Particle Coatings on Magnetorheological Materials | Encyclopedia.pub

Particle Coatings on Magnetorheological
Materials

Subjects: Others
Contributor: Siti Khumaira Mohd Jamari , Nur Azmah Nordin , U Ubaidillah , Siti Aishah Abdul Aziz , Nurhazimah

Nazmi , Saiful Amri Mazlan

Magnetorheological (MR) material is a type of magneto-sensitive smart materials which consists of magnetizable
particles dispersed in a carrier medium. Throughout the years, coating on the surface of the magnetic particles has
been developed by researchers to enhance the performance of MR materials, which include the improvement of
sedimentation stability, enhancement of the interaction between the particles and matrix mediums, and improving
rheological properties as well as providing extra protection against oxidative environments. There are a few coating
methods that have been employed to graft the coating layer on the surface of the magnetic particles, such as

atomic transfer radical polymerization (ATRP), chemical oxidative polymerization, and dispersion polymerization.

magnetorheological smart materials coating particle coating

| 1. Introduction

Magnetorheological (MR) material has captured global interests in the smart materials industry and research, due
to its alterable functionalities which correspond with the applied magnetic field. The rheological properties of the
materials can be varied accordingly with the application of such external stimuli, therefore MR material is
considered to be one of the most promising smart materials which can be applied in engine mounts &, brake
systems 2814 and vibration absorbers and dampers B as well as in sensors BRI These applications have
excellent benefits in industries that involve transportation 221 seismic prevention 2l soft robotics 24l and

prosthetic legs 22!,

The first MR material was developed by Rabinow 18] in 1948 where a “magnetic fluid clutch” was designed, with a
type of magnetizable particles that were mixed in a fluid carrier medium. Under the influence of an external
magnetic field, the magnetic particles had been “mutually attracted” and the material “seemingly solidifies”, as
mentioned by Rabinow 1€, The fluid was then known as magnetorheological fluid, or MRF, with the most
commonly used fluid carriers being silicone oil RZM8IANR0N21] gynthetic hydrocarbon 2212311241251 gnd mineral oil
[26127] The mechanism of MRF is as illustrated in Figure 1, where during the absence of an external magnetic field
(off-state condition), the material behaves like a Newtonian-fluid, however when the external magnetic field is
applied upon the material (on-state condition), the micron-sized magnetizable particles in the fluid align to the
direction of the applied field. This causes a restriction of the flow of the carrier fluid, thus changing the behavior of
the material to become stiffer and more solid-like. This reversible behavior change can occur almost

instantaneously. Due to the chain-like structure of the aligned magnetic particles, yield stress is needed to break
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the particle chains to allow the flow of the fluid, which means that the higher the applied magnetic field to the
material, the stronger the particle chain, and thus the higher the force needed to overcome the yield point where

the particle chain begins to deform.

1 B

Off-state condition On-state condition

Figure 1. The mechanism of magnetorheological fluid (MRF) prior and upon the application of external magnetic
field, .

MR grease and MR gel were developed later with a much higher viscosity fluid than MRF to minimize the serious
sedimentation problem which occurred in MRF, by reducing the density mismatch between the magnetic particles
and the carrier medium. MR grease/gel also has a unique property where it possesses solid gel properties at room

temperature, but acts like a fluid at a higher temperature.

Meanwhile, magnetorheological elastomer (MRE) is the solid analogue of MRF, where the fluid is replaced by a
non-magnetic elastomer matrix as its carrier medium. By using an elastomeric polymer, such as silicone rubber [28]
(29139181 natural rubber [B2B3IB4I85] gand polyurethane B8EY as its medium, the sedimentation issue in MRF is
completely tackled because the magnetic particles are locked within the matrices. It also offers an alternative to the
flowy MRF; MRE does not need any vessel to contain it because it is already in a solid form, and therefore there
are no leakage or sealing problems in MRE. The particles in MRE are fixed in the network of the elastic polymer,
therefore the particles cannot form chain-like structures like MRF when subjected to an external magnetic field, but
can only be polarized and mutually attracted to one another, causing a change in the stiffness of the material. The
curing process of the material can be done either with or without the presence of an external magnetic field. During
the presence of the field, the magnetic particles are aligned in the direction of the magnetic field, causing a
columnar particle structure after the sample has cured. This process is called anisotropic curing. Meanwhile, in the
isotropic curing method, the magnetic particles are cured and dispersed in no orderly pattern in the MRE due to the
absence of a magnetic field. The damping and the storage modulus, as well as loss modulus of these MRESs, can

