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Abstract

Magnetorheological elastomers (MRES) are novelsclals magneto-active materials comprised of micriaees
ferromagnetic particles impregnated into an elastionmatrix, which exhibit variable stiffness andnaping
properties in a reversible manner under the apjitaof an external magnetic field. Characterizataf highly
complex behavior of these active composites israldmental necessity to design adaptive devicesdbasehe
MREs. This study is mainly concerned with in-depperimental characterizations of static and dyegmoperties
of different types of MREs using methods defineddlated standards. For this purpose, six diffetgmes of MRE
samples with varying contents of rubber matrix afedromagnetic particles were fabricated. The static
characteristics of the samples were experimentalluated in shear mode as a function of the magflak
density. The particular MRE sample with highesthinparticles content (40% volume fraction) was chofe
subsequent dynamic characterizations under braagesashear strain amplitude (2.5-20%), excitatieqfency
(0.1-50 Hz) and applied magnetic flux densitiegdl5@ mT). The results revealed nearly 1672% increatee MRE
storage modulus under the application of a magrikticof 450 mT, which confirms the potential ofetmovel

fabricated MRE for control of vibration and noiseviarious engineering applications.

Keywords. Magnetorheological Elastomer; Fabrication; Chamation; Shear, Elastic and Loss Moduli

1. Introduction

Elastomers are rubber-like solids with viscoelagtioperties, which are widely used as reliable emst-effective
passive damping treatments for attenuation of n@ied vibration in many engineering applications.ctsu
elastomers, owing to their fixed parameters, ar@wkn to be effective in a limited frequency range.
Magnetorheological elastomers (MRES) are a classnafrt composite materials, which exhibit reveesénhd rapid
variations in their dynamic properties under theli@ation of an external magnetic field. MREs ammprised of
micron-sized ferromagnetic particles prearrangedgimpended into an elastomeric matrix. Owing tar trepid
response [1], the elastic moduli of these flexi@art composites can be effectively controlledeany real-time in
response to varying external excitations. The MBS provide greater potential for suppressiorvitsiration in an
active manner in a wider range of frequencies [2Mdreover, MREs exhibit additional desirable feas, such as

low power requirement, fail-safe character, ingérigi to contaminants and no sealing issues (aseggly
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encountered in MR fluids). These are thus consileae reliable smart materials for numerous enginger
applications particularly where an adaptive respassdesired from a rubber-like material such asptde tuned
vibration absorbers [4, 5], adaptive vibration #&ofs [6-8], vehicle seat suspension [9, 10], emgmounts [11],

adaptive beam structures [12], sensing devicesdf®8]MRE based actuators for valves [14].

MREs are composed of three fundamental componé&rmmagnetic particles, elastomeric matrix and th
additives. Compared to their fluid analogous (MRid$), relatively larger sizes of polarizable pads could be
used in MREs since the particles sedimentatioroisarconcern in MREs [15]. Research on the thea&ssribing
the magnetism of iron nanoparticles started byyeH960s [16], and has continued in earliest by Wgraent of
new synthesis techniques for nanoparticles to ingrtheir homogeneity, electrochemical and ecofliend
properties [17, 18]. The reported studies have lyidenployed different sizes of carbonyl iron pddg (CIPs),
ranging from m to 20um. Owing to their high saturation magnetizatiorg @IPs are considered well-suited for
the MR materials [19, 20]. In order to achieveighbr MR effect, the particles must be large enciegbupport at
least several magnetic domains. The MREs have taw®itated using different types of matrix materialich as
silicone rubber, natural rubber, thermoplastic telaers and polyurethane. Furthermore, additivesgaeresrally
used to increase the fluidity and stability of thatrix [21]. Silicone oil is the most common additiin MRE
fabrication, which works as a softening agent, aledreases the storage modulus of the elastomerigxma
Additives also prevent the agglomeration of ferrgnetic particles, and increase the compatibilitythef matrix
with the particles [22]. Such added ingredientssthalp achieve more uniform distribution of intdraess in the
material, which makes the material properties nsteble [21]. The fabrication process generally bggiith
thorough mixing of the three primary componentsrfimagnetic particles, matrix material and addgjvid, 6].
The mixture is then vacuumed in a controlled emrinent in order to extract the air bubbles. Dependin the
MRE type, the mixture is then permitted to curethe absence (isotropic MRE) or presence of a magfietd
(anisotropic MRE). A strong magnetic flux, normallp to 1 T, is applied to realize anisotropic proypef the
MRE. While some silicone rubbers can be cured atnreemperature, a constant temperature abovéClitds been
generally suggested to speed up the curing protessder to achieve substantial MR effect fromisotropic
MRE, the iron particle concentration has to be elmsthe critical particle volume concentration Y8, where the
inter-particle distances are minimal. The pre-cuientation of the particles in this case will rétect the absolute
MR effect [23]. However, the composite with suchhiron particle concentration exhibits high zeiee modulus,
and thereby relatively lower relative MR effect.eTéoftening of the matrix thus constitutes onehefc¢hallenges in

MRE fabrication in order to achieve higher relatM& effect.

