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Magnetorheological elastomers (MRES) are magneto-sensitive smart materials, widely used in various applications, i.e.,
construction, automotive, electrics, electronics, medical, minimally invasive surgery, and robotics. Such a wide field of
applications is due to their superior properties, including morphological, dynamic mechanical, magnetorheological,
thermal, friction and wear, and complex torsional properties.
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| 1. Introduction

The materials, i.e., piezoelectric M2 biomimetic [, thermochromic ¥, electrorheological &, thermoelectric €],
photochromic , magneto-sensitive 8], magneto-active B9 and shape memory alloys 14 intelligently respond to
variations in the surrounding conditions and are termed as smart materials 2. The magnetorheological (MR) materials,
invented by Jacob Rabinow in 1948, are magneto-sensitive smart materials 13114 These materials are produced in
different forms, such as MR foams, MR elastomer (MRE), MR gel 22 and MR fluid (MRF) (L8718l Ajthough the
response time of MRE is slower than MRF 2, MRE still effectively overcomes the deficiencies of MRF, particularly the
particle sedimentation, leakage, and environmental contamination problems 2. Due to their rapidly and reversibly
controllable properties, including morphological 2, tomographical 22, mechanical 8, dynamic mechanical [24125]126]
magneto-mechanical 228 magneto-shear 29, rheological and melt rheological 3%, complex torsional B4,
physicochemical B2, thermal 3, friction and wear B4, fatigue life B2, and viscoelastic 12 properties, as well as a fail-safe
feature 12, MREs have a wide range of applications. These applications include damping and smart sensing in vibration
absorbers 12 and vibration isolators BEIB7ISEISA  other sensing devices ¥4l engine mounts, vehicle seat suspension
(421 adaptive stiffness devices, actuators to control the flow B, MR elastic polishing composites 3, seismic dampers and
base isolators [24IM45146147I48]  myltilayer MRE-based vibration isolators 49, MREs embedded beams B4, variable
impedance surfaces, artificial muscles 24, deformable wings B, MRE embedded sandwich plates 54, adaptive blades
B3] active vibration isolation platforms B4ESI56] tunable absorption systems B4, MREs and MRFs based isolators 58],
and dielectrics for plane capacitors B8 MREs have also been used in soft, small-scale continuum robots with
navigation and active steering capabilities 1. The polydimethylsiloxane (PDMS)-based sterilizable and biocompatible
MREs have recently been introduced for medical and cellular intervention. Moreover, MREs are the most suited
candidates for minimally invasive surgery (MIS) and robotic MIS (RMIS) applications 2. Several numerical studies and
models investigating the performance of MREs have also been developed [631[641(65](66]

MREs are generally fabricated from three thoroughly mixed primary components, including elastomeric material (matrix),
magnetic filler particles, and additives 82, The structure of MREs consists of micro- to nanosized filler magnetic particles,
dispersed in a polymeric nonmagnetic matrix 88970 MREs have been fabricated from various types of matrix materials,
such as natural rubber, polyurethane (PUR) rubber /4, silicone rubber (SR) /4, ethylene propylene diene rubber (EPDM)
73] and PDMS rubber (24, Similarly, a variety of magnetic filler particles have been utilized in fabricating MREs, but bare
iron particles (BIPs) /2 and carbonyl iron particles (CIPs) 8 are the most widely used magnetic filler particles. These
particles are used in different shapes (sphere, flower, flake, and nugget) and sizes (5 to 100 pm). It has been reported that
CIPs with an average diameter of 1-9 pym in the volume concentration from 25% to 30% offer ideal magnetic filler particle
properties B To further improve the properties of MREs, several additives, including plasticizers, silane coupling agents,
and nanosized particles—such as carbon black, carbon nanotubes, graphite, and graphene—have also been incorporated
BA77] plasticizers improve elastomer mobility, matrix/filler affinity, and reduce the viscosity of matrix and storage modulus
l78 sjlane coupling agents modify the surface properties of filler particles and improve their compatibility with the matrix
(23], Similarly, the addition of nanosized particles, particularly carbon black powder, increases the MR effects and tensile
strength and decreases the damping ratio of MREs [24],



