], [83] to name a fewMany research
studieshave been conducted in the past on fabrication, experimental characterization, and modeésg of
static properties dIREs[13]i [17], [31], [39], [51], [55] The proposed odeling methods in the literature
as addressed in Chapter 1 are eitheriegiple only for a limited rangef magnetic flux densitthusunable
to predict the magnetic saturatiasr suffer from the lack of physical understanding between the
microstructureand magnetemechanical properties. Therefore, accuptgsicbasednodels areequiredto
accurately analyzthe variation in the properties of MRE samples with diffecemistituents andnder wide

range of applied magnetic field.

In the presenthapterguaststatic properties of MREgre analyzed theoretically and experimentally. A
microscalemodelis presented which considexg€omplete set of different types of lattice models to represent
the distribution of magnetic fillers in thaatrix. For the isabpic MRES, seven lattices are considered
including simple cubi¢SC), body centered cubic (BCC), face centered cubic (FCC), edge centered cubic
(ECC), body & edge centered cubic (BECC), face & edge centered cubic (FECC), and body&&sidge
centered chic (BFECC).Such a comprehensive investigation of lattice models has not been covered in any
research study yetor the anisotropic MRESs, chalike structure of particles is used as idealized dispersion.
Shear modulus of MREs is @lmed in terms of egtnal magnetic flux density via an energy approach for
the idealized distribution of particles according to the considered lattices for both isotropic and anisotropic
cases. With the results taken from the model, different characteatthe proposedttices are explained

with in-depth physical and mathematical discussion based on magnetic interaction of particles in the network
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This physical explanation clarifies the microstructpreperty relationship for the smart MRE mategial
which cannot be welinderstood from the discussions presented in the literature. The results of shear modulus
from model are also compared with the experimental data anefftbiency of the selected lattices are
evaluated gantitatively by comparindhe resulting error daes of each lattice

In the following, first the experimental study related to fabrication of different types of isotropic and
anisotropic MRE samples using two types of silicone rubber matrix and varying contents of ferromagnetic
paticles is presenteamples are then characterized experimentally in rotational shear mode using advancec
rotaryrheometer equipped witdn MR device. The influence of magnetic field intensity, particles content,
and particles arrangement dretmechanidgroperties of MREs&rethoroughly investigatednd discussed
Then, the performance diiree hyperelastic theories, including theo-Hookean, one term Ogden model,
and a two termitbased modein presenting the shear stredggin curves of the prepared elastomeric
composies at zero magnetic fiemre evaluated. The selected model is subsequently combinetieldth
dependentnicroscale model to predict magnetechanical response of MRESs undpplied magnetic field.

A particle saturation model is employed that relatesntfagnetization of particles to the applied magnetic
flux density. As a result, shear modulus is calculated as a function of magnetic flux density from low field
up to high fied values where magnetic saturation occResults of thixhapterclearly desdbesthe quasi

static behavior of MREs with respect to the applmagnetic field ina microstructurdramework and
provides a clear pathway to the researchers in selectihgtaizing the proposed lattices in the microscale
modeling of MREs.The develped knowledge on microstructure modelipgves the way for design
optimization of MREs and promotes the use of this intelligent materials in practical applications

2.2 Experimental Study

2.2.1Fabrication of MRE samples

Table2.1 presents theomposition ofsix types of the MRE samples that have been fabrichtemtder
to fabricate the MREs, Ecofl@x00-20 (density =1.04 g/cn?, viscosity= 3000cps, and Ecoflex 00-50
(density =1.04g/cn?, viscosity= 8000cps silicore rubber were used as the elagtdmmatrix material.
The low viscosity of this rubber facilitates the distribution of particles in the matrix and ensures easy mixing
and degassing. BASF S&pherical shap€IPswith average diameter of 3.9 teeB anddensity of 7.87
g/cm? were used athe magnetic fillers.

ThefabricationprocesdasthreestepsFirst, the required amounts of the silicone rubber and CIPs were

mixed together for about 4 min. The mixture was then degassed by placing it inside a veauber cinder
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28 inHg for about 5min. Next the mixture poured into a cylindrical plexiglass mold and left at room
temperature for about 24 h to be cured. For the anisotropic sample, the mold is placed under about 1
magnetic field applied by a powerfuleetromagnet for 2 h to form chains of pelds inside the material.

After 24 h,MRE samples are taken out of the mold anddefbom temperaturer at least another 24th

make sure that the samples are completelgddoefore cutting angerformingthe experimers. Figure2.1

shows four isotropic MRESs, i.e. Samples 1 to 4able2.1, in the curing stage inside the mold and after

curing aghey are taken out of the mold.

Table2.1 Fabricated MRE samples and their constituents

Volume fraction of

MRE sample Particles Materials constituents (%)
ID distribution
CIP Silicone rubber CIP Silicone rubber
Sample 1 Isotropic BASF SQ Ecoflex 00-20 5 95
Sample 2 Isotropic BASF SQ Ecdlex™ 00-20 15 85
Sample 3 Isotropic BASF SQ Ecoflex 00-20 25 75
Sample 4 Isotropic BASF SQ Ecoflex™ 00-20 40 60
Sample 5 Isotropic BASF SQ Ecoflex 00-50 15 85
Sample 6 Anisotropic  BASF SQ Ecoflex 00-50 15 85

@)
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(b)
Figure2.1 Samples 1 to 4a) in a cylindricablexiglass mold in curing staged(b) after curing
The dispersion of particles in the MREs is investigated using an industriaini@seuringconfocal
microscope (QYMPUS LEXT OLS4000). Images of microstructure are illustrateigure2.2. The white
points in the imageshowthe embedded CIPs and the black backgrastide silicone rubber matrix. For
the isotropic MREsSamples 1 to 5, homogeneodsspersion of particles in the matrix is obserwedhe
images while for the anisotropic MREample 6, paitles are structured in chains.

N Sa,
Sample 2 (¢ =15%

Sample 4 (¢ = 40%)

(d) (e) (f)

Figure2.2 Microstructure images of fabricated MRE samples taken by Confocal microSéigyhe volume
fraction of iron particles (a) Sample 1, (b) Sample 2, (c) Sample 3S@hnple 4, (e) Sample 5, and (f) Sample 6.
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2.2.2Experimental characterization

The fabricated MRE samples were characterized using a rotary rheometer equipped with a- magnetc
rheology accessory (Discovery FBR TA Instrument) shown ifigure2.3. The tests have be@ondicted
using a20 mm diameterparallelgeometryunderdifferentlevelsof appliedmagnetidlux densitiesFor this
purpose,the test specimenswith 1 mm thicknessand 20 mm diameterare carefully punchedfrom the
preparedamplesandplacedbeneathhe pardlel geometryThe instrument is capable of providing a uniform
magnetic field perpendicular to the direction dfar motion applied to the MRE sample. The applied
magnetic field is measured using the Hall prgtecedbeneath the bottom geometry and aselloop
controller adjustthe required current input to the magngieology accessory.emperaturdnasbeenkept
constantat 20 °C using computercontrolled fluid circulator unit connectedto the magneterheology
accessoryOscillatorytestshavebeenperformedsweepinghe shearstrainamplitudein the rangeof 0.001
% to 30 % andthe appliedtorquewasautomaticlly measuredndusedfor dataacquisitioningto obtainthe
shearstressand moduli. All testshavebeenperformedwith the constantdriving frequencyof 0.1 Hz to
resembldhe quasistaticloadingconditions Moreover,anaxialloadof 5 N is appliedonthe samplesn all
teststo avoidthe slippagebetweerthe sampleandthe geometrieslt is notedthatthe empiricaltestsusing
the rheometeiinstrumentin this researchhavebeencheckedrandomlyfor multiple testingcyclesandfor
similar MRE sampledabricatedat differenttimesto makesureaboutthe consistencyandaccuracyof the

experimentatata.

Figure2.4 (a) to (d) preset the shear stress with respect to the shear strain for Samples 1 to 4 under
various levels of applied flux densities. As it can be sedfigare 2.4 (a), the shear stress of Sample 1
increases as the magnetic flux density enhances. For instancép ath@@r strain amplitude, the shear stress
rises from about 5.2 kPa to 8.4 kPa as thematigfield increases from zero to 1T which shows 61 % increase
in the shear stress. Accordinglycan be concluded that the MREs become stiffer under application of an
external magnetic field which is due to the resistance of the magnetized partaies Htg movement of
polymeric chains of the silicone rubber matrix. Moreover, comparing thétgeasbtained for MREs with
different volume fractions of CIPs shows that the influence of applied magnetic field on the stiffness of the
MREs is more pronoumed as the volume fraction of particles increases. For example, increasing the magnetic
field from zero to 1 Tat 30% shear strain amplitudeauses the shear stress to vary from 7.5 kPa to almost
23 kPa for Sample 2 which is 200 % increase. This increimafitout 2426 and 590% for Samples 3 and
4, respectively. Therefore, it can be concludedttmatMR effect of thdREsin quasistatic statencreases

substantially with the iron particles6 content.
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Figure2.3 Left: Rheometer device system used for experimental testing; Right: Closer viewpositien of
MRE specimen on top dfie magnetaheology accessory

In addition, the elastic behavior of the MREs changes with respect to the applied magnetfiedd.
2.4 (a) shows that Sample 1 present®dinehstic behavior irrespective of the magnitude of the applied
magnetic field. However, increasing the volume fraction of CIPs enhances the nonlinear properties of the
MREs with respect to the applied magnetic filensity. It is clear ifrigure2.4 (b) that the MRBEwith 15 %
volume fraction of solid particleasctsalmostas a linear elastic material within the whole strain amplitude
range in the absence abplied magnetic field and its behavior gradually approaches to nonlinear properties
as he magnetic field intensifies, particularly for magnetic fields above 0.4 T. Further mafehsvolume
participation level of CIPs enhances thenlinear properties of the MRE sampkes such the nonlinear
responseas obvious forthe Samples 3 and #respective of the applied magnetic field levelshould be
noted that the nonlinear elastic response of the MRE samples at high magnetic fidles t the
reinforcement of the polymeric matrix that changes the linear elastic response of the gaure silbber to

nonlinear elastic behavior.
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Figure2.4 Shear stressevsusstrain for Samples 1 to 4 at different levels of magnetic flux der{afysample 1
(% v B, (b)Sample2%. p v R(c)Sample 3% ¢ v Rk and(d)Sample 4% T MR

Figure 2.4 also shows the magnetic saturation of the MRE sampitbsthe increase of the applied
magnetic field. In this subjedtigure2.4 (a) illustrates that for the MRE sample with 5% volume fraction of
iron particles, the rate of change of the shear stress decreases as the applied magnetic flux density reacl
about 0.6 T andhe MRE saturates magnetically as the appliedymetic flux density increases to 0.8 T.
Moreover,Figure 2.4 (b) to (d) show that increasing the volurfraction of CIPs to 15%, 25% and 40%,
increases the magnetic capacity of the MREs such a way that Samplea2esaat higher magnetic flux
densitycompared to Samplednd Samples 3 and 4 do not show saturation in presence of applied magnetic

flux densties below 1 T.
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2.3 Elastic Response of the Filled Bstomer

Prior to model the magnetaechanical properties ¢fie MRES, it is required to determine the stress
strain behavior of the filled elastomer in the absence of magnetic field. There are many hyperelastic theorie
presented in the literature to predict thesec response of rubbers. Here, three modelingpodstncluding
a NeoHookean law, a onterm Ogden theory84] and a tweterm h-based mode]85] are selected for
predicting the elastic response of pas8NREs under simple shear loading. The elastic strain energy function

for each of the models may be described as:

1 NeoHookeanlaw®©® — 0 o —_ _ _ © (2.1)
1 Oneterm Ogden theoryO — _ _ _ o) (2.2)
 Two-term h-based model0 —* O o — 0 o (2.3)
where©O _ _ _ isthefirst principal invariant of the right Caue®reen deformation tensor and

(Q pltho) is the prircipal extension ratio or stretche. the ratio of the current length to the origileaigth
in theah principal direction: and| are the constants of the models to be determined from experimental
data.