be controlled under the influence of various magnitudes of external magnetic fields.
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Other less-reviewed MR materials are MR foam and MR plastomer, where the MR foam uses a spongy, absorbent
carrier medium such as polyurethane 2813911201 55 jts carrier medium. The application of MR foam is also unique; it
has been reported that MR foam has a potential application in acoustic absorption 1. On the other hand, MR
plastomer is the latest developed MR material with a carrier medium, such as polypropylene glycol and toluene
diisocyanate mixture 421431 polyvinyl alcohol 4443l and thermoplastic polyurethane € which offers a plasticine-
like material that has solid-state between MR gel and MRE. Due to the lack of studies around these forms of MR
materials, to the best of our knowledge, there is almost no research involving the incorporation of particle coatings
into MR foam and MR plastomer, and therefore in this review, we only focus on the impregnation of coated
magnetic particles in the other three MR materials.

| 2. Problems in MR Materials

The advancement of MR materials from one type to another is mainly due to the limitation of one another. For
example, because the magnetic particles are much denser than the carrier fluid, sedimentation occurs in MRF
during the off-state condition which can lead to another problem—the aggregation of the particles. This aggregation
issue may reduce the efficiency of MRF respective to the MR effect that might be reduced over time. Therefore,
MR gel/grease was developed to control the particle—medium density mismatch so that it can have a better
redispersibility and thus reduce the sedimentation problem. However, because the matrix-based material is highly
viscous, MR gel/grease exhibits a high yield stress at the initial state as well as a lower MR effect compared to
MRF.

Meanwhile, MRE and MR foam were developed to eliminate the severe sedimentation issue in MRF by embedding
the magnetic particles in the elastic and porous matrices, respectively. The leakage and sealant problems in MRF
and MR gel/grease has also been overcome by these solid MR materials. However, by locking the magnetic
particles in the solid-based matrices, the particles are restricted to move freely and thus inappropriately respond to
the applied external magnetic field in the way the particles in MRF do. This affects rheological changes during the
off-on state condition in MRE and MR foam, where the MR effect drops several magnitudes in comparison to that
of MRF.

Subsequently, the development of MR plastomer may have minimized this MR effect issue, because MR plastomer
is reported to have higher MR effect compared to MRE and MR foam, however lower than MRF due to the MR
plastomer itself, which exists in the state between both MR materials and possess a high viscosity as well. In
addition, the solvent used in MR plastomer may dry up and suffer from a desiccation problem, and therefore it is
not suitable for long-term use [44],

Additionally, because the magnetic particles used in MR materials are made up of metal elements such as pure
iron and cobalt, oxidation may also take place, especially for long-term use of applications that could further add
problems to MR materials. Due to the huge potential that all respective groups of MR materials could offer,

progressive research is continuously being undertaken to improve the internal structure of the materials for
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enhanced properties. Therefore, a particle coating of the magnetic particles in the MR materials has been

proposed as one of the ways to tackle the aforementioned problems.

| 3. Particle Coating in MR Materials

The advantages of coatings in general are known globally; they can provide extra protection for the substrates that
is coated as well as enhance the performance of the materials. The coating application on the surface of magnetic
particles has emerged in MR studies, to reduce or minimize the issues that have hindered the full capability of MR
materials. This is achieved by grafting a layer of polymer onto the surface of the magnetic particles that later will be
incorporated in the MR materials. Figure 2 shows an example of a simple coating onto magnetic particles by
grafting (3-Aminopropyl) triethoxysilane (APTES) after the surface of the particle has been pre-treated with
hydroxyl moieties. On the other hand, Figure 3 shows an example of a micrograph from scanning electron
microscopy (SEM) from a successful grafting of coatings onto the magnetic particles as demonstrated by Sutrisno
et al. (2013) 47, It has been proven that particle coating has great benefits to MR materials in terms of improving
the sedimentation stability and re-dispersion of the magnetic particles in MRF, protection against wearing and

friction, oxidation protection, and enhancement of rheological properties of the MR materials.