MREs can be classified into two groups based on the application of the magnetic field during vulcanization 2. The MREs,
cured without the application of the magnetic field and possessing uniformly distributed filler magnetic particles in the
elastomeric matrix, are termed as isotropic MREs B9 On the other hand, MREs cured in the presence of an external
magnetic field and possessing a chainlike columnar structure with filler magnetic particles aligned along the applied
magnetic field direction are known as anisotropic MREs [B1l. Although the isotropic MREs provide smaller MR effects and
relatively slow time response to the externally applied magnetic field than anisotropic MRES, their fabrication is much
simpler and easier than anisotropic MREs. This is because the fabrication of anisotropic MREs needs a significantly high
magnetic field strength (0.8 T) during crosslinking 24!, Additionally, upgraded rubber processing instruments and a
properly designed setup to successfully apply the magnetic field are required to fabricate anisotropic MREs with improved
properties. Furthermore, thicker anisotropic MREs cannot be fabricated, because an increase in the thickness of MRE
rapidly decreases the magnetic flux density 24182 |sotropic MREs provide significant properties for a wide range of
industrial applications at a low cost compared to anisotropic MREs. Due to these advantages, isotropic MREs are
achieving great industrial importance nowadays 83, Depending upon the applied magnetic field strength, the moduli of
MREs immediately alter due to strong magnetic forces between magnetic filler particles. The ratio of change in moduli
with an applied magnetic field to the initial modulus is called the MR effect 74, Till now, different MR effects ranging
from 4% to as high as 24,515% have been achieved 2. Although the functionality, MR effect, and abrupt time response
to the applied magnetic field of anisotropic MREs are much better than isotropic MRES, their fabrication is quite difficult
compared to isotropic MREs [83],

| 2. Fabrication of Isotropic Magnetorheological Elastomers

MREs are composed of three major constituents: an elastomeric matrix, magnetic reinforcing particles, and additives. A
variety of elastomeric materials, including liquid silicone 8], room temperature vulcanized (RTV)-based SR [BU45] high
temperature vulcanized (HTV)-based SR 8, EPDM rubber 241, pUR 1270 ppMS rubber IS, propylene rubber BY,
SR resin B4, natural rubber (NR) 821 and scrub tire rubber 231 have been used for the fabrication of MREs. Among all, SR
is the most extensively used rubber due to its unique properties such as room temperature vulcanization, ease of handling
and processing, a wide range of operating temperatures, excellent hardness, stiffness 1, nontoxicity, and aging
resistance 4. Various magnetic reinforcing particles, i.e., BIPs (288l C|ps 216989 penta CIPs 2, magnetite (Fe304)
133 titanium dioxide (TiO,) B4, and hard FeNdB I particles have been utilized for the fabrication of MREs. However,
CIPs are the most commonly employed magnetic particles due to their high saturation magnetization and a wide range of
particle size availability (1-200 pm) [, A fabricated MRE sample is illustrated in Figure 1, whereas various types of
elastomeric matrices, magnetic filler particles, additives, and key parameters—used in the fabrication of isotropic MREs—
are tabulated in Table 1.

Figure 1. Fabricated isotropic magnetorheological elastomer (MRE) sample and its dimensions B4 (reprinted with
permission from Elsevier™).



| 3. Fabrication of Isotropic Magnetorheological Elastomer

In the case of SR, the fabrication of isotropic MREs is quite easy and simple. The first step in SR-based MRE fabrication
is the thorough mixing of liquid SR with suitable additives, such as catalyst 2, silicone oil (SO) B, PDMS 3], graphene
nanopowder 22, or 1,3-divinyl-1,1,3-tetramethyl disiloxane 22, and suitable magnetic filler particles for sufficient time to
obtain a uniform dispersion of particles in the solution 42, The magnetic filler particles are usually added in the volume
fractions, ranging from 5-40 vol%, whereas additives are added as per the required properties. Afterwards, this blend is
placed inside a vacuum chamber for sufficient time to remove the trapped air bubbles during mixing 3. After proper
degassing, the blend is poured into plastic or metal molds. Then, the molds are again placed in the vacuum chamber for
sufficient time for further degassing. As mentioned earlier, SR has the property of room temperature vulcanization,
therefore, the solution is cured (vulcanized) in the molds at room temperature 23! or slightly higher temperature (65 °C) 193!
after sufficient time, ranging from 10-2880 min B35l |n the case of any other polymeric matrix, high-temperature
vulcanization is carried out.