Reported studies have employed widely differentrimanaterials, volume fraction and sizes of feregnetic
particles, and additive materials, apart from som@eations in the fabrication method, which are swamzed in
Table 1 [2, 5, 8, 20, 24-42] in a chorological ard€he table presents the matrix compound and ranicles
considered in each study together with the particletent. From the review of these studies, ivislent that the
vast majority of the studies have employed a bleinsilicone rubber with silicone oil as the matdampound and

CIPs with average size ranging from 1 toyhd. Although the reported studies have focused orEMRIth both the



isotropic and anisotropic property, the isotropi®REs have become more widespread since these deaquite
magnetic field during the curing process.

A few studies have evaluated dynamic responsesREdconsidering different applications and exacitadi[6,
8, 43]. These have illustrated considerable chg#iendue to intrinsic hysteresis behavior and calplenlinear
dependence on both the excitation condition andntlgnetic field intensity. Although, the propertiels MREs
have been widely studied during the past decadeguekperimental and analytical methods, standaddize
methodologies for characterization and modelinyl®Es do not yet exist. Reported studies have eneplayidely
different methods and experimental conditions feairacterizing the mechanical properties of MREsyTimay be
classified into two groups based on the operati@uaen namely the uniaxial tension or compression sinple
shear. The studies reporting characteristics of MREhe shear mode may be further categorizedtimbogroups.
The first group of studies is aimed at charactéionaof MRE samples alone [20, 26, 30, 32, 34-38,44], while
the second group of studies is focused on chaizatien of MRE-based devices such as vibration diess and
isolators [2, 7]. Table 2 summarizes the rangeoafding conditions including the excitation frequgnstrain
amplitude as well as the magnetic flux density,stdered in the first group of studies together wite sample
dimensions and the test method. These have empliyaole-lap shear test methods and rheometry tacteize
shear properties of the MREs. The studies usinglthible-lap shear method have employed widely iffesizes
of MRE samples, while those using rheometry havesictered circular samples of the same size. The MRE
hysteresis characteristics, whether in the strigagisor in the force-displacement, however, hagerbreported in
fewer studies [35, 36, 43].

The characterizations of MREs have been mostlytdidhto low frequency excitations and relatively Ietrain
amplitudes. The characteristics of MREs subjedtttain level exceeding 10% at frequencies above &g thus
not fully explored. Apart from the limited range$ loading conditions, the studies are mostly focusea MRE
samples with relatively low ferromagnetic particlesntent. The nonlinear behavior of the MREhich may
resemble that of the viscoelastic materigsthus not fully explored. Moreover, the repor&ddies have employed
widely different test methods for characterizinggerties of MREs. In the present study, the statid dynamic
characterizations of MREs were performed in acamdavith the available standardized methods fobeuptype
materials under wide ranges of strain amplituded ercitation frequencies. Isotropic MREs with diffet
ferromagnetic particles content and matrix matexi@te fabricated in the laboratory, and effectshef constituents
on the magneto-mechanical properties were inveastiganamely, the zero-field shear modulus, andivelaand
absolute MR effects. The static characteristicthef MRE samples, obtained using the standardizedblddap
shear test, revealed substantially higher MR eféé¢he sample with higher volume fraction of irparticles. The
dynamic characterizations of the sample with enbddR effect were subsequently performed underrsieain
ranging from 2.5 to 20% in the 0.1 to 50 Hz frequerange, and varying magnetic flux density (0-450). The
measured data are used to determine dynamic piep@f the MRE in terms of elastic and loss sheaduti

(G',G"), and their dependency on the loading conditiemwell as the applied magnetic flux density.



Table 1: The matrix compound and iron particlestennused in MRE samples fabricated in selectedrteg studies.

. . Particle Type of
Study Matrix Particles content MRE
Shiga [24], 1995 Silicone gel Iron (1,06 Up to 28% Vol Anisotropic
Jolly et al. [19], 1996 Silicone oil CIP (3uh) 10 to 30% Vol Anisotropic
Ginder et al. [26], 1999 Natural rubber CIP (0\5¥H 27 and 40% Vol eqroplc &
nisotropic
Bellan et al. [27], 2002 S|I|q(_3ne rub_ber; _CIP (a*m.) 5 to 25% Vol Anisotropic
Silicone oil Nickel particles
large & irregular
o shaped pure iron
Lokan[(;%r] azrgjogtenberg N:élrlelc:ﬁit':ﬁlz rs particles (60,180, - Isotropic
' y 200um); and
CIP (3.9-um)
Farshzz%g;al. 28], Silicone rubber CIP (318n) 27% Vol Anisotropic
Natural rubber IrreCLIIDa(rAlik;:Jnrz | antc:cles
Kallio et al. [29], 2005 Silicone rubber 9 (up top - Anisotropic
Thermoplastics 200um)
Silicone Rubber; 20 to 70% .
Gong et al. [30], 2005 silicone oil CIP (3um) Weight Isotropic
combination of 40m
Lockettzeog'éal. [31], Silicone rubber and 1@um iron Up to 32% Vol Anisotropic
particles
Combination of .
Stepanov et al. [32], Silicone rubber 2-4um and 2-7Qm 30 to 37% Vol Is_otrop|c_
2007 . Anisotropic
Iron particles
Lerner et al. [33], 2007 Silicone rubber CIP (@9 Up to 35% Vol Anisotropic
. . CIP (qum) 0 Isotropic &
Bose et al. [34], 2009 Silicone rubber CIP (4Qum) 0 to 35% Vol Anisotropic
Jung et al. [35], 2009 Silicone rubber Iron paesc(1Qumn) 30% Vol Isotropic
. Silicone rubber; 0 . . .
Li et al. [36], 2010 silicone oil CIP (5um) 60% weight Anisotropic
Danas et al. [37], 2011 Natural rubber CIP (OuBap 25% Vol Anisotropic
Gordaninezfigd ot el. Silicone elastomer CIP (248m) 30 to 70% weight  Anisotropic
[38], 2012
. "RTV Silicone 0 . .
Li et al. [39], 2013 Rubber 5um 30% Vol Anisotropic
. Silicone Rubber; 0 .
Li et al. [8], 2013 Silicone Oil CIP (3-3um) 23% Vol Isotropic
Agirre-Olabide et al. Silicone rubber; o Isotropic &
[40], 2014 Vulcanizer CIP (1.25:0.55m) 10 to 30% Vol Anisotropic
Sunetal. [2, 5, 41], Silicone Rubber; ) 0 . .
2014-2015 silicone oil CIP (3-3um) 75 to 80% weight  Isotropic