For the situation of simple sheaalding, the relationship between the extension ratio in the first principal

direction and the shear strajn can be expressed E3]:

P = (2.9

The material is assumed to be incompressible ( p) with a plane strain state (  p). Then, the

principal stretches are obtainedterms ofthe shear straias:

- T - = —, _ P (2.5)

Substituting the principal stretchfsm Eq.(2.5) into the stain energy functions in Eg§2.1) to (2.3)
yields the following constitutive equans:

1 NeoHookeanit * — T (2.6)

1 Oneterm Ogden modeft * —

2.7)
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T Two-term h-based modett —B o i o (2.8)

wheret is the shear stres€onstant parameters in these models are found by least square ojnizat
minimize the error between theoreticaldaexperimental result§.able 2.2 summarizes the values of the
constant paranters found for each model and MRE saasgt should be noted that the values of the constant
parameters involve the effect of different factordudmg but not limited to matrix type, volume fraction
and type of iron particles, and more advanced phenarsech as interfaces between particles and elastomer
matrix. Using parameters ihable2.2 and Eqs(2.6) to (2.8), the theoretical results of the shear stress versus
shear strain for the four isotropic MRE samples, i.e. Samples 1 to 4, based on diftetelst ane obtained
and compared with those of experimergiaéar stresdata in the absee of the applied magnetic field as

shown inFigure2.5.

Table2.2 Values ofparameters of Neblookean, ongerm Ogden and twterm h-based models

MRE Sample ‘ (Pa)
z Sample 1 17716
::
8 Sample 2 25389
=]
8
Sample 3 35007
2
(@]
Q.
© Sample 4 41276
(Pa) |
Sample 1 71890 0.25
S
9]
z = Sample 2 74210 0.35
S 3
a 3
® o Sample 3 80770 0.45
g
S Sample 4 48480 0.90
(Pa) | * (Pa) I
= Sample 1 8200 -12 10300 6
=
o
= E Sample 2 16900 4.8 10800 -20
g 3
o 5 Sample 3 33200 -2 6300 -23
o
QD
8 | sample 4 37800 -1 22100 75

Examindion of the results presented kigure 2.5 shows that increasing the volume fraction of iron

particles from 5% to 40% not only reinforces the material and makes it stiffer but also increases the
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nonlinearity of tle stressstrain curve.The stresstrain curve of the Sample 1 shows almost a full linear

response in the whole strain region while in the case of Sample 4, the linear behavior only lasts up to aroun

0.05% strain. While all models exhibit satisfactoryfpenance in predictinginear response of Sample 1,

only two-term h-based model was capable of capturing the nonlinear behavior of MRE samples with higher

volume fraction of CIPs at large strains.

It is noted that the Neblookean and Onterm Ogden modslare commonly used asnlinear hyper

elastic theories for stretching and exteng®t, however, for the case of simple shear loadimgse models

demorstrate linear stresstrain response which is valid only at small strain ranges (@) as shown in

Figure2.5. In the following sections, thevo-term h-based model will be used to account for the elastic

response of the MRE samples at zero magnetic field.

Sample 1 ($=5%)

6000
© Experiment P
5000 1 Neo-Hookean Law z‘ﬁe
= One-term Ogden g@gzs
;64000 --Two-term Iv-Eased P
"] aege
7] o
S 3000 e"cp
n :
5 o
£ 2000 e
7] ‘{ﬁg“
# o
1000 - .
f@f
0 .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Shear Strain
(a)
12000 Sample 3 (#=25%)
O Experiment .
10000 - Neo-Hookean Law P
- One-term Ogden “pﬁé’ﬂ
g 8000 - --Two-term ff-Basen‘ g@ﬂds
@ s
0
@ o
+= 6000 %
n 7
[ Iz,
8 i
£ 4000 Q;a'?
w da, 7
&
2000 - &
&
e | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Shear Strain
(c)

Sample 2 (¢=15%)

8000 L
N /E;E)D
7000 O Experiment w:
Neo-Hookean Law éff"ﬁ
6000 - - One-term Ogden o7
& --Two-term | -Based g["f
~5000 é,}’
w
] &
£ 4000 7
& o7
5 g
3000 -
2 &
w @,a
2000
1000 Ogﬁ
# d
0~ !
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Shear Strain
(b)
14000 Sample 4 (¢=40%)
O Experiment g i
12000 Neo-Hookean Law L7 g 0©
- One-term Ogden ., ;Q@QQ
= 10000 - --Two-term | -Based 57
e 2
)] g’aeﬂ’ .
n 8000 o ‘
[ -
= ed,a” L2
? 6000 o
: .
£ ’
® 4000 d&’f 2
o 7
p 2
2000 - gg’r #
7,7
P
OGQ 1 L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Shear Strain
(d)

Figure2.5 Experimental and theoretical results of the shear stress versus shear strain for the isotropic MRE
samples at zero magnetic fie(d) Sample 1(b) Sample 2(c) Sample 3and(d) Sample 4
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2.4 Quast-Static Microscale Modeling of MagneteMechanical Properties of MREs

This section presents a physical microscale modeling to describe thaldpdddent magneto
mechanical behavior of both isotropic and anisotropic MREs operatigggaisistaticshear mode. Fadhis
purpose, different lattice models are propossdidealized representation of the spatial distribution of
magnetic particles in the materi al and the mec

distribution.

2.4.1Total potential energy

Thetotal potential energy of a deformed MRE in the pneg of a magnetic field is basically comprised
of two distinct parts. One is the elastic ener@y ) of the deformed MRE due to the elasticity of polymer
chains and the other is the magnetic pti&d energy © ) of the embedded magneparticles in the matrix
under an external magnetic field. Thus, the total potential energy of the deformedOMRBder external
magnetic field can be written as:

O O © (2.9

For the elasti part of the potential energy, the strain energy function of thedwmo h-based model
given in Eq.(2.3) is employed. As discussed in Secti®13, the tweterm h-based model is capable of
predictingthe nonlinear behavior of MREs under shear loading in the absence of magnetic field. Therefore,
this energy function is used to predict #e¥ofield elastic reponse of the filled elastomer and so includes
contribution of different possible phenomenalsas reinforcement of elastic matrix by particles and possible

adhesion at the interface of polymer matrix and hard filler particles.

For the second part of thetal potential energy, the interaction of the particles under external magnetic
field shouldbe formulated. The ferromagnetic iron particles are magnetized after being subjected to an
external magnetic field. Accordingly, a magnetic moment is inducecchnreagnetized partichich can
be alternatively called as dipolBue to the induced magiemoment, there will be magnetic forces between
the particles which is the microstructural phenomenon behind thediglendent properties of MREs. The
interacton energy of two adjacent dipoles with magnetic momientandi  is [86]:

Q : ‘p ‘ oi 3 i 3 i d 210
T d s f s

where’ and‘ stand for the vacuum permeability and the relative perriyatfithe medium, respectively.

Since the elastomer matrix is assumed-m@gnetic, its relative permeability is unitye. p.=| is the
spatial vector that connects thewo d i p erd. Eoscd@nsiderethe magnetic interaction of all pkasiin

the network, the magnetic energy density of the MRE sample could be expressed as:
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p_P of 3 T Td (211)

wT =| =|

wherew is the volume of the sample. Thieuble summation in the E(R.11) operates over all pairs of

dipoles (€&h and’Gh) in the network. The spatial vecﬁbr betwea two dipoles depends on the macroscopic
deformation of the samplé&igure 2.6 shows schematically an infinitesilmelement of a MRE sample in
undeformed and deformed situations by simple shear loading (wihiplane) under an external magnetic
field perpendicular to the direction of the shear defdionaConsiderindg-igure2.6, the components of the

space vectod 'Y RY HY between two dipoles under simple shear deformation could be related

to the shear strajn as follows:

Y Y Y Y Y
Y Y (212
Y Y
where=| 'Y RY HY s the spaceector between two particles imdeformedsituation.
Y Y
() H I A H I

® ® ® ® ® @
® D O® '@ D @
©® ® ©® @ ® @

> >
X X

Figure2.6 Infinitesimal element ofmMRE sample in udeformed (left) and deformed (right) situations under
simple shear loading (withinx plane) and an extern@agnetic field (along y axjs

To perform the summation in E§R.11) over all pairs of particles, we need to idealize the arrangement
of particles in the material by some structured and idealized networks of particles in which the position of
individual partices could beyuantified Figure2.7 illustrates this idea graphically. For the isotropic MREs,

seven lattices are proposed to represent distributipartitles in the material. For the anisotropic MRE, the
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dispersion of particles is idealized with simple cH#&e structure of particles in the medium. The two

following sections explain these two cases.

Figure2.7 Graphical illustration fordealization of particledistribution with structured predetermined pasicl
networks. Left: real isotropic dispersion of particlesnidRE sample, Right: schematic idealizeetwork of
partides with exaggerated particle size

2.4.21sotropic particle distribution

For the isotropic MRESs, thieon particles are assumed to be arranigased on some lattice models.
Herein, seven lattices are proposed to represent isotropic distribution of particles matierial The
consideredattice typesaresimple cubic (SC), body centered cubic (BCC), face centered cubic (FCC), edge
centered cuib (ECC), bodyandedge centered cubic (BECC), famed edge centered cubic (FECC), and
body, faceandedge centered cub{BFECC). The first four types are basic lattices and the last three are

combinations of the basic onésgure2.8 illustrates the unit cell for eadf the considered lattice models.