On the other hand, the PUR-based MREs are fabricated by mixing PUR rubber with additives (SO) and magnetic filler
particles (CIPs) thoroughly at room temperature 22 or a slightly higher temperature (67 °C) 81, This mixture is then
poured into molds and cured at a specific temperature and pressure (20 KNm=2) to get a final product 2281, Similarly,
NR-based MREs are fabricated by mixing NR with filler particles homogeneously by two-roll mill or any other means and
pouring into molds. Curing of NR-based MREs is performed in an oven, maintained at 180 °C under specific pressure
(200 bar) for a specific time (10 min) to get the final isotropic MRE 24, Furthermore, the fabrication of isotropic MRE from
scrap tire rubber involves the separation of rubber from metals and fabrics, shredding into powder of 60-mesh size, and
analyzing its chemical composition (usually 7% acetone extract, 5.45 ash, 32.9% carbon black, 54.6% hydrocarbon
rubber). The Fe30,4 (60-mesh size) or Penta CIPs (6 um) particles in 10-40 wt% are usually used as magnetic filler
particles and sulfur, zinc oxide, stearic acid, and latex solutions as additives. The fabrication process of MREs from scrap
tire rubber is comprised of several stages, including mixing of 100 phr of crumb rubber with 2 phr of sulfur, 1.5 phr of
stearic acid, and 5 phr of zinc oxide for 15-30 min; addition of 15% latex solution; and further mixing for 15 min. Finally,
the mixture is poured into molds and placed in a high-pressure high-temperature (HPHT) sintering device #2. Sintering of
molds was performed by applying a pressure of 25 MPa, heating to a temperature of 200 °C at a heating rate of 10
°Cmin~t within 17-20 min, and soaking at this temperature for 1 h. The hot molds are then cooled to room temperature.
The volume fraction of produced MREs can be derived using Equation (1) B3],

_ dumre — dw

dyp — dw '’

where dyre is the density of MREs, dyy, is the density of pure reclaimed rubber, and dyp is the density of magnetite
powder. The base densities for the pure reclaimed rubber and magnetite powder were 1.107 gcm™ and 5.27 gcm™,
respectively 231192

| 4. Morphological Properties

Various characterization techniques—i.e., scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy, and X-ray diffraction spectroscopy
(XRD)—have been employed to explore the morphological properties of isotropic MREs. It has been reported that the
morphology of SR- and CIP-based MREs comprises homogeneously distributed CIPs throughout the SR matrix B4, The
large size CIPs of 6.25-um diameter exhibit fairly uniform distribution, whereas small diameter CIPs produce
agglomerates in the matrix. In the case of small diameter CIPs, the distance between particles was observed to be
smaller and fillerfiller particle interactions was greater, resulting in agglomeration of particles 4. The addition of 10 wt%
silicone oil causes more homogeneous dispersion of CIPs in the SR matrix without any structuring or surface defect 23,
SEM images, a histogram of particle size, XRD, FTIR spectra of SR, and CIP-based MREs, having PDMS as an additive,
are illustrated in Figure 4. It was found that the morphology of CIPs-free MRE validated the formation of nonporous
composite elastomers due to vulcanization under vacuum conditions (Figure 4a). On the other hand, Figure 4b
demonstrated the random distribution of CIPs in the SR matrix. Similarly, Figure 4c,d confirmed the random distribution of

CIPs with 2.5-mm average particle diameter in the SR matrix in the range of 0.5-4 mm. Two broad peaks at 12° and 23°
in the XRD spectra validated the presence of PDMS and amorphous nature of SR-based polymer composite, whereas
intense peaks at 44.8°, 65°, and 82.3° confirmed the presence and crystalline nature of CIPs (Eigure 4e). The FTIR
spectra of this MRE confirmed the asymmetric stretching vibration motion of Si—-O-Si bond by absorption band at 800
cm™! and the bending motion of Si—~OH group by a peak near to 875 cm™! (Eigure 4f). The stretching vibrations of Si-O,



and Si(CHs), groups were also validated by peaks in the range of 1000-1100 cm™. The additional absorption bands in
the region of 1250 cm™ and 2960 cm™! presented the stretching vibration of Si(CH3), [23l. XPS spectra verified the results
of FTIR spectroscopy, as illustrated in Figure 5.

4pm (0 . 0 2% a0 38 40
a2 - - p
- Paricie size {um]

iy

; S
- | TErt

— L ]

s TR,

2 ; —

= 1 | oo, | ] i

E ——— o R N T E ! i : E
- N\'ﬁ’_:_‘_-—-_.._ i | T ] | 8
" B 2 )
I == e &

1100

N | e

0 30 40 S0 80 70 80 50 100 0 60 B0 00 G0 100 X0 M0 200 WM0 M 400
20 [vegroes) Wavenumber fem']

Figure 4. SEM micrographs of (a) CIPs-free MRE, (b) MRE with 20 wt% CIPs, (c) high-magnification micrograph of MRE,
(d) histogram exhibiting CIPs size distribution in MREs, (€) XRD spectra, and (f) FTIR spectra of MREs 23! (reprinted with
permission from Elsevier™).
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Figure 5. (a) XPS spectra of MRE with 20 wt% CIPs, demonstrating carbon, oxygen, silicon, and tin elements in the
selected area, presented in inset figure. (b) XPS maps and atomic percentages of elements for the selected area 23!
(reprinted with permission from Elsevier™).