Silicone rubber;

- 0 i
Yu et al. [42], 2016 Silicone Rubber CIP (3-qum) 23% Vol Isotropic
Vatandoost et al. [22], Silicone rubber; . .
2017 Silicone oil CIP (3-qum) 70% Weight Isotropic
Wan et al. [45], 2018 Silicone rubber CIP (r9) 30% Vol Anisotropic

RTV, Room-Temperature-Vulcanizing.

Table 2: Summary of test methods and conditiond@&yeq for characterizations of MREs samples inrtported studies.

Authors- Year

Sample shape/dimensions
Test method

Magnetic flux
density

Ginder et al. [26]

Disc-shaped specimens
Double-lap shear

Frequency Amplitude
range range
2 Hz 1.5, 3, 6%

Up to 1500 mT

2.5% at 1 Hz decreased with

Lokander and 20 x 15 x 2 mm? . . 0 170 kA/m
Stenberg [20] Double-lap shear Increasing freqﬁgncy to'G6 at 21 (= 214 mT)
6 x 10 x 30 mm3 100 - 600 Hz
Gong et al. [30] Single Shear (Random) Not Reported 0 and 200 mT
Up to 30% shear
10 x 10 x 5 mm?3 . strain at OmT,
Stepanov et al Double-lap shear Stalig Up to 15% shear Up to 80mT
panov et al. strain at 80mT
[32] .
Circular
(*d = 20mm, *t = 1mm) Upto5 Hz Not Reported 30~70 mT
Rheometery
Bose and Roder - o
[34] Rheometery 10 Hz 1% Up to 700 mT
19.05 X 12.7 X 12.7 mm?® 1.0,3,5mm
Jung et al. [35] Double-Lap shear 0.1to 3 Hz displacement 50~500 mT
Circular
Popp et al. [44] (*d = 20mm, *t =1mm) UP(;)NigO)HZ 0'1’115’;’ 10, 409 mT
Rheometery P 0
Circular
Li et al. [36] (*d = 20mm, *t =1mm) 1,5 and 10 Hz 1,5, 10, 50% Up to 750 mT
Rheometery
Up to non-
24 x 12 x 12 mm? . 0 dimensional
Danas et al. [37] Double-lap shear Static Up to 15% magnetic field
=h/poMy = 1
Gordaninezhad et 22.45x12.7 X ; o 0, 590 and 990
al. [38] (6.35,12.7,19.05, 25.4) mm3 Static 0.1t0 10% mT
Double-lap shear
i 3
Norouzi et al. 50X 12X 9.5 mm 0.1t05 Hz 2,4,8,16%  100to 272 mT
[43] Double-lap
0
Circular 1Hz Ok(s)\}vgég)/o
Jung et al. [46] (*d = 20mm, *t =1.2 mm) 1 to 100 rad/s U?jigg:inkTp)\/m
Rheometery (0.16 to 15.9 Hz) 0.02 % -

(sweep)




* d = diameter; t = thickness

2. Fabrication and Experimental Method

Six different types of MRE samples were fabricatedthe laboratory with varying volume fractions tife
ferromagnetic particles and the matrix materials@smarized in Table 3. Spherical carbonyl irortipias (BASF-
SQ) with diameter ranging from 3.9 tqu were dispersed into the matrix material, which wlassen as a silicone
rubber (Eco-Flex Series, Smooth-on, Inc.). Furthmentwo additives were used, including the sla¢senooth-on,
Inc.) as the softening agent and the silicone #infEmooth-on, Inc.) as the diluting agent. Accogdio the
manufacturer’s (Smooth-on, Inc) guidelines, slackieanges the feel of the silicone rubber to a softaterial,
while the silicone thinner lowers the mixed vistpsif silicone rubber products [47]. The mixturesmvased to
fabricate the MRE samples using the methods regpant§4, 6]. Briefly, the process was initiated eymputing the
desired weight fractions of each component, whies iollowed by thorough mixing of all the ingredierin a
container using an electrical blender for nearlyifutes. The mixture was then placed in a vacuuamdtter for 5
minutes under 29 in-Hg pressure. The grey blendsuésequently poured in circular molds (100mm diamel0
& 5mm thick), and cured for 20 minutes at a tempeeof about 65°C. Six different types of samplesed in
Table 3, are denoted dgpe 1 to Type 6. Apart from the CIP and matrix material fractiotise fabrication process
involved variations in the slacker and thinner eoms$. Type 1 to Type 3 samples were fabricated without the
additives, while only softening agent was usedTigre 4 andType 5 samples. Tha@ype 6 sample included both the
softening and the diluting agents (slacker andailithinner). The use of additives was essentialnfixing of
uncured blends foFype 5 andType 6 MRE samples due to their greater CIP content (8040% volume fraction).
The reason for using 10% silicone thinner for MRigle type 6 is to bring the viscosity of the wholixture to a
lower value, otherwise it was not possible to thigtdy mix the iron particles with the silicone rstand slacker