(SC) (BCC) (FCC) (ECC)
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Figure2.8 Unit cell of lattice models considered for isotropic wligition of particles

A parameter is defined which showthe number of particles participated in a unit cell. For instance,
eight particles are located at the corners of the SC unitfreeti, which 1/8 of each particle presents inside
the cell. Thusone whole particle participates inside each unit cell of the SC latticel]. The value of—

for all the lattice models presentedrigure2.8 are as follows:
- =1, - :2’ — :4’ — :4’ — :5’ — :7, — =8 (213)

As a simplifying assumption, all iron particles are assumed to have the sameasghape with average
radius ofi . Then, the volume fraction of iron particles distributed in the MRE sample is gié2]y

v
00 T .
o — (2.14)

whereb  -“i corresponds to the volume of a particle, and the edge length of the unit cell ofeth

lattice. The proposed unit cells are building blocks for éin@rmoudattice with millions of particles in the
material.In the modeling, an infinite lattice of particles is considered. An infinite latticbdthgranslational

and rotational symmetrsearound the axis of the homogeneous applied magnetié fieldich is the yaxis

as shown irFigure2.6. Accordingly, the induced magnetic moments of the dipoles are in the direction of the

applied magnetic field with equal absolute valgess d s Conducting summation in E¢R.11)

in thewholemedium would be computationally impractical. To simplify, here we consider an infinite lattice
structure for the MRE samples and due to symmtteyposition of the origin of the lattice would not affect
the overall summatio [59]. Considering this, the network of dipoles (magnetized particles) have been
estaltished based on different lattice models showRigure2.8 in whichthe@h particle is chosen as the
origin of the lattice networkThe double summation in E(.11) is then reduced to single summation over

index Gnultiplied by the number of particles. Finally, Eq.(2.11) could be rewritten af®llows:

O

s o 8 s
T g s (2.15)
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whered i s the spatial vector defining each padticl ¢
0 fwis the total number of ferromagnetic particles in theume V of the MRE sample which can be
described alsoad 07w —T& based on the unit cell of the lattice mod@lse magnetic dipole moment

per unit particle volume is defined as the intrinsic particle polarization so it can be writtersasv U,

where0 is the induced particle polarization in Sl units of Tel§a], [87]. The components of the space

vector=| was related with the shear strdir) &nd thanitial space vectoﬂ in EQ.(2.12). The initial space
vector can be expressed as:
4 o» (2.16)

where» 1 R, H , is a dimensionless vector addressing the coordinates of particles on the sites of

infinite lattices with unit edge length, excewt Tt which has to be excluded from the calculatiddsw,

considering simple shear iryxplane as showm Figure2.6, we may write Eq(2.12) as:

YooY Yy e Y oi o f

YooY =4

YooY i (217
s Y Y Y & i i i i

By subsituting Egs.(2.17), and(2.14) into Eq.(2.15), and consideringthgt S 0 0 =0 %60 j —and
also® ¥ hthe potential magnetiinteraction energpf the MRE samplavith volume particle fraction
of %ocould be obtained as a function mdrticle polarizationyolume fraction of iron particlegnd shea

strain in the following form:

v . . . o.n

, %o U T S L L N ¢ Y
O ot " N (2.18)

T - 11 . . . .. n

u P Moo, 1, 1 iy

It is noted that the particle polarizatian, could not be directly measured. Jolly e{al] have presented
a particle saturation modelhich establishes a relation between the particle polarization and average flux
density in MREs which can be measured experimentally using magneteméieiparticle saturation model
is founded on the basis thadrticle saturation begins near the contact point of two adjacent particles at very
low magnetic field and increases toward total particle saturation as the applied field increases. Based on th
model,particle polarizationo , for an MRE with volumefraction of%.can be expressed as a function of the

averaged flux density, as:
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0 (2.19)
pc%l |
where0 is the saturation polarization, andis a parameter constrained within the range of 0 and 1 and
defined as:
P G G o G . 0 .
| (pTQG % S 5 ch%Op Qio 5 % cQ p (2.20)

whereQ pis a constanparameter added to the model to account for the complex multipolar interactions
resulting from complex structure of particles in the material. The value of saturation polayizationpure

iron is 2.1 T[51]. However, MRE samples with various volume fractod particles will saturate at different
level of magnetic induction as observed in Seci@?2 Therefore, another constant parametgs used in

the model as the coefficient of the saturation polarinatiiotune the results of lattice models according to

the saturation of different MRE samples.

Values of these two fitting parametef®i ) will be selectedtonsciouslyin the following subsections to
evaluate the performance of different lattice tygeewever, to compare the results of model with the
experimental data, optimal values of the constant paramé@rs Will be identified by a least square
optimization technique in $&8on 2.5.

It should be nted that Eq(2.19) has been presented as follows:

26 p I 0

o S S (2.22)
P E%b

in the Ref.[51], which does not match the assumptions and preceding relations presenteariicithe
Therefore, the particle polarization,, has been corrected as Eg.19) in the present study. The detail

derivation is demonstrated in Appendixofthis dissertation

2.4.2.1Calculation of summation in Eq. (2.18)

The role of summation in E(R.18) is to accumulate the contribution of all partidesgnetic interaction

in the network. The componeritg, i ,, andi , characterize the coordinates of particles on the sites of each

lattice model with unit edge length in the x, y, and z directions with respect to the origin of arbitrary

coordinate system. To explain the caldolatof summation ithe Eq.(2.18), a simple example is given here.
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By considering one unit cell at each corner of the origin of the coordinate system, a network of particles
involving 8 unit cells will be constructeigure 2.9 shows the 2D (i#plane) illustration of such particle
network for the SC and BCC lattices.

4 Y re
il |
® @® ® @® @® ®
@® ®
® ® H—" ® ® &—"
(©) ®
@® @® ® ® ® ®
() (b)

Figure2.9 2D (in-plane) view of a network of particles madegsacing one unit cell at each corner of the origin
(a) SC, and (b) BC(attices.

According toFigure2.9, the components of vectee. i , h . h , Vary in the range-{, 1). There

are 26 particles, except the one at origin, on the sites of the SC lattice which their coordinates are:
»= (1,171), (0,1;1), (1,1;1),(1,051), (0,051), (-1,0;1), (171,-1), (051-1), (-1-1-1),
(1,1,0), (0,1,0),41,1,0), (1,0,0),41,0,0), (1;1,0), (0:1,0), €1,-1,0), (1,1,1), (0,1,1)-(,1,1), (2.22)
(2,0,1), (0,0,1),4,0,2), (151,1), (0;1,1), €1,-1,2)

And for the BCC lattice, there are 34 particles, except the one at avigith their coordinates are:

»={(1,1,-1), (0,1;1), (1,151), (1,0-1), (0,0:1), ¢1,0+1), (1;1,-1), (0;11), (-1,1-1),
(0.5,0.5;0.5), €0.5,0.5;0.5), (0.5;0.5:0.5), €0.5;0.5:0.5), (1,1,0), (0,1,0);1,1,0), (1,0,0),
(-1,0,0), (1;1,0), (051,0), €1-1,0), (0.5,0.5,0.5)0.5,0.5,0.5), (0.50.5,0.5), {0.5;0.5,0.5),

(1,1,1), (0,1,1),41,1,1), (1,0,1), (0,0,1)71,0,1), (1;1,1), (0s1,1), ¢1,-1,1) }

(2.23)

For calculation ofthe summation in the case of pele networks shown irFigure 2.9, all the

configurations of i , hi . h , from the above vectors are used in the calculation process. Thus, the

summaibn runs over 26 particles for the SC lattice and over 34 particles for the BCC lattice.
Consideringthat the distance between particles and the origin is in the denomintta power of 3

(look at Eq.(2.15) with simplification), the summation in Eq2.18) convergesy reachingheunit cells &ar

from the a@igin. Therefore, by using a network of particles involving finite number of cells placed at the

origin of the coadinate system, the calculation of the summation could be terminated. In the present study,
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in order to ensure the accuracy dduls, the summation is calculated for a collection of at least 64 cells for
each lattice model.
2.4.2.2Comparison of total potential emergy of MREs using different lattice models

By combining the elastic energy based on-taton h-basedmodelfrom Eq.(2.3) with the nagnetic
energy given in E(q2.18), the total potential energy of a MRE sampan be obtained as:

o " o
O 0 o 0 o
dl g
v 'l
%o U I S U I g, a (2.24)
11 2
! I v \ \ . i
PR A AP S BN S P

In which, particle polarization) , is found using Eqq2.19) and(2.20). Here, for each lattice type, the

total energy is @lculated for an isotropic MRE withe 5% volume fraction of iron particles at different
levels of magnetic field. Constant parameferghe elastic energy term are selected fiicable2.2. Figure
2.10 shows the total energy density versus shear sfraiat(several magnetic flux densities for different
proposed lattice models.

Figure2.10 shows that the energy of the MRRangesvith the magneti¢lux density angas expected,
the level of change is different for each lattice type. Examination of results rthagads a conant magnetic
field intensity, potential energy shows similar increasing behavior with the strain atagbtuall lattices.
On the other hand, at a constant strain, the potential energy increases directly with the applied magnetic fiel
for all lattice types except for the FCC and BCC lattices where the energy decreases with the increase of th

flux density
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Figure2.10 Total potential energy density for MRE matesiath %, v Punder various flux densities assuming
particle distribution according to défent lattice modejga) SC (b) BCC (c) FCG (d) ECC (e) BECC (f) FECC
and(g) BFECC{Q p,i p).

To compare the absolute energy of all lattice networks at constant magnetic flux density, the total

potential energy density is calculatedat0.6 Tfor all the latticesFigure2.11 shows the results with respect

to the shear strain amplitude. As it can be realized, the ECC and FCC lattices has the maximum and minimu

level of energy, respectively. On the atirand, the SC anBFECC lattices have the same levekagrgy.

These resultshow the difference in the properties of the proposed lattice types which originate from the

partide arrangement in each lattice.
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Figure2.11 Comparison of total energy density of the proposed lattice%ssforu Punder applied flux density
of 6=06T(Q p,i p).



2.4.2.3Comparison of shear modulus of MRESs using different lattice models

By taking the second derivative of the total yyedensity with respect to the shear stmnaluated at
[ 1 shear modulus of the MRE sample could be computed as:
O
O TTF—S (2.25)

Figure2.12 shows the results of the shear modulus as a function of magnetic flux density varying from
0 Tto 1T for MRE withu P volume fraction of pdiclesarranged based afifferent lattice modelsAs it
can be seen frofigure2.12, for the SC, ECC, BECC, FECC, and BFECC lattice models, the shear modulus
increases as the flux density increases and reaches to near saturation at high magnetic flux density. While f
the BAC and FCC lattices, the shear modulesrdases with the applied magnetic field due to decreasing
trend of their total strain energy function with respect to the applied magneticTfielcesults fotheBCC
lattice arealsoavailable in the literaturfg2] which shows the same trend. Decrease of the shear modulus
with magnetic field is in contradiction with experimental observations reported in the litef@tu27],
[51], [88] as well aswith thosepresentedn the present research, thus the BC@ BE€C models cannot
represent the microstructure behavior of the MREs. The reason behind this behavior of the BCC and FC(

lattices is discussed in the Sectihd.4
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Figure2.12 Comparison of shear modulus as a function of applied magnetic field for the proposed lattices with
% LP(Q pi TW).
Figure2.12 also shows that the ECC lattice provides the maximum incredlse shear modulus among
the other lattices. Similar to the results of the energy, SC and BFECC lattices exhibit the sama¢hange

shear modulus with enhancement of the applied magnetic field.
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2.4.3Anisotropic particle distribution

In this section, the pposed idealized arrangement of iron particles in the material is modified to
represent the chain like structure of particleghe anisotropic MREsFigure 2.13 shows the idealized
isotropic and anisotropic arrangement of particles schematically in vihickd , and® describe the
distances between neighboring particlethix, y, zdirections, respectively, i@artesiarcoordinatesAs it
can be seen, the distance of adjacent particlesyinzdirectionsare the same for isotropic dispersion, thus

4

@ ®=w while for the anisotropic distribution, the vertical distance is smalletpi.e.®@ @ .A new

parameter is defined as:
)