It has also been reported that the CIPs of 4-5 pm diameter exhibit uniform distribution in EPDM- and CIP-based MRE,
whereas CIPs of diameter 8-10 ym demonstrate aggregation of 2—3 particles. This aggregation begins with the addition
of 10 phr of CIPs and 60 phr of carbon black in the EPDM. The MRE with 5 phr of CIPs demonstrated the fair distribution
of single CIP within the EPDM matrix without aggregation. In two separate MREs, containing 30 phr of CIPs and 30 phr of
BIPs of a diameter of 4-5 um, a combination of single-particle distribution and aggregation of 2—3 particles was observed.
But the MRE containing 30 phr of CIPs demonstrated a very homogeneous distribution compared to BIP-based MRE [24],
Cvek et al. BY reported the uniform dispersion of CIPs in both virgin and reprocessed thermoplastic elastomer (TPE)-
based matrix CIPs without agglomeration and air bubbles. On the other hand, the morphology of PUR-based MREs,
containing pure CIPs and PANI-modified CIPs, have also been explored. Compared to pure CIP-based MREs,
homogeneous and agglomerated free morphology was achieved in the PANI-modified CIP-based MREs. A particular self-
assembled structure of modified CIPs and excellent compatibility between the CIPs and PUR was observed in the PANI-
modified CIP-based MRE, attributed to the bridging of the CIPs/PUR covalent bonds (241,



5. Fatigue Life of MREs

The equi-biaxial fatigue life of SR- and CIP-based MREs were determined by the bubble inflation method. Figure 20
shows the plots of total energy density vs. cycles under various concentrations of CIPs. Variations in total energy density
were observed to be highly sensitive to CIPs concentration and stress amplitude. For MREs with CIPs content ranging
from 15% to 30%, a decrease in total energy density was observed with an increase in cycles at higher stress amplitudes,
whereas an improvement in total energy density was achieved with an increase in cycles at lower stress amplitudes.
Irrespective of the applied stress amplitude, total energy density improved with an increase in cycles in the case of MRE
with 35% CIP content. A decrease in total energy density at failure was observed when drawn against log10 cycles. This
fact suggested that the total energy could be used to predict the fatigue life of MREs subjected to equi-biaxial loading 231,
Uniaxial and biaxial cyclic fatigue properties of NR- and IP-based MREs were investigated between constant strain limits.
The uniaxial cyclic fatigue test demonstrated that MREs exhibited stabilized properties at the latter stages of cyclic tests
and any change in their properties was attributed to the applied magnetic flux density. An increase in the modulus from
1.325 MPa to 1.413 MPa was observed at the 360th cycle and at strain amplitudes ranging from 0.04-0.08. This was an
approximate increase of 6.5% in the 50-cycle block average modulus attributed to the magnetic field applied at the 360th
cycle. On the other hand, the block average modulus increased from 3.562 MPa to 3.591 MPa at the 350th cycle and at
strain amplitudes ranging from 0.04—0.57. This was an approximate 0.8% increase in mean modulus of the 50-cycle block
associated with the applied magnetic field at the 350th cycle. After comparison, it was concluded that increased strain
amplitude decreases the MR effect attributed to the increase in separation distance between the particles and reduction in
screening effects, whereas the biaxial bubble inflation cyclic fatigue test performed at a low strain of 0.0-0.1 and magnetic
flux density of 198 mT showed that an increment in modulus from 3.066 MPa to 3.132 MPa was observed at the 90th
cycle. This increment is attributed to the 2.2% improvement in block mean modulus under a specific magnetic flux density.
Under the application of relatively higher strain (0-0.5) and the same magnetic flux density, an increment of 1% was
observed at the 90th cycle in the block average modulus from 3.375 MPa to 3.410 MPa. In the case of strain amplitude
ranging from 0.4-0.5 and the same magnetic flux density, an increment of 0.4% was observed in the MR effect at the 90th
cycle from 3.553 MPa to 3.570 MPa [84],
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Figure 20. Plots of total energy density vs. cycles under different concentrations of CIPs B2 (reprinted with permission
from Elsevier™).
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