due to high viscosity of the mixture. Figure 1sfitates a typical MRE sample fabricated in the fatoy.

Table 3: The volume fraction of the constituentsdis different types of MRES.

Volume fractions of constituents

MRE

sample CIP Silicone rubber Slacker Silicone thinner
Typel 12.5 875 - -

Type 2 175 82.5 - -

Type 3 25 75 - -

Type 4 25 60 15 -

Type 5 30 50 20 -

Type 6 40 40 10 10




Figure 1: A pictorial view of a MRE sample.

2.1 Experimental Setup and Methods

Two series of experiments were designed for chariaetion of static and dynamic properties of thRBsamples
in the shear mode. The experimental methods weneulated on the basis of standardized test mettiefised in
ISO-1827 [48] and ISO-4664 [49] for characterizatiounder static and dynamic conditions, respegtivEhe
experiments under dynamic conditions were desigimedhclude relatively broad ranges of strain as|ves
excitation frequencies in order to obtain dynamharacteristics of the MRE over a wide spectrumazfding

conditions. The methods and the experimental sé¢smned in the study are described below.

A double-lap test setup was designed to charaetéhiz stress-strain properties of MREs in the sheade under
both static as well as dynamic conditions. The sheading fixture was constructed via 3D printingaovery stiff
polymer, Bio-Flex V 135001. Rectangular specimeRSn{m x 20mm x 5mm) of each types of MRE were
prepared for the static and dynamic tests, as remnded in ISO-1827 [42]. The test specimen waswi@hed
between the inner and outer members of the doalpleshear test fixture, as shown in Figure 2. Thgesments
were conducted using the table top Bose Electra=88200 test system in the displacement control mbHde test
fixture with the specimen was attached to the s$gstem via two non-magnetic material shafts. Theeushaft,
fixed to the actuator, was attached to the innember of the fixture. The lower shaft attached t® dhuter member

of the fixture was attached to the fixed base viaaal cell. Neodymium permanent magnets were usegnerate

the desired magnetic flux density. Two sets of @eremt magnets (50mmx50mmx10mm each) were positioned

symmetrically about the central axis of the tesa@gement so as to apply the magnetic field inttiiekness
direction of the specimens, as shown in Figuret® fixture holding the permanent magnets was desdigo as to
permit variations in the distance between the misgaed the fixture containing the specimen. Thismited

variation in the density of the magnetic flux impdson the MRE specimen. The use of non-magnetienmahfor

the dual-lap fixture and the shafts ensured minimagnetic field leakage. The magnetic flux densi®g measured
in the vicinity of specimen’s thickness center gsin Gauss-meter, which was, about 5 mm from the d¢f
symmetry of the test fixture, as shown in FigureFBure 4 illustrates variations in the magnetiaxfldensity

measured at the distance of 5 mm from the lineyofirsetry considering six different distances betwées

magnets, ranging from 25 to 75 mm. The measured daggest that the magnetic flux density decreases

exponentially with increasing distance between rtiegnets. The results further suggest that thestssip could



provide static and dynamic characterization of MiRE specimens under magnetic flux density in the 5450

mT range.

Inner member

MRE test pieces

Outer member

Figure 2: Dual-lap shear test fixture with MRE Sp&ns.

Figure 3: Double-lap shear test set-up fixed withiem Bose ElectroForce test system and arrangeoh@ermanent

magnets.
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Figure 4: Variations in the magnetic flux densitgasured near the center of the MRE specimen thiskwéh
distance between the permanent magnets.

2.1 Static Characterization

Static tests were performed in accordance with 1807 [42] by applying static shear deformationtte $pecimen
via the inner member. The deformation was applied ramp manner at a rate of 5 mm/min to achieverman
shear strain of 30%. This corresponds to peak defttons of 1.5 mm of the 5 mm thick MRE speciméenhse
deformation was measured using the displacemesbseintegrated within the test system, with reSofuof Jum.
Both the displacement and force signals were aeduit a sampling rate of 2000 Hz. The data weraisstjunder
three different intensities of the applied magnétig (150, 300 and 450 mT), which were achievedelecting the
distance between the permanent magnets as 75mmm 40 25mm, respectively. The experiments with each
specimen were performed under deformations in fheaud as well as downward directions. Furthermesgh

measurement was repeated two times.