T = (2.26)
W

wherg p, corresponds to the isotropic configurationiand p representanisotropic configurationsith

particles forming a chaihike structure. Considering that for the anisotropic configuration with dikain

structure- pand noting thafiee — - - is the volume fraction of iron particleisi the average

particle radius), minimum and maximum valueb @ould be calculated. By substitutidg  ¢i (minimum
valueofw)and® @& —from Eq.(2.26) in the relation fofé the minimum value df %
is obtained. Similarly®d & ¢i (minimum value ofdo AT &) and® ¢ 1, yield the maximum
value off “ ¥@%o Needless to say could vary between its minimurand maximum values.
Remembering from the E.16), here thenitial space vectm{ cangenerallybeexpressed as:

=| AR AR AR (2.27)
where the vecto»: 1 i , i | has the sameefinition as defined in Eq2.16). After the application of

magnetic field and nehanical deformation on the material, the new space vector forrtiegsais described

by=| Wi .Fﬂ)i ‘Ffb‘l , - Now, considering simple shear situation as showRigure 2.6, the space
vector is related to the shear strain as:

Y Y 7Y ® i Y ® i F Qi Wi Ffi

Y Y =® i T Qi

YOO Bl =6 (2.28)

s{s Y Y Y O i R o i
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Accordingly, the magnetic energy density equation for the isotropic MREs igitiea Eq.(2.18) can be

cast into the following form for MRESs withnasotropic chairlike particle distribution under simple shear:

o~ . . . .n

, %o U T U S N A I IR g i, n
O 1 (2.29

T 11 . . . o Y

u P T, S

In this relation, the condition of incompressibility, i®.c0 ®@ @ @ @ is also appliedThe only
difference beteen Eq(2.29) and Eq (2.18) is the existence of parametemvhich enables the anisotropic
arrangement of particles in the model. Now replatigmagnetic energy pait Eq (2.24) with that given
in Eq. (2.29), one can obtain the total potential energy density function for the MREs with anisotropic
configuration.Figure2.14 presents the total potential energy versus strain for different values of parameter
I =1, 0.95, 0.90, 0.85, and 0.8, under constant magnetic flux density afé T for MRE with 5% volume
fraction of iron particlesFigure2.15 shows the same result but at a constant value-@*.9 being subjected
to0.0T,0.2T,@ T, 0.6 T, 0.8 Tand1.0 Tmagnetic flux density.

chain

() (b)

Figure2.13 Schematic arrangement of particles in (a) isotropic configuraddon (00 &) and (b) anisotropic
(chainlike) configuration ® @ @ ).

It can be seen fromigure2.14 andFigure2.15 that the total potential energy density directly increases
with the shear strain and its magnitude depends on both the value of pafameigell as the strength of
external magnetic fluxiensity, 6. According toFigure 2.14, at a constant strain levehe total potential
energy tends to decrease even to negative vakieslecreasefom unity (particle distribution transforms

more into chains Similar trend of decreasing energy could be observed when the value of pafamseter
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constant and the magneticxldensity increases igure2.15. However, the rate of change of energy within

a constant rargyof strain amplitude, is larger at higher fields which means higher MR effect.
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Figure2.14 Total energy density versus strém different values df under 0.6 T magnetic flux densif2 p,
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Figure2.15 Total potential energy density versus strain under diffdesels of appliednagnetic flux density
and’ =0.9(Q p,i p.% vD.

Using EQq.(2.25) with the modified total energy density function, the shear modulus can be calculated
for the anisotropic MRESFigure 2.16 shows the shear modulus versus external magnetic flux density
changing from O T to 1 Tor different values of parameter These results are indeedamparison of range
of change of shear modulus for tlsetropic { =1) and anisotropid ( 1) configuration of particles. Based
onFigure2.16, at lbwer values df , greater increase in the shear modidusbserved with the magnetic flux
density. Thereforet could be concluded that the change of modulus with the applied field, i.e. the MR effect
is larger for anisotropic distribution of particlésan isotropic dispersion. A similar trend has also been

observed from the experiments as will be discussed later in the following sections.
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Figure2.16 Shear modulus versus applied magnetic flux defisitdifferent values df (Q p,i 1@, %o
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2.4.4Discussion on the properties of lattices

In this section, a detailed study is conducted on the properties of the proposed idealized arrangement «
particles for isotropic and anisotropic distributions.gEjthe magnetic interaction of a pair of particles under
a homogeneous applied magnetic field is investigated. Based on the energy values, attraction and repulsic
of two magnetized particles caused by met@ induction is explained. The interactionwbtdipoles is then

used as the basis to explain the effect of magnetic energy of the lattice on the mechanical properties of MRE

Let us consider a pair of particlestive space as shownhkigure 2.17. External magnetic field is applied
alongtheyaxi s and the angle between the particklesd
is assumed that the two particles are magnetized and have magnetic monmentanofi  so they are
called a magnetic dipole paikssuming thathe dipole moments are the same in value and diréttion

i i , Eq.(2.10) can be used to write the magnetic potential energy of the dipolaspair
§s of o s

o 2.30
— I (230
where 4  =¢{ AT - Inaddition, Eq(2.30) mayalsobe expressed as:

Q T?‘ s 0 s (2.31)
Where"Q—EE;I S s is an indication of the magnetic energy of dipoles and depemdbeo

relative position of the particles in the space. In order to discuss the magnetic interaction of dipoles, functior

"Q—F&I S is numerically computed for different configurations.
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z
Figure 2.17 Two dipoles are located in the 3D space under an ext@aghetic field.

For the sake of simplicity, the magnetic dipole pair is assumed to be in a plane and value of function
"Q—E&I S is evaluatedor different dipole pair configurationgigure2.18 shows the dipole pair in a plane
in three different positions under an external magnetic fieligare2.18 (a), two dipoles are aligned in the
direction of externalield, so the angle between their centerline and field directien igt. Figure2.18 (b)
shows thalipole pair located normal to the field direction with w Ttand finally Figure 2.18 (c) shows
two dipoles located in a position between the horizontal and vesitcationsin which the angleies

betweenrtand w 78

®

7’
/

|
| |
: : e [0} :
— H| | e 0
R12 ' 0 =0 : ! ,’,—)
| OGRS
N S/
® ®
0<06<90°
(a) (b) (c)
Figure2.18A pairofdipoes i n t hree spati al positions; a) dipol
(=0), b) dipolebds centerl i=mar)asdcnodmplol edst cendier ¢ ¢
direction of field t — T ).

Figure 2.19 shows the formulation and value of functit®@Fg| s for the twosituations of— Tt
(Figure2.18 (a)) and— w Ti(Figure2.18 (b)). For both cases, the valuefohction™Qwhich repreents the

magnetic potential energy between two dipoles, is inversely proportional to the cube of distance between tw
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particles. Thusthe magnetic interaction energy quickly dies asi the distance between dipoles increases.

As it can berealized fromFigure 2.19, the magnetic interaction energy is negative when 11 which
indicates that the two dipoles tend to attract each other (shpwre arrow on the blue curve) to decrease
their level of energy. Therefore, there is an attractive force between two dipoles in this case. However, fol
the case with— 7 the interaction energy is positive, and dipoles tend to move away from each othe
(arrow on the red curve) to decrease the energy to zero value where two dipoles are quite far from each othg

Hence, a repulsive force exists between two dipoles in this position.
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Figure2.19 Valueof function"Q—E&l S versus distance between two dipoles for the two situationgdtest
in Figure2.18 (a) and (b)

For the case in whict — 7 we assume the distance of dipoles is constaneé@uaals to unity and
the value ofQis evaluated as a function of the angld-igure2.20 shows the variation of functic@with
respect to angle- It is interesting to note that the considered range of — w 7 the magnetic energy
between two dipoles becomes zere-a v &’ where its sign changes from negative values-atu &,
to positive values at— v &’. Thus, as shown iRigure2.20 (a), thereis an attractive force between two
dipolesfor m1  — v &”; while, forv &’ — w7 there is a repulsive force between dipoles—&t

v &’ no magnetic interaction exists between two dipoles, so they neither attract nor repel each other.
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Figure2.20 (a) Change in the sign of functid@with the angle—between dipolegscenterline and field direction.
"Q Tmmeans two dipoles tend to attract each other (attraction zoné&p armdmeans two dipoles tend to repel each
other (repulsion zone). (b) Change in the value of fun¢€iith respect tangle—

Having the physical understanding aboutthe p o | e «idinteraatigm change in the stiffness of a
material incorporating the rgaetic particles as well as the reason behind the properties of the proposed
lattices could be explained. Assume a network of particles are magnetized under an applied magnetic fie
Then, less mechanical energy is required than nosinaltion,without magnetic field being applied the
mechanical deformation put the particle network into a new situation with reduced level of magnetic energy.
This situation is similato thecases thaiwve want to make the vertical dipoleskigure2.18 (a) closer to
each other or to move away therizontal dipoles ifFigure2.18 (b) from one another. On the other hand,
more mechanical effort is required to change the arrangementticfgsamto a situation with higer level

of magnetic energy. Higher required mechanical effort means the material is stiffer and vice versa.

Figure2.21 shows the magnetic part of taeergy evaluated using Hg-18) versus applied shear strain
for each of the proposed latticesHigure2.8 for %o L Pvolume fraction of particleat constant magnetic
flux density of6=0.1 Tand wit values of parametef@andi . It is observed fronfrigure 2.21 that upon
application of a shear deformation, particle network of the BCC and FCC lattices transform to new
configurations with lower magnetic egg. It meansthat the shear deformation agrees with the natural
tendency of particles to decrease their magnetic energy under the applied field and so lower mechanical effo
is required to deform the material. This clearly shows why the shear modnés# two latties decrease
with the magnetic field intensity as showrFigure2.12. However, for the other lattices, shear deformation
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brings particlesintoaneawr r angement with higher | evel of mag!
natural tendency. Therefore, higher mechanical effort is required to deform the patiicdek. The relative
changes in the magnetic energy of different lattices in thedefibsituation is the reason for various level

of MR effect resulted from each lattice type. For instance, the ECC lattice shows the higher level of magnetic
energy at apecific strain level and so it has a larger MR effect as showigume2.12. Similar explanation

could be used to justify the increase of shear modulus in case of anisotropic distribution of particles in

comparison uth isotropic dispersion.
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Figure2.21 Magnetic interactiornergy of particle networfor MRE with %. v Parranged according to
different lattice typesd=0.1T,'Q p,i p).

The above discussion could be also explained physically by comparing the unit cell of lattices when they
are subjected to a shear deforimatFigure2.22 shows two unit cells of the BCC latticeundeformed and
deformed situations. In thexdeformed position, two particles at the center of unit cells locate on the diagonal
lines that makes angle e — v &’ with the direction of field. So, thers ho magnetic interaction
between these particles and the origin. However, when a shear deformation is applied, the particle in the le
unit cell comes to the attraction zore- ( v & Yand the one in the right side comes to the repulsion zone
(— v & ) Therefore, small values of shear deformation help the natural tendency of particles for getting
closer to each other in the attraction zone or to move them away from one amttkaepulsion zone. This
clearly shows why lower mechanical efforréxjuired to make a shear deformationa BCC lattice than a
SC lattice.
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Figure2.22 Two unitcells of BCC lattice iindeformed(left) and deformed (right) situations.
2.5 Comparison of ModelResults with Experiments

In order to evaluate the performance of the proposed microscale models, the shear modulus obtaine
from the models are compared with those experimentally measurdédwAs mentioned in Sectidh2.2
experimentatestshavebeenperformedby sweejng the shearstrainamplitudein the rangeof 0.001% to
30% while maintainingthedriving frequencyat0.1Hz. Here thesheaistaragemodulusof theMRE samples
atthestrainamplitudeof 0.01%are utilized asthereferencealatato evaluateheperformancef thedeveloped
model.It shouldbe notedthatthe MREs operatein linear viscoelastiaegionat this shearstrainamplitude
(0.01%)andthe storagemodulusis independenof the strainamplituce in this region. Optimal values of
fitting parameters of the models are found udimgleast square optimization method.rRbe isotropic
MREs, performance of the model is evaluated by measuring the root mean square error (RSME) for each «
the latticesFor the anisotropic sample, the range of change of modulus predicted using the proposed mode
is compared with that obtaidexperimentally and also for similar isotropic MRE sample with the same level

of particle volume fraction.

2.5.11sotropic MREs

Among the lattice models proposed in thecBon2.4.2for isotropic distribution of particles in MRE
materials, those that exhibited increase of the shear modulus with magnetic flux density, i.e. SC, ECC, BECC
FECC, and BFEC(are selected for predicting the shear modulustofdated isotropic MREamplesTable
2.1) in terms of applied magnetic field. Optimal values of fitting parameters of the nated; , are found
for each sample of MRE using least square optimization method to minimize the éneersimulation
and experiential results and thus to make the best fit between the model result®sEtdeasured

experimentally Figure 2.23 and Figure 2.24 show the egerimental and theoretical resulof the shear
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modulus versumagnetidlux density for the SC and ECC lattice models, respectively. Values of parameters
"Qandi for different volume fraction of iron particles are reported@able2.3.
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Figure2.23 Comparison betweetheexperimental data and model results using SC lattice foligotropic
MRE samples with different volume fractiondrticles (a) Sample %§ v B, (b) Sample 2% p v R(c)
Sample 3% ¢ v Rand(d) Sample®% 1 TR

Results in Figure 2.28how that for MRE samples with 5%, 15%, and 25% volume fraction of iron
particles the simple cubic lattice can suitably predicé variation of shear modulus with respect to the
applied magnetic flux density up to high flux density values and saturation point. However, for the Sample
4 with % 1 T Psimulation based on SC fme model does not agree with the experimental data for
magnetic flux density beyond 0.2 T as showRigure2.23(d). Examination of results in Figure 2.24 reveals
thatthe ECC lattice model is capable of predicting the variation of shear modulus of MRE samples versu
external magnetic flux density irqgsctive of their volume fraction of iron partislélhe superiority of ECC

lattice in predicting the field dependent shear modulus of MREs with high content of particles in comparison
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with the SC lattice can alsetbdter realized fronfrigure2.12 where the ECC lattice showed the maximum
MR effect among the proposed lattices. Indeed, the SC lattice cannot represent the dense configuration
particles & high volume fractions such &. Tt 1 PHowever, the ECC lattice is a better idealized

representation of particles distribution at high volume fractions and could better predict the shear modulus

test data.
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Figure2.24 Comparison between experimental data and moddtsesing ECC lattice for four isotropic MRE
samples with different volume fraction of particles (a) Sampb&e1 O B, (b) Sample 2% p v R (c) Sampé 3
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The performance of each lattice model and its agreement witxgferimental data can be evaluated by

using root mean square error (RMSE) index calculatédllasvs:
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B —o— (2.32)

2-3%

€
whereO s the value oflsear modulus predicted by the model &Dd is that of experimental tegt.is the
number ofexperimentatiata points available for each MRE samplable2.4 compares the results of shear
modulus at diffeentmagnetidlux density levels predicted by the model using each of the lattice types with
the experimental data for four isotropic MRE samples. The corresponding RMSE value for each lattice type
is also given in the lasiolumn. In additionthe absolte value of eor between the model predictiol® ,
and experimental dat® , at each magnetic flux density level is presented in the bar ¢hditgure2.25

for the four isotropic samplée have more clear comparison of the performance ofrdiffdattices

According to the results ihable2.4 andbar charts oFigure2.25, the performance of SC lattice at lower
participation of iron particle94 L% and 186) is bettercompared tahe ECC latticeHowever, at higher
particle content, particularly for Samplewdth % 1 11 Pthe SC lattice could not predict the change in
modulus at high magnetic fieldnd ECC lattice shows better agreement with experimental dédiig. T
observation suggests that diffetéattice models might be proper to be used for representing the distribution
of particlesfor different MRE samples with various amounts of particle conte@inother word, not a single

lattice type could be used e best representation of partidesd i sper si on for all pa

For other lattices.e. BECC, FECC, and BFEC@hich are combinations of basic lattice types, the error
of model for the samples with moderate particle content ghiglof the same order. For the Sampgl the
BECClIatticeshows the lowest error among théseelattices and also compared to the SC lattiosvever,
its performance at higher field levels beyond 0.6 T is not as satisfactory as the performane€fititéce.

As discussed before Figure2.12 andFigure2.21, the BFECC lattice has similar magnetic energy density
behavior ashe SC lattice, thus they show the sareedl of RMSE error as expected.
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Table2.3 Values of constat parameters used in the madel

MRE Sample Type o) i
Sample 1%. 5 %) 2.90 1.0
a Sample 2% p5 %) 30.0 1.60
% Sample 3% ¢5 %) 4.30 4.90
® Sample 4% T T96) 30.0 20.0
ko) i
Sample %o 5 %) 1.50 0.45
5 Sample A% p5 %) 2.60 0.80
2 Sample 3% 5 %) 1.0 1.0
8 Sample 4% T T80) 8.20 17.65
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Table2.4 Values of the shear modulus at different magnetic flux densities obtained using difftientiadels andomparison wittthe
experimentatiata

Shear Modulus

Shear Modulus

ShearModulus

Shear Modulus

Shear Modulus

at6=0.2T at6=0.4T at6=0.6 T at6=0.8 T at6=1.0T
Lattice MRE (kPa) (kPa) (kPa) (kPa) (kPa) Z
@)
type Sample o
X
< < < < <
3 2 3 . S . g . g 4
@ oD @ o @ o o) o () ®
- 0] 0] 0] @l
Sample 1 2211 22.14 26.84 25.59 30.55 30.37 32.29 31.85 32.29 32.17 2.30
Sample 2 61.42 62.76 131.91 122.81 214.39 219.71 276.60 279.29 276.60 275.91 3.64
SC lattice
Sample 3 74.34 70.34 150.10 13714 271.43 269.86 434.33 465.86 634.80 601.98 6.29
Sample 4 130.74 158.33 241.90 413.97 426.07 1080.25 682.37 2115.84 1009.9 2991.62 54.18
Sample 1 22.38 22.14 26.85 25.59 30.07 30.37 31.75 31.85 32.20 32.17 2.29
ECC Sample 2 68.58 62.76 144.65 122.81 220.93 219.71 275.24 279.29 299.63 275.91 9.78
lattice Sample 3 82.80 70.34 172.82 137.14 300.13 269.86 450.22 465.86 612.0 601.98 15.04
Sample 4 211.96 158.33 565.24 413.97 1150.10 1080.25 1963.40 2115.84 3001.8 2991.62 22.99
Sample 1 21.96 22.14 26.17 25.59 29.55 30.37 31.58 31.85 32.40 32.17 1.69
BECC Sample 2 67.94 62.76 144.20 122.81 220.36 219.71 269.70 279.29 280.05 275.91 8.78
lattice Sample 3 74.94 70.34 151.12 137.14 270.88 269.86 428.73 465.86 619.55 601.98 6.61
Sample 4 184.50 158.33 456.06 413.97 905.99 1080.25 1532.10 2115.84 2332.30 2991.62 19.41
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Table24Conti nueé

Shear Modulus

Shear Modulus

Shear Modulus

Shear Modulus

Shear Modulus

at6=0.2T at6=0.4T at6o=0.6T at6=0.8T at6=1.0T
Lattice | MRE (kPa) (kPa) (kPa) (kPa) (kP9 2
type Sample ,"\(;")'
5 S 5 4 5 S 5 4 5 g -
5 2 5 3 5 2 5 3 5 2
Sample 1 22.11 22.14 26.79 25.59 30.51 30.37 32.41 31.85 32.62 32.17 2.33
FECC Sample 2 64.71 62.76 139.57 122.81 220.70 219.71 272.82 279.29 272.82 275.91 6.37
lattice Sample 3 74.62 70.34 150.58 137.14 271.11 269.86 431.38 465.86 626.67 601.98 6.40
Sample 4 142.81 158.33 289.98 413.97 533.82 1080.25 873.15 2115.84 1306.80 2991.62 45.11
Sample 1 22.11 22.14 26.85 25.59 30.56 30.37 32.29 31.85 32.29 32.17 2.30
BFECC Sample 2 61.42 62.76 131.91 122.81 214.39 219.71 276.60 279.29 276.60 275.91 3.64
|lattice Sample 3 74.34 70.34 150.10 137.14 271.43 269.86 434.33 465.86 634.80 601.98 6.29
Sample 4 130.74 158.33 241.90 413.97 426.07 1080.25 682.37 2115.84 1009.90 2991.62 54.18
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Figure2.25 Error between lattice models predictjéd , and experiment datdD |, for four
isotropic MRE @&mples 1, 2, 3nd 4

2.5.2 Anisotropic MREs

As discussed before in the sect@d.3 the magnetic energy density for anisotropic MRES
with chainlike particle distributiorcan be obtained using E(R.29). Combining Eq(2.29) with
the elastic energy given in E§2.3) and then using Ed2.25), we can obtain shearadulus of
MRE samplesvith chainlike distribution of particles versus applied magnetic fi€ligure2.26
shows the results of shear modulus versus magnetidé@usity for anisotropic MRE (Sample 6)
and its comarison with isotropic MRE (Sample 5) with the same level of iron volume fraction
(% p v R For the isotropic sample, the valugl afl corresponding to simpleulic lattice is
used in Eq(2.29). For the anisotropisample] =0.54 corresponding to chalike structure of
particles is obtained from least square optimization technique. Other fittengpgers are reported
in Table2.5.
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Figure2.26 Comparison of the model and experimental results of the shear modulus versus magnetic
flux density for isotropic (Sample 5hd anisotropic (Sample 6) MREs.

Table2.6 also presents the irdli shear modulus of theotropic andanisotropic MRE samples
at zero field ananaximumchange in the modulwbtained by applyinthe magnetic flux density
in the considered rangéccording toFigure2.26 andTable 2.6, a considerable imprewment is
observed in the stiffness of the anisotropic MRE in comparison with the similar isotropic one by
the application of the magnetic field. In other wenoltting particles arramgnent into chains, not
only increases the initial modulus of the matkat zero field, but also greatly improves the MR
effect. The anisotropic sample saturates at lower fields compared with its isotropic counterpart.
The model shows an acceptable perfance in predicting the variation of shear modulus for both

isotropic and anisotropic MREs.