Owing to the symmetric nature of the test arrangeme noticeable difference was observed betwieenests
results obtained under deformations in the upwa downward directions. The data acquired durirtgads for
each specimen were thus averaged for characteribingnean stress-strain characteristics of theisees. The
mean static shear modulus of six different MRE damponsidered in the study were subsequently ctedpusing
the method described in 1SO-1827 [42]. The meararsheoduli of different types of MR samples are liert
analyzed to obtain their respective absolute a$ agetelative MR effects. The absolute MR effecti&gfined by
difference between the shear moduli measured uwhdemaximum (450 mT) and minimum (0 mT) magnetixfl
density. The ratio of this absolute change to tleelufus obtained in the absence of the magnetid fiebvided the
relative MR effect of the each type of sample.

22 Dynamic Char acterization

The measurements of dynamic characteristics weritelil to the MRE exhibiting greatest MR effect, athiwas
observed for the sample with highest fraction aboayl iron particles. Type 6). The reported studies have shown

important effects of excitation frequency and defation amplitude on dynamic properties of MREs afyam the



magnetic flux density. The vast majority have bdiemited to low frequencies up to only 10 Hz or Iastrain
amplitudes (Table 2). Gong et al. [27] characteliaa MRE under single-shear and random excitatictné 100-
600 Hz, while the magnitude of excitation was natexl. Popp et al. [41] investigated dynamic prieerof a
circular MRE using rheometry under excitations stugpto 100 Hz. The study, however, consideredrg thin
MRE sample (1mm). The experiment in this study wasigned to characterize the sample properties \wig
ranges of harmonic strain amplitude and frequeany, flux density. The measurements were perfornneufour
different amplitudes of harmonic strain (2.5, 5,at@ 20%), each being applied at four differengjdfiencies (0.1, 1,
10 and 50 Hz). Measurements under each input wsoeparformed under four different densities of thagnetic
flux, namely, 0, 150, 300 and 450 mT. The experingesign thus resulted in a total of 64 measuresadifte force
and displacement signals were acquired during seasurement, while the sampling rate was adjustadhieve a
total of 100 measurements per cycle, irrespectfuli@ excitation frequency. The measured data \eesdyzed to
describe shear stress - shear strain characteristithe sample as functions of the three inputsnaly, strain
amplitude, frequency, and magnetic flux densitye Tdata in the steady state alone are considerattgoribe
hysteresis in the stress-strain loops. The dynamiperties of the MRE sample such as storageti®@lasd loss
moduli are further quantified from the stress-stiaysteresis loops using the method described@n4&64 [49].

4. Results and Discussions

4.1. Static characteristics of the MRE samples

Figure 5 illustrates mean shear stress-shear giraperties of the MRE sampletydes 1 to 6) obtained from the
static tests considering four different magnetixfiensities. The results show increasing stiffridsthe samples
with increasing magnetic flux density, which hasoabeen reported in [39, 50]. The mean measureal staiw
nearly linear stress-strain behavior of the MREshi@ absence of the magnetic field, similar to thfathe filled

rubbers [51]. The nonlinearity in the stress-straiationship is apparent under the applied magriigtid, which is
more pronounced under the higher magnetic flux &0 4T for all the samples. This nonlinearity is thar

compounded by increase in the volume fractionaf particles, which is more evident fiypes 4, 5 and6 samples
(Table 3). Under lower strain excitations (below )5%e slopes of stress-strain curves tend to dsereand
approach to nearly constant values with furtherdase in the strain. The gradual decrease in tipe sif the strain-
stress curve has been related to strain softerfiagacteristic of filled rubbers [36, 51]. The higheagnetic flux
densities, however, show a significant reductiothaslope, which is clearly evident for all typesler the 450 mT
field density. This trend has been attributed t@kesming of the dipoles network due to greater dista between
the adjacent iron particles under increasing sfi2n 36]. This effect is more noticeable for MB&mplestfpes 4,

5 and6) with higher fraction of iron particles under espioe to higher magnetic flux density. The data iokthfor

the Type 6 sample also exhibit increase in the slope of stiesn curve under strain amplitudes exceeding 20%
magnetic field densities of 300 and 450 mT. Thendr was also noted in the data for other typebpafh the
change in slope was very small. Such strain siiffgeffect under large strain deformation has aksen reported in

a few studies focused on dynamic behavior of theEBIR, 22]. This strain stiffening effect has atsn attributed
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to limited extensibility or saturation of the polgmchains [52], which contributes to increase i shear modulus
of the polymer.
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Figure 5: Stress-strain characteristics of MRE dampnder different levels of magnetic flux densfg) Type 1;
(b) Type 2; (c) Type 3; (d) Type 4; (e) Type 5; and (f) Type 6.

The average static shear moduli of the MREs arthdurevaluated for different magnetic flux densitiesing the
method described in 1SO-1827 [48]. The standardndsfthe shear modulus as the ratio of shear stoeskear
strain corresponding to 25% strain. Figure 6 shgwsations in the shear moduli of all the MRE saespWith
magnetic flux density ranging from 0 mT to 450 MW¥hile the mean static shear modulus of all the $esnp
increased with the applied flux density, the MREwgreatest concentration of iron particlegé 6 - 40%) exhibits
highest static shear modulus in the presence ofridignetic field. The results also suggest saturatiothe shear

modulus of MREBype 6 under magnetic flux density exceeding 300 mT. Bimtendency has also been reported in
[19, 53].
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Figure 6: Variations in mean static shear modufudiRE samplestfpe 1 to type 6) with the magnetic flux density.

The measured stress-strain data are further eealuist terms of zero-field shear modulus, shear rusdu
corresponding to the maximum magnetic flux densithyd relative and absolute MR effect. Results, sarirad in
Table 4, are used to evaluate relative effecthefdonstituents on static properties of the MREsidated in the
study. The effect of CIP fraction alone can be eatdd from the properties dfpe 1, 2 and3 samples with CIP
volume fractions of 12.5%, 17.5% and 25%, respebtivThe results suggest that increasing the ClRme
fraction yields slight increase in the zero-fieltear modulus but substantially higher modulus ud@&& mT flux,
and absolute and relative MR effect. This is likélye to stronger dipoles network of the elastomigr higher CIP
concentration. The absolute MR effect increasesiyndéaearly with the CIP volume fraction. Increagi the CIP
volume fraction from 12.5% to 25% yields over 10@%6rease in the absolute MR effect. The correspandi
increase in the relative MR effect, however, is Benawhich is due to higher zero-field shear madufor the

higher CIP fraction.

Table 4: Static magneto-mechanical properties efdbricated MREs

MRE type Iron particles Zero-field shear Shear modulus at Absolute MR Relative MR
content (%) modulus (kPa) 450 mT (kPa) effect (kPa) effect (%)
1 12.5 32.62 59.64 27.01 82.80
2 17.5 36.67 71.83 35.16 95.90
3 25 49.40 109.84 60.43 122.31
4 25 22.53 90.47 67.93 301.41
5 30 37.72 149.07 111.34 295.15
6 40 32.66 214.21 181.54 555.74

Comparisons of properties tfpe 3 andtype 4 MREs show the effect of the softening agent sinath types use
identical CIP content (25%).Type 4 MRE was realized by adding slacker (15% volumetfom) to the matrix
material. The results suggest that addition ofsthiéening agent reduces the zero-field shear mededasiderably,
which is less than one-half of that type 3. The softening also yields about 17% reductiothin maximum shear
modulus when compared to thattgpe 3, while its and absolute MR effect increases byuald®%. The relative
MR effect, however, increases to about 301% froi2942or type 3 with the addition of the softening agent, which

is due to significantly lower zero-field shear mhduof the type 4 MRE. Moreover, this may be htited to the
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fact that the slacker (softening agent) preventsliped accumulation of iron particles and faciét frictional

sliding at the interface between the matrix andptieicles [22].

Type 5 MRE contains 30% volume fraction of CIP in addititm the slacker (20% volume fraction). The CIP
concentration of 30% is close to the critical paetivolume concentration (CPVC), defined as théoraf the
apparent density to the balk density of CIP, whigheported to be 29.1% for BASF SQ - carbonyl ipmwder
[29]. In this case, the particles may be in phgisgontact with each other, although it may yielaximum relative
MR effect [29]. While the CIP concentrationtype 5 is only 5% greater than that of type 4, it extsbiearly 68%
and 63% higher values of the zero-field shear magjudnd absolute MR effect, respectively, compéaoeitietype
4. The relative MR effect of both types, howevergisite comparable, which is due to higher zerddfihear
modulus of MRRype 5. This suggests that the relative MR effect maymemtessarily approach the maximum when
CIP concentration is close to the CPVC. Greateatinat MR effect can be obtained by softening therixauring

the fabrication process.

The results obtained faype 6 MRE are compared with those types 4 and5 to identify the effects of silicon
thinner on the static properties. It should be ddteat thetype 6 MRE is composed of 40% CIP, 40 % silicone
rubber, 10 % slacker and 10 % silicone thinnerftalttions are by volumes, as listed in Table Bje results show
nearly 13% reduction in the zero-field shear modwiitype 6 compared tdype 5, while its maximum modulus
under 450 mT flux density is nearly 120% of thattygfe 5. Thetype 6 MRE yields the highest absolute (181.54
kPa) absolute and relative (555.74%) MR effectsragaball the MRE types considered in the studyhigelative
MR effect cannot be entirely attributed to its loveero-field shear modulus, which is either compkrar higher
than thoseypes 1 and4. The results suggest that both the maximum shedulas and the relative MR effect of an
MRE can be significantly enhanced by increasinggasicle volume fraction beyond the critical valgeovided
that an adequate level of a softening agent is tsdidhit the zero-field shear modulus. Such an M&# yield

wider control bandwidth in view of the elastic dnds modulus properties.

4.2. Dynamic char acteristics of the MRE samples

The dynamic characterizations were performed tyjpe 6 MRE alone, which revealed highest absolute arativel
MR effects. The measured data are analyzed to shelynfluences of excitation frequency, strain &mge and
magnetic flux density on the stress-strain propsejtcomplex shear modulus and hysteresis. Thacekasd loss
shear moduli of the MRE are further evaluated ugiiregmethod described in ISO-4664 [49].