Table2.5 Optimal values oftte parameters used in the model

MRE Sample Type o) i
Isotropic
] Samples %o 15%) 3.30 0.90
(SC lattice)
Q i i
Anisotropic
o Sample6 %o 15%) 7 0.8 0.54
(Chairtlike)
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Table2.6 Shear modulus at zero field and theerimental and predictednge of change of

modulus.
) ) Maximum Changén
Maximum Chage in Modulus
Shear Modulus at ) Modulus Calculated by
MRE Sample Name ] From ExperimentkP3
Zero Field (kPa) Model (kPa)
(%Change)

(%Change)

Isotropic, Sample S  15%) 54.43 92.16 (169%) 94.81 (174%)
Anisotropic, Sample 64 15%) 84.59 381.52 (451%) 383.23 (453%)

2.6 Conclusions

In this chapter the quasistatic magnetemechanical properties of isotriopand anisotropic
MREs interms of particlés s pat i al di svolume tragtion, amchmagnete inductienl e s 0
intensity have been investigated. Experimentataittarization in shear mode was carried out by
using an advanced rheometer equippeithi @n MR device. Theoretical modeling was performed
based on microscale modeling approach incorporating different lattice types as idealized
distribution of magnetic pades in the material. Depending on the spatial distribution of particles
according tadifferent lattices, various levels of magnaétduced change in shear modulus was
observed. Some of the proposed lattices exhibited decrease in the shear modulesapiied

magnetic field which is in contradiction with experimental test results.

Moreover, a thorough investigation has been conducted on the magnetic interaction of
particles which is the basis for variation in the properties of MREs under applie@tméegd.
For the anisotropic MRES, idealized chiike structure of particles imcorporated into the model
which results in higher MR effect in comparison with isotropic distribution. Results obtained using
microscale modeling approach based on pseddattice types are compared with experimental
data for several MRE samples. For iBetropic MREs, the performance of the lattices was
evaluated quantitatively by considering the RMSE for each case. For the anisotropic MRE, the
idealized chaitlike structure of particles in the model exhibited good agreement with experimental

results.
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CHAPTER 3

ADAPTIVE DYNAMIC MODULI OF MAGNETORHEOLOGICAL
ELASTOMERS: FROM EXPERIMENTAL ID ENTIFICATION TO
MICROSTRUCTURE -BASED MODELING

3.1 Introduction

In this chapterthe developed knowledge on microstructure modelling of MREs in Chapter 2
is extended to formulaterevel physiebased microstructure modeling approach to investigate the
dynamicmagnetemechanical properties of MREBhis is important aMREs aregenerdly under
oscillatory mechanical loading most practical applications suchiadMRE-ATVAs [68], [80]
and MRisolators[7], [81].

The influence of magrie particles content, magnetic field strength, frequency, and strain
amplitude on the viscoelastiroperties of MREs, such as dynamic moduli and loss factor, have
been experimentally investigated in different research st{#]ig27]. It has been shown that both
the storage and loss moduli of an MRE ineeeateadily with increasing excitation frequency in
the linear viscoelastic regid®], [27]. Moreover,the dynamic performance of the MRE was
observed tde improved by the increment of iron particles quantity up to a certain €8@ht
Regarding the magnetic field intensity, itéported that the material response is dominated by the
polymeric matrix at low magnetic fields (up 75 mT) while above a certain magnetic flux density
(200 mT for a sample composed of 40% volume fraction of Clthe magnetgeinforced
mi crostructure domi nat §5] ThelviscoelfRic respanse dfssoirepicd s
and anisotropic MREs in squeeze mode were observed to be nonlideahigh static prstrain
according to the shape of stresdmin hysteresis loog&6]. This nonlinearity intensifies with
increasing the strain amplitude.

Experimental characterization of NER requires operation of sophisticated commercial testing
machines sometimes with seléveloped fixtures and magnets which could be very time
consuming and financially expensive. On the other hand, efficient utilization of MREs in practical
applicationsvhile havingcontrolon the material propertiésnot possible without having-kepth
knowledge on the material response undarous operatng conditions. Thereforeseveral
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attempts have been made on development of medelble ofpredictng dynamicbehavior of
MREs within a given range of operating conditions.

Severaphenomenological modefmve been presented in the literature whistidly employ
viscoelastic paramet elements such as Maxwell, BeUéen, andvoigt elements or parametric
mathematal formulations to represent the viscoelastic characteristics of the mpt8fjdu9],

[90]1 [92]. These models use several parameters whichlysaae to be evaluated repeatedly for
new operating conditions, e.g. change in the magnetic fietdaterial, etc. Moreover, the
parameters daot have certainly a physical meaning dnely arenot able tanterpret materid@ s
dynamicbehavior. Some recent reseasthdieshave tried to overcome the limitations of the
phenomenological models by combining a fractional viscoelastic model witltrastnuctural
dipole model[93]; however, these modesdill could not well explain the variation in dynamic
propertes of the MREs from the internal structure point of viéysical microscaldased
modeling approaches consider the interaction of embedded magnetized fillers (dipoles) at the
microstructure level and could address the isotropic or anisotropic distnlmitfwarticles in the
host carrier matrix. A coarse grained network model has been projppseaneyko et al[65],
[66] as discussed iI@GHAPTER 1 however,due to its limitationsthe model canot be usedn
practical applicationfor a wide range of frequency and magnetic field.

In the presnt chapter, anovel magnetedynamic microstructurebased modeis developed
based on theelaxaton behavior of the embedded partiaglesde the matrix presentég lvaneyko
et al [65], [66]. The model isused to predict the storagedaloss moduli of MRE materials with
various particle participation rate andveidated with experimental storage and loss moduli data
of MREs in a broad frequency andgnetic field range up thesaturation pointFirst, cubicand
chairtlike lattice d magnetic particles embeddéad an elastomeric medium, a@svestigated in
Chapter2, areutilized to model the isotropic and anisotropic configuration of magnetic articl
in the network respectivelySimilar to thecoarse grained network modgiopose by Ivaneyko
et al [65], [66], particles areonsideed to beconnected with springs representing the elasticity of
the host matrix and each particle has a viscous constant providing the damping effects associated
withpari cl es® motion and that of the mat eiclasal . Th
(Langevinequations) n t he net work are subsequently deriwv
the relaxation times of the particles network under magnetic imucA dipole magnetic

saturatiorformulais then introduced into the model to reldie eigenvalues and relaxation times
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to the magnetic flux density, which is directly measurable in practice. The information of
relaxation timess used in the relaxietn modulus formulation to find the storage and loss moduli

of the MRE as a functionf frequency, magnetic flux density, volume fraction of particles, and
the elastic properties of the host matrix. The material model parameters are finally estimated using
the experimental data. For this purpose, isotropic and anisotropic MRE samplelfferdmt

volume fraction of iron particles have been fabricated and then experimentally characterized under
wide range of excitation frequencies and external flux dessitsing an advanced rheometer
device integrated with electromagnet cell. Finally theoretical results based on the proposed
model are compared with empirical data.

3.2 Magneto-Dynamic Microstructure -based Modeling

In this section, after defining an idehstribution of particles in a cubic network, the governing
equations ofmotion of the particles will be first developed in Cartesian coordinates and then
transferred to normal coordinates. Governing equations will be solved to evaluate the relaxation
time spectrum of particles motion which will be subsequently utilized taledécthe dynamic

moduli of the MRE materials.

3.2.1Defining Ideal Distribution of Particles in Cubic Network

An ideal distribution of particles arranged as a cubic network is considerdte
microstructurebasednodeling of the MRE materialBigure3.1 shows schematically a sample of
ideally arranged cubic network of particles in equally spaced isotropic structure and Hikehain
anisotropic configuran. Particles are located at sites of the cubic network and connected with
springs with elastity constants of0 , O , 0 which represent the elasticity of the three
dimensional network. In addition, a friction constatd assigned to each pataé which provides
the effects of interfacial and intersegmental viscous friction encdmposite polymer material.

Magnetic field is applied on the particle network in vertical direction along y axis.

57



Figure3.1 Ideal arrangement of magnetic particles in (a) equally spaced isotrafiguration (b)
chairtlike anisotropic configuratian

As it can be seen iRigure 3.1, the distance of adjacent particlesxiry, zdirectionsare the
same for isotropic dispersion, this)s & & @& . For the chaidike anisotropic distribution,
the vertical distance is smaller, i®. @ @ and the horizontal distance is smaller the
planelike dispersion of particles.e.&d @ @ . Similar to Eq. (2.26), the parametédr is
employed ® show the anisotropy level of the particle natky defined as:

- (31)
wheref p, corresponddo the isotropic configuratiorand T p presents the chailike

distribution of particleg.  p stands for particles forming a plahle anisotropic structure which
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is not the concern of the ped research study. Considering one unit cell, the voluaotidn of

particles in the mediuras also defined in the Secti@dit.3can be expressed:a

%

YRR (3.2)
where’ -“1 is the volume of one particle. For the isotropic dispersion, volume fraction
simplifies to% -“ — . The elasticity constants of the springs in the general anisotropic

network are a® 0 U because the distancetiveen adjacent particles in the vertical and
horizontal directions are different. For the isotropic network, however, the elasteifycents

take equalvalues@as U0 U 0 .Therefore, for the base isotropic cubic particle network,
® is theedge of unit cell and is the isotropic spring coefficientlsing the equivalent spring
constant formulaod ‘OO0 70 , thespring constants for the case of anisotropic network can be
related to the edge size of tbells ad66]:

0 W
@ 3.3)
0 0 aoo
It should be noted that the corresponding isotropic MRE has the same volume fraction of
particles as theonsderedanisotropic MRE, i.€%0 %0 ,thus the edge sizes of the unit cells

are related asd @ @ @ . Now, considering®d @ and Eq.(3.1), it can & shown that
WXO 17 andd¥H OFXH 1 T. Thus the spring constants can be relatedthe
anisotropic parametér as:
0 U €10 0
e A (34)

For the base isotropic arrangement of particles, shear modulus of el&Stioftyhe material
at zero magnetic field can be related to the parameters of the network. Consideringeh omit ¢
the cubic network under shear deformatitd,can be expreed in terms of isotropic spring
coefficientd and edge of isotropic unit celi as:
O U— (3.5

W
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3.2.2Dynamic Equations of Motion

Brownian dynamics is used in thmicrostructurebasedmodel to describe the motion of
particles. We use the terms of energyfdomulatethe equation of motion of a particle by the
Lagrangeds equat i oYws of thE htle pakiadlenretivorkcjunaiong cargbe
expressed as:

Y w gd > (3.6)

whered and»; are the mass and position vector of a particle, respectimely.’Q»; ¥Q ds the
time derivative of the position vectorhe indexs ¢ £ R runs over the junctions of the
network and numerates all the particEkstic energyY ». and magnetic energy >

of the nth paricle with a position vector ok i A R canbealsoexpressed in the general
form as belo [18], [74]:

v om0 s 1 B
C

(3.7)

N ol i s »® S
v oow Py (3.8)
T Sk ». S

The connectity paramete©,, in Eq.(3.7) is equal tounity if £€- and¢ -th particlesare
connected by a spring and is 0 otherwisein Eq.(3.8) is the partiad polarization which will be
formulated in terms of the flux densitg X in the following and® stands for the vacuum
permeability.Eq. (3.8) is similar to Eqg.(2.15) in CHAPTER 2 Total potential energy of the
particle is thus the summation of elastic and magnetic energy as:

Yo Y wm Y » (3.9)

The dissipative term of the energy associated wiitdrfacial and intersegmental friction in

themotion of a particle can be stateda4]:
O g—». (3.10

where—is the friction constanflo derive the equation of motion for a particle in the network, the

extendedEulek agr angeds equationreia€ used which i
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21 .19 0 (3.11)
Qotwm T T ] '
where, is the Lagrangian defined gs “Ym "Y » , and0. is the generalized force

associated with the motion of thetim particle. By substituting theagrangian and dissipative

energyinto Eq.(3.11), the equation of motion for a particle can be derived as follow:

T,
0

a . —m
Tw

(3.12)

Eq. (3.12) is known as the Langevin equation and is used in dynamic modeling of molecular
systems. In polymeric systemssually an overdamped form tife Langevin equation known as
Brownian equation ofmotion is used which corresponds to the approximation wine@e/erage
acceleration takes pla¢@4]. Therefore, the ingg term is not considered and the equation of
motion for a particle is simplifiedsa

T "

B

0 O (3.13

whereQ is the Brownian force an®@®  is the external load applied on the particle due to
dynamic mechanical loading. The derivative of the elastic energy function can be easily obtained
as:
Y om
T
(3.19)

Due to high nonlinear nature of the magnetic energy functiaylof series has been used to
expand the function in the polynomial form up to the second order. To this epdsttien vectors

of the nth particle and its adjaceht-th particlecan be defined around their average values as:

L 1T m

(3.15)

L R

where »; is the average value and: is the variation around the average value. Indeas,
states the fluctuation of a pate around its average positiofhe magnetic energy which is a

function of the term»  » , can now be expanded using a Tageries as:

2 A R R (3.16)
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wheren™y > » and©O > » are the gradient vector and Hessian matrix

of the magnetic energy function at average positions of the parficess s u p édshows i pt
the transpose forma t r i x . Regar di ng t h #thefissbocdereerivatiaryof or 0 s
themagnetic energy function may be obtained as:

> >

Y om e (SR S R R (3.17)

»
The gradient of the magnetic potential energy at equilibrium state, i.e. at average positions of
the particles is zer@"Y > > ) ard the Hasian matrixat equilibrium statén Eq.

(3.17) is calculated as follow:

rJ Y J Y ry Ul
||T‘|§d’ Tié(gigd)Tig(Jié¢.,|
1 1Y% 1 Ty 1 Y% i _—
Tt Tt |r‘ . . . 1 g —B
O " Pe iTgl, 1is,  T1ed e Pel (3.18)
Py vl v

L]‘IEGT‘IE(,)T‘ISJ‘IEQ) Tigu U

= = isintroduced and the relab »,  » O Qg O Qm

3.19
o (3.19)

The components of the mat

in EQ.(3.18) are obtained as:
- T’ 1@ Q o™ 100 ¢xQ0
poQ o T 7

o o UQQ mQ oQ oQ

w @ o @ - — (3.20)
pPOQ 1°Q Q

P’ ¢crra 0 o0 1

p (p'?’Q T C’F‘Q T’Q 7

<
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Finally, by substituting Eq93.14), (3.17), and(3.18) into Eq.(3.13), the equation of motion

can be written in terms ofw: in the following form:

L 6 11 Ti 0 6 i1 i

G0 Tt T (3.21)

To solve the equation of motion and find the relaxation times of the particle motions, first the
Cartesian coordinatese: are transformed into the normalardinates|k P usingthe following
Fourier transforni74j:

T (o (3.22)

P
The phase shift vect®® —h—h— , with the components vary within the limiting values
of Oand',i.e.—; N T* , determines the pba shift between the displacements of neighboring
network junctions for motions along the x, yazes under excitation of a given normal mode. The
limiting values oP © Tt describe the iphase motion of neighboring particles whee&s
“H H determine modes with owtf-phase motion of particletn Eq.(3.22), = Pis the scalar
product of the vectors.
By substituting §. (3.22) into Eq.(3.21), the first term in the left side of the equat{eri»: ),
takes the following form in the normal coordinates:

- - QP (3.23)
153
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where |k P is the time derivative of the normal coordindteP . Also considering that there are
six particles in the cubic network surrounding thtn particle, the termiaving spring forces in
Eq.(3.21) can be snplified as:

0 6 11 Tl 0 o 1 71

0 6 11 71

(3.24)
O Q0 gy 11 ey pate 1! 2o oo
U Qb 1 ey oie 11 egig o
0

O egie 11 eaaiep |1 ey
which after substitutin of normal modes from E{B.22), right hand side of E{3.24) yields

v ¢ PP PPl p PPk p
P P P
0 ¢ PP PPl p PPk p (3.25)
P P P
0 ¢ PP PP ek p PPk p
P P P

Also as for the general anisotropic network, the horizontal distance between patrticles in the x

z plane and so the spriegnstants are equai 0 . We may write Eq(3.25) as:

O T PP PP Q% Fr Q% |p
(3.26)
O ¢ FF PPFo Q% |Lp

P P

Finally, usingQthAlBul® resEq.{386 aaukd veritten as:
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o 1T PP PP AT cAl §

b ¢ P PPCATG kP (3.27)

¢ PF¢ AT AT . FPp Alg [P
P P

The term associatealith magnetic forces in Eq3.21) also transform to the following form

after substitution of normal modes:

. v 0
pQTOE 1™ g
PO Fhe P B
i P P
v U . © o
PO = Phe @A
P P
., v 0 . oo (3.28)
POTe & PP FPAIBP Qi @gP [P
P P
. v 0 .
POTe = PPp AP Qi @p |P
P
.. v 0 ,
DOTGE p AiBP Qi BP P

By substituting the ulting relations from Eq$3.23), (3.27), and(3.28) into the Eq(3.21),
the homogeneous equation of motion can be sspkas:

QPkp 0 PP AiG AiQ 0 PPp ATG [P
P P P

b . (329

b

alc

POl

Eq.(3.29) can be also written in the following form:
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To be valid, the summand in E(B.30) must be zm:
QL ¢ Al G Al G L p Al G
—k P . v 0 Lp 1 3.31
r POt ¢ 0 r (3.31)

Using relatons in Eq(3.4) and by taking only the real terms into consideratEq.(3.31) can

be subsequentlymsiplified as:

ET_C A6 Al S ET “p AT S |
L po &P ¢ &y,
EP ——y 0S¢ ) x0P T (3.32
T W ATBP »p
& V' g o)

which can be writtenn compact fornmas:

FP =0 m (333
wheret  ——is the minimal relaxation time associated with the base isotropic particle network

in the absence of the applied magnetic field. Mairixas the following form:

y g 0 y
6P _ PR O 5 o Ph (3:34)

whereQs a thirdorder unit matrix. The function PH and the matribd P are expressed

as:
< p < N p .
_ Ph 6T0c Al g Al g 6T op Al & (3.35
6P (3.36)
It is seen that the cubic matrix P is related to the symmetrical matix@j whose

components were obtained in £§.20). Now Equation(3.33) is soled to obtain the relaxation
spectrum corresponding to the normal modgsotntial solution for EQ3.33) is in the following

form:

Fore” (337
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wheretHg the relaxation time for a given normal coordinate. To sfgnfiie solution of the Eq.
(3.33), the dimensionless parameter 1 TtHis defined where_is the inverse relaxatiotime.

By substituting Eq(3.37) into Eq.(3.33), the eigenvalue equation fors obtained in the following
form:

o1 _T (3.38
where the vectofr and the inverse relaxation timeare theeigenvector an@igenvalues of the
matrix 6, respectively. To find the relaxation time and spectrum of the particle network, the
eigenvalue equation in E¢3.38) has to be solved to find the values_ah the three directions

i.e._,_ ,_ . An approximate solution is suggested6] for the eigenvalues of the matix

assumingthat the contribution of the nesiagonal elements of the matrix to the dynamic
characteristics of the network can beglected with a good approximation. It means that the
motion along one direction is independent from the motions aloagother directions. The

approximate solution fqr can be expressed as:

Y Ph _ Ph EU o Pl

'y ,

. P _ Ph EU 6 Ph (339
Cr . y <

y— P _ Ph = o Pf

whered ,6 , 6 are the diagonal elements of the maixPfi defined in Eq.(3.36).

Therefore Eq. (3.39) gives three independent relations for the eigenvalues in the dnections

_ ,_,_ .ltis seen that the eigenvalues _ , _ are functions of—~h—h— and depnd on the

parameter — . In addition,_ and_ are equal at— — —. These eigenvalues define the

relaxation times associated with particle motions parallel to the magneticifleldt ¥_ and
perpendiclar to the field directionftu T 7_ andttu T Z_ . It can be inferred from E¢3.39)
that_ describes the eigenvaluefor the particle network in the absence of magnetid fi&l
should be noted here that dependence of parameters in the above equei@msl| is for the
general anisotropic network of particles. For the isotropic configuration, equal distance between
particles results ih  p and so the parameters onkgpend on the phase shift veckor

The particle polarization, which cannot be directly measured, is related to the magnetic flux

density, which is a directly measurable parameter, using a modified particle saturation model
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originated from the work adolly et al.[51] and discussed ithe previouschaper in Eq(2.19).
Based on this modeparticle polarizationt, for an MRE with volume fraction ofscan be
expressed as a function of the averagegnetidlux density 6, as:

o . .
. C 0o p | (V)
0 (3.40

o
p E%0| |

where0 is the saturation polarization, ands a parameter constrainedthin the range of 0 and
1 as defined in ER.20). The constant paramet€l is assumeto be unity hereQ p. As also
described in th€hapter2, the value of saturation polarizatian, for pure iron is 2.1 T. However,
MRE samples with various volume fraction of particles sallurate at different level of magnetic
induction as observed ithe experimental results in Secti@® Therefore, another constant
parameteri , is used in the model as the coefficient of the saturationipaten to tune for MRE
samples with different volume fraction of iron patrticles.

Using Eqgs(3.39) and(3.40), the eigenvaluges, can now be obtained as a functionFoffor
different values of magnetic flux density, volume fraction %, and anisotropy parametér.
First, we consider isotropic MREs with 1. Figure3.2 shows the spectrum of eigenvaluesas
a functionof — — — — for two MRE samples witl15% and 25%volume fraction of
magnetic particleander 0.0 T and 0.2 T appli@dagnetic flux densigs.

The dashed line ikigure3.2, presents the eigenua_ in theabsence of magnetic field. It
is observed that by applying a magnetic field on the medium, the spectrum of eigenvalues breaks
into two independent branches of eigenvalues associated with motions along () and normal
C _ _ ) to the direction of external magnetic fielBoth the external magnetic field and
volume fraction of particles intensify the breaking levelegjenvalues. For instance, for the
sample with%e 15%,_ decreases while  _ increases with increasing the magnetic flux
density as shown iRigure3.2 (a) and (b). Similar behavior abserved irFigure3.2 (c) and (d)
for the volume fraction dko 25%. On the other hand, at constant level of applied magnetic field,
the sample with higher volume fraction of particles has lower values ahdhigher values of

_ , which shows the fact that sensitivity to the applied magnetic iBaydeater when there

is higher population of particles in the structure.
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Figure3.2 Spectrum of eigenvalugs, in terms of—for isotropic dispersion of particles at various
magnetic field induction: (& p v PO o & ¥ 0,Andd T®& 4,(b)% puLv PO o X 0,A
andd T8 4,(C)% CUPO T @ k0,Andd T 4, and(d)% ¢ v PO T @ & 0,And

0 18 4.