4.2.1 Effect of excitation frequency

The measured data revealed important effects afagin frequencies on the stress-strain charatiesi of the
MRE, especially on the hysteresis. As an exanmipiguyre 7 illustrates the stress-strain charactesisheasured
under 10% shear strain at different frequenciethén0-50 Hz frequency range. The results also sheweffect of
magnetic flux density. Nearly visco-elastic behayvgmilar to that of a filled rubber, is obseniadthe absence of

the magnetic field. The slope and hysteresis of dtress-strain loops increase considerably withregming
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frequency under 0 and 150 mT flux density, as $edigs. 7(a) and 7(b), suggesting strong depereleheffective
stiffness and damping of the MRE. This frequengyetelence of the stress-strain characteristics, yenveends to
saturate under higher magnetic flux densities, e $n Figs. 7(c) and 7(d). The results also shwt perfectly
elliptic hysteresis loops, obtained in the absemicthe magnetic field, transform to non-elliptidabps with the
applied magnetic field. This nonlinear tendencyrisre apparent under 300 and 450 mT flux densityichvis

attributed to the strain softening effect, as obseiin static stress-strain propertiegype 6 MRE in Fig. 5(f).
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Figure 7: Excitation frequency dependence of stretsain characteristics of MREype 6) measured under 10%
shear strain and different levels of magnetic flexsity: () OmT; (b) 150mT; (c) 300mT; and (d) #80

The frequency dependence of the stress-stresscthidstics yields significant effect of the excitat frequency on
the elastic and shear moduli of the MRE, as seeRigs. 8 and 9, respectively. The results are ptesefor
different magnitudes shear strain and flux den®igth the moduli increase with increasing frequeimcy nearly
exponential manner under 0 mT or lower flux denglfy0 mT), irrespective of the strain amplitudeeTdbserved
strain rate stiffening effect is similar to thapeoeted for filled rubbers [54]. Both the moduli nrease substantially

with increase in the strain and the flux densitye Tependency of the moduli on the excitation feeqy, however,
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diminishes with increasing magnetic field, as siedrigs. 8(c), 8(d), 9(c) and 9(d). This is likelye to saturation of
the MRE under higher magnetic flux density, as olex in the measured stress-stress data in Fighd.MRE
exposed to higher magnetic field yields relativhigher increase in the loss modulus compared tostbeage
modulus, irrespective of the strain amplitude. stance, the loss modulus of the MRE under andlflox and
2.5% strain increases from 11.95 kB&0.75 kPa¥408%), when the frequency is increased from 0 t&150 The

corresponding increase under 450 mT flux densibniy 33.74% (392.7 kPa to 525.2 kPa), althoughiribeease is
guite considerable.
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Figure 8: Effects of excitation frequency on elastiear modulus of the MRE subject to differerdiatamplitudes
and magnetic flux density: (a) OmT; (b) 150mT;36PmT; and (d) 450mT.

15



180 180
——25%
160 - |—6—5% 160
10%
140 | |~*—20% 140
g &
X 120 X 120
E E
§ 100 _§ 100
= =
= 8ol s 80
3 3
< <
[Z] w
w» 60 » 60
8 8
3 — [¢
40 f wf
20 _ 20
[0
o . . 0 ‘ ‘
107 10° 10" 102 107! 100 10° 102
Frequency (Hz) Frequency (Hz)
(@) (b)
550 . . 550
—¥—25%
500 [ |—o—s5% 500
10%
450 | s 0% 450
g 400 )
4 ¢ 400
8 350 8 350
=] =3
8 8
2 300 2 300
= =
g ©
D 2504 3 250
2 [}
% 172
82001 % 200
- ( -
150 1 150
100P_’_~/./' — 100
50 : : 50

‘ .
107 100 10’ 102 107" 10° 10’ 102
Frequency (Hz) Frequency (Hz)

(©) (d)
Figure 9: Effects of excitation frequency on lossa modulus of the MRE subject to different stimimplitudes
and magnetic flux density: (a) OmT; (b) 150mT;36PmT; and (d) 450mT.

4.2.2 Effect of strain amplitude

Increase in the strain amplitude yields substdptlalver storage and loss moduli, especially in pinesence of a
magnetic flux, irrespective of the excitation fregay and flux density, as seen in Figs. 8 and 1@ Significant
effects are further evident from the stress-stchiaracteristics, shown in Figure 10, in terms opsland hysteresis.
The results are presented considering the exaitdtenuency of 10 Hz and different magnetic fluxsiées. The
slope of the hysteresis loop, representing theagiomodulus of the MRE, decreases substantially iwitrease in
the strain amplitude. This tendency is more progednunder higher magnetic flux density. Moreovére t
hysteresis loops under low strain amplitudes aglpelliptic and transform to non-elliptical shapeder higher
strain amplitudes. This suggests that the MRE behdike a nonlinear viscoelastic material undemhsgrain
amplitudes and flux density, irrespective of theigtion frequency. Under lower applied magnetgdi(150 mT),
the transition from linear to nonlinear behaviocwas at relatively higher strain amplitude (abo9é)5while it is
observed around the low strain (2.5%) under thbdridux density of 450 mT.
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Figure 10: Effect of strain amplitude on the meadwstress-strain characteristics of the MRE in &mspear mode
at 10 Hz and different magnetic flux density: (&)1 (b) 150mT; (c) 300mT; and (d) 450mT.
The effect of variations in strain amplitude on #hastic and loss shear moduli of the MRE aretilatsd in Figs. 11
and 12, respectively, considering different ex@tatfrequencies and magnetic flux densities. Thailte clearly
show that both the moduli decrease with increagkdrstrain amplitude in an exponential mannereeisfly in the
presence of the magnetic flux. As expected, itiseoved that the elastic shear modulus decreasest®asing the
amplitude of excitation. The rate of decrease i tioduli, however, tends to be lower under stramplaudes
exceeding 10%. Moreover, the strain amplitude ddeece of the elastic and loss shear moduli is hotailgher

under higher magnetic flux density.
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Figure 11: Effect of strain amplitude on the elastiear modulus of the MRE at different excitafi@guencies and
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Figure 12: Effect of strain amplitude on the losea& modulus of the MRE at different excitatiorgfrencies and
levels of magnetic flux density: (a) OmT; (b) 150n(d) 300mT; and (d) 450mT.

4.2.3 Effect of magnetic flux density

Figure 13 illustrates the effect of magnetic flusndity on the measured stress-strain characterisfithe MRE
subject to different amplitudes of shear deformmatiba frequency of 10 Hz. The results show sulistdancrease in
the slope and area bounded by the stress-straiarbgs loops with increase in the applied magrfeticdensity.
These suggest substantial variations in the dynatmcacteristics (stiffness and damping) of the MRt varying
magnetic field, as reported in many studies [6,THese have invariably emphasized the potentidopeance
benefits of the MRES, owing to the strong dependefaheir dynamic behavior on the controllable netg flux,
which is perhaps better characterized in term&i@fshear moduli. The effects of varying the magniéiix density
on the resulting elastic and loss shear modulhefMRE {ype 6) are shown in Figs 14 and 15, respectively, fer th

ranges of strain amplitude and excitation frequesarysidered.
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Figure 13: Effect of magnetic flux density on theasured stress-strain hysteresis loops of the MiREfanction of
different strain amplitude at 10 Hz: (a) 2.5%; %%; (c) 10%; and (d) 20%.
The results show that both the elastic and losarstmeduli of the MRE increase substantially witbremase in the
magnetic flux, irrespective of the excitation fregay and the strain amplitude. The saturation i ¢kastic
modulus is observed under higher flux density ab®h Btrain, as seen in Fig. 13(d). The saturagondéncy in the
loss modulus is notable under higher flux densitydll strain amplitudes considered. The magnitusfegbsolute
and relative increases in the elastic and lossrameduli of the MRE are substantially higher unttewer strain
amplitudes as well as lower excitation frequendis. instance, increasing the magnetic flux derfsiyn 0 mT to
450 mT at the excitation frequency of 1 Hz caukesaiastic shear modulus to increase from abouP&®& nearly
893kPa (1383% relative increase) under 2.5 % s$teain. The corresponding relative increase ingllastic shear
modulus under 20 % shear strain is only 422% (fnearly 51 kPa to 265 kPa) (422.72% relative in@gakable 5
summarizes the relative MR effect achieved underagpplication of 450 mT magnetic flux density undiéferent
loading conditions (strain amplitude and frequentyp to 1672% increase in the MRE storage modwdwbserved

under 2.5% strain amplitude at the low frequenc@.af which decreases to about 252% under 20%nstraplitude
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at 50 Hz. Such a substantial change in the reld#® effect of the MRE with relatively higher

ClPafttion

suggests its greater potential for applicationsantrollable vibration absorbers and isolators.
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Table 5. Relative MR effect of the MREy¢e 6) corresponding to 450 mT magnetic flux density diffitrent

loading conditions.

Strain Frequency Relative MR effect Strain Frequency Relative MR effect
amplitude (%) (Hz) (0 mT to 450 mT) | amplitude (%) (Hz2) (0O mT to 450 mT)
25 0.1 1672.1% 10 0.1 796.48%

25 1 1383.66% 10 1 666.21%
25 10 1002.28% 10 10 464.01%
25 50 815.44% 10 50 371.32%
5 0.1 1193.77% 20 0.1 510.21%
5 1 924.46% 20 1 422.72%
5 10 691.64% 20 10 323.83%
5 50 574.73% 20 50 252.66%
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5. Conclusions

This study presents static and dynamic charadteristf MREs, fabricated in the laboratory, using timethods
defined in ISO-1827 and 1SO-4664 under broaderegsamf excitation frequency and strain amplitudeafrom
the significant effect of the ferromagnetic padicontent, the MRE with a softening agent revealdibtantial gain
in the relative MR effect. Increasing the iron paet content beyond the critical value can yielbstantially higher
MR effect provided that an adequate level of aesviftg agent is used. The dynamic properties oMRE with
40% iron particle volume fraction revealed sigrafit hysteresis in stress-strain data, which wasrsstmic in the
simple shear mode. Both the slope and area bouwyldte stress-strain hysteresis loop, which rdlatelastic and
loss shear moduli, showed strong and coupled depeedon the loading condition (strain amplitude eatd) and
the applied magnetic flux density. The hysteresigp$ showed nearly visco-elastic behavior of theBVIR the
absence of the magnetic field but non-linear progerwith increasing magnetic flux, strain ampléudnd
frequency. The nonlinear behavior was attributedsttain softening, strain-rate stiffening, and metgn field
stiffening or saturation phenomena. With the agpian of a 450 mT magnetic flux, the MRE revealpda 1672%
increase in the storage shear modulus under 2 & stmplitude at a frequency of 0.1, which deceda® nearly
252% under 20% strain amplitude at a frequencyOofis. The potential for realizing such a substamg#én in the
MR effect suggests highly promising features of MBE with higher iron particle fraction for appligans in

adaptive noise and vibration control.
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