For the chaidike anisotropic dispersion of pafes, the eigenvaluds halso depend on the
anisotropy parametér p. Figure3.3 shows the eigenvalues for an anisotropic MRE With
p L Rt two different values of anisotropy paraméter @and  1@. To doserve the effect
off on the spectrum, magnetic flux densiykiept constant @ & 4. Results show that the
zerofield eigenvalue_ , increases with decreasihgsuggesting that higher eigenvalue (lower
relaxation time) can be achievédthe absence of magnetic fieldy enhancing the anisotropy
nature of theMRE. In addition, under applied magnetic fiegpteater decrease in and greater
increase in.  _ are observed with decreasingThis suggests théte eigenvalues (r@kation
times) become more sensitive to the magnetic fisldhe particlearrangement moves toward
chains (decreaselinfrom unity).

It should be noted that the relaxation time is inversely related to the effective stiffness along a

direction which ca explain the variation of eigenvalues with respect to the applied mafijeletic
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As discussed in th€hapter2 and[18], when magnetic field is @fied onthe particle network
alongthe vy direction, particles along theaxis attract each other leading to negative magnetic
potential energy that reduces the effective stiffness and subsequently increases the relaxation time
along the yaxis (decrease of ). On the other hand, thegtive magnetic potential energy of
particles in the x and z directions, adds to the stiffness in those direction which leads to the decrease
of relaxationtime (increase of  _ ). This trend of eigenvalues in termaapplied magnetic

field is natually more pronounced at higher volume fraction of particles and also for strongly
chaintlike structure of particles as shown in thigure 3.2 and Figure 3.3. Another important
conclusion from results of this part is that the relaxation time of the particle motions at zero
magnetic field depends on the particle distributioh lfut not on thgopulation of theparticles

(%9.

15 T T T T T 15

I~ -4, {isotropic, 4=1) - -2, (isotrapic,#=1)
)

--/\y

A=A

eigenvalues X
eigenvalues A

0.5 05

w4 w2 3nt4 I w4 w2 kKB i
phase shift ¢ phase shift ¢

(@) (b)

Figure3.3 Spectrum of eigenvalugs, in terms of—for anisotropic chattike distribution of
particles with%e p U PO o & X 0,Andd @& T,for (@) m@and(b)] .

According to Eq(3.39) and results oFigure3.2 andFigure 3.3, the decreasing trend of
with increase of external magnetic fieldgit ultimaely yield negative_ and subsequently
negative relaxation timalong the yaxis, tHat sufficiently high magnetic flux densitiegative
relaxation timemeans instability and tendency of a normal mode to move toward infinity which
meanshatunder applied magnetic field, particles diverge from thealretuilibrium position and
theymay rearrange into a new equilibrium s{@&]. Regarding that the rearrangement of particles
is out of the scope of trerrent model, we introduce a critical magnetic flux density, at which
_ is a negative value and thus the model is not apgpkctd magnetic flux densities above this
critical threshold. The critical flux density depsnoh both the anitropy parameteff, hand

volume fraction of magnetic particlés, Thereforeall eigenvalues are positie@d 6 , while
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there are negiake eigenvalues in the spectr@® 0 which is not acceptable. The critical flux
density is calcul@d numerically as a functionjofvarying in the range of 0.1 to 3 (it is noted that
in the present research we are mainly concerned withp) and%.changing from 5% to 40% as
shown in thé=igure3.4. Resultsuggest that at constd&ég the critical flux density occurs at lower
field values for chaifike configuration of particlesf ( p) as compared with the isotropic
particle networki(  p). For instancefor MREs with 15%particle volume fraction, the crial
flux densityfor isotropic networkf(  p) is 0 0.64 T, while it is6 0.5 Tforf &
Besidesfor a constantvalueoft , the critical flux density moves toward lower flux densities at
higher volume fraction of particles. For instagforf =0.6, the critical flux density 6 0.86
Tfor% v Bh whileitisd T® ) for%e ¢ 11 Pt should be noted th#te relation between
"O and%ois obtained a80 p v P RFt  using the experimental resulisesered in Figure
2.23 of CHAPTER 2and this relation is used for the simulations presented in FRgjdrdn
summary, the flux density values in the proposed model cgormtyond the critical flux density

0

10.9

108

107

10.6

Figure3.4 Critical flux density 6 , in tesla versuanisotropy parametgr, and volume fraction of
magnetic particle$6o(%), (  p).
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3.2.3Storage and Loss Moduli of MRE

The results of relaxation time spectrum obtained in the previous section can be effectively
utilized to evaluate the dynamic moduli of the MRE material. Let us consider that the MRE
material is under oscillatory shear deformation \eheragnetic field is ggied normal to the
shearing deformation as shownHFigure3.5.

Y
N H I
Shear deformation

v

X

Figure3.5 An element of MRE material under oscillating shear deformation where magnetic field is
normal to the shear direction

Using the elations developed for the dynamic properties of Haieensional network
polymer systemdq94], the timedependent relaxation modulus of the MRE material in the
framework of onsidered normal coordinates can be writtef6ék
QY  _ Ph - -

. ——Pﬁ‘ Q P LI ¢ il o N o W (3.41)

O o
where’O s the stati shear moduluspis the number of magnetic particles in the unit volume
of the network which can be written @ %%’ . Q p® (649 p 1 is the Boltzmann
constant,Yis the averagabsolute temperature which is 298.15 K for the experintmts in the
current researcfhe triple integral is performed over the volumef the cube with the side length
of “.

The frequencydependent dynamic complex modulus can subsequentlylebeed by
transformingthe timedependent relaxation modulus Eq. (3.41) to frequency domain using

Fourier transform as:

01 @ O 0Q Qo (3.42)
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where) ¢" "@s the angular frequendy rad/s The storage and loss moduli can be obtained
from the real and imaginary parts of the dynamic complex modulus, teshedy substituting

Eq. (3.41) into Eq.(3.42) and performing the timdependent integral, the storag@ , and loss

"0 , moduli can be expressed in terms of frequency as:

. ™ aYy  _ Ph S ) o
O O - < — — Q—Q—Q— (3.43)
- PP _ PR ¢ 0
w qy _ Ph ¢ _ Ph _ Ph
0OQ 0 — = - - 0-Q-Q— (344
— Ph P _ Pf ¢ 0

where’Qs the frequency of the dynamic load in H2. is the stat shear modulus that can be

obtained from quasstatic modeln Chapter2 or from the experimental data. Since practically the

loss modulust low starting frequency is not zemadhas a small valuéQ is added tdhe right
side ofEq.(3.44) to address the initial loss modulus at starting frequency. Therefore, the@alue

will be identified from the experimental results. As mentioned beforis,the minimal relaxation
time of the istropic particle network in the absence of the egbmagnetic field. In Eq$3.43)
and(3.44), U is a constant incorporated into the modulus formulations as a tuniemgegtr. This
parameter could also compensate the effectsoafplex multipolar interactions resulting from
complex structure of particlamn the dynamics of thematerial which are not considered in the
ideal cubic particle network of the microstructin@ed model.

It is noted that stage and loss moduli in Eq8.43) and(3.44) are not only dependent on the
frequency, but also are functions of the applied magnetic flux density, anisotropy pafameter
volume fraction of particles, amdaterial properties of tHeostmatrix. Equationg3.43) and(3.44)
can be practically used to predict theutes of storage and loss modudf the isotropic and
anisotropic MRE materials with different one fractions under varying applied magnetic field
and dynamic shear loading. It is interesting to note that the proposetsrimd&goage and loss
moduli in Egs.(3.43) and (3.44) have minimal nmber ofconstah parameterst(Ohi andf )
which should be identified using experiment. Such versatile models can be effectively utilized for
modeling and analysis of MRBEased devices at early stages of design withandecting time
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consuming and expensive expeeints for different conditions associated with material, magnetic

field and loading excitation.
3.3 Materials and Experimental Methods

3.3.1Preparation of MRE Samples

A silicon rubber with commercial name BEtoflex™ 00-20 is used as the elastomeric matrix
material. This silicon rubber has a densitylod4 g/cn?® and dynamic viscosity of 3000 cPs.
SphericalshapeCIPswith commercialnameof BASF SQwith average diameter of 3.9 teh
anddensityof 7.87g/cn? are 1sed as the magnetic fillers. The spherical shape of the particles and
low viscosity of the selected rubber facilitate the distribution of particles in the matrix and ensures
easy mixing and degassing.

As mentioneckarlierin CHAPTERZ2, samplepreparatiorhasthreestepsin the first step, required
amounts of the silicone rubber and CIPs are mixed for about 4 minutes. The mixture in the next
step is placed inside a vacuum chamineder 28 irHg for about 5 minutes to remove the trapped

air bubbles during mixing. Finally, the mixture is transferred to a cylindrical plexiglass mold and
left at room temperature for about 24 hours. Curing phaseswtihout applying a magnetic field

on the sample for isotropic dispersion of particles. For the anisotropic sample, a powerful
electromagnet apparatus, showrrigure3.6, is used to apply magnetic flux of about 1 T on the
mold for 2 hours in order to form chains of particles inside the material. After 24 NRES,
samples are taken out of the mold and left in the cabinet for at least andtloer2#4efore cutting

and preparation of cylindrical test specimens with diameter and thickh28snam and 1 mm,
respectively Table 3.1 provides infomation regarding foutypes of MRE samples liaicated in

the lab.
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Table3.1 Constituents of the MRE samples

Volume fraction of constituents

MRE sample  Particles Materials
(%)
ID distribution
CIP Silicone rubber CIP Silicone rubber
Sample 1 Isotropic  BASF S@  Ecoflex™00-20 15 85
Sample 2 Isotropic  BASF S@  Ecoflex™00-20 25 75
Sample 3  Anisotropic BASF S@  Ecoflex™00-20 15 85
Sample 4  Anisotropic BASF S@  Ecoflex™ 00-20 25 75
L .

PLEASE
@ TOUCH AN
. ﬁ THIS 7

| 4|

Magnetic field applied
on mold

Figure3.6 Electromagnet device used fapplying magnetic field on MRE fabrication mold

_
(=

3.3.2Microstructure Imaging

Distribution of magnetic particles in the prepared MRE samples is inspected byitakges
from the microstructure using a laser confocal microscope named commercially as OLYMPUS
LEXT OLS4000. Microstructure images are illustrate&igure3.7 for the samples cfable3.1.
The white points in the images show the dispersed CIPs and the black background is the silicone
rubber matrix. As it can be realized, for isotropic MRE gl® (Samples 1 andi@ Table3.1),
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homogeneous dispersion of particles in the matrix is clearly observed while famnitiogropic
MREs (Samples 3 andid Table3.1), particles are structured chainlike form.

od

- 'y
N
3 \'..’

R
£ Sample 1

(@) (b)

(© (d)

Figure3.7. Microstructure images débricated MRE samples (is the volume fraction of
iron particle$. (a) Sample 1, (b) Sample 2, (c) Sample 3, (d) Sample
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