Figure 2. Grafting of (3-Aminopropyl)triethoxysilane (APTES) onto CIP upon activating the surface of the particle

with hydroxyl moieties.
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Figure 3. Micrograph of before and after a successful grafting of coating on the magnetic particles (Figure has

been modified with reference to [42]),

3.1. Sedimentation Stability

In a study conducted by Hu et al. (2006) 48 it was found that poly(butyl acrylate)-grafted carbonyl iron particles
(CIP) showed a significantly lower settling volume of the magnetic particles in commercial MRF. They also
discovered that the sedimentation constant of coated CIP was much lower than that of commercial MRF—the
higher percentages of grafted-poly(butyl acrylate) exhibited the lowest sedimentation constant. The team explained
that these results are due to the coating layer which acts as a stabilizing layer that can sterically prevent
coagulation. Meanwhile, Park et al. (2009) demonstrated that by coating the CIP with poly(methyl methacrylate)
(PMMA), the sedimentation problem that occurred in their lubricating oil-based MRF improved due to the lower
density of the coated magnetic particles compared to uncoated ones. The re-dispersion of the particles after they
were subjected to an external magnetic field was also improved, due to enhanced surface properties such as steric
repulsion and electrostatic repulsion of the PMMA coating. A further investigation on the sedimentation stability
property of coated magnetic particles in MRF has been conducted by Quan et al. (2014) 49 where a Turbiscan
instrument was used to compare the transmission percentage of polystyrene-coated CIP MRF and common
silicone oil MRF. At the beginning of the experiment, both MRFs showed zero transmission which represented
multiple incident lights scattered through the suspension which could not be transmitted due to many patrticles that
were suspended in both MRFs. However, after 400 min, uncoated CIP MRF exhibited a higher transmission
percentage compared to polystyrene-coated CIP MRF, indicating the higher sedimentation stability of the coated
sample. The Turbiscan was also used by Tae et al. (2017) BY to compare the sedimentation ratio of polyaniline
(PANI)-coated CIP and pure CIP MRFs by subtracting the transmission ratio from 100% value. In this work, it was
found that MRF with PANI-coated CIP exhibited a slower sedimentation speed compared to that of uncoated CIP
during the whole 900 min of dispersion period. The team stated that this was due to the thick PANI shell that
encapsulated the CIP, causing the density of the particles to reduce significantly. Furthermore, they also claimed
that the slightly non-spherical and rough surface of the coated particles also contributed to the improved dispersion
stability of the MRF. Moreover, it was also revealed that the time response for coated particles in MRF is faster than
that of the uncoated ones, as reported by Nguyen et al. (2014). In this work, the researchers grafted the CIP with
silica to be incorporated in MRF for the application of an MR brake, and it was found that the MRF with silica-

coated CIP exhibited a higher settling time of 0.450 s compared to 0.342 s for the same MRF with uncoated CIP.

3.2. Tribology Properties

Another significant benefit resulting from particle coating in MRF is related to the unique application of MRF in
polishing devices and honing process, as reported by several works BLB2E3I54] pye to the nature of these works,
the magnetic particles used in MRF inevitably experience friction against each other and with the contacting
surfaces, which will result in wearing problems of the particles. Furthermore, the use of MRF in dampers and
isolators can also cause serious wearing problems to the vessel that contains it 2258 Therefore, introducing a

coating layer on the surface of the magnetic particles could reduce the fretting problem. It was proven by Bombard
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and de Vicente (2012) 381 when they compared different grades of commercial CIP in MRF, that it acts as a
boundary lubricant between polytetrafluoroethylene (PTFE) and a stainless steel tribopair, which was achieved
under a pure sliding contact condition. It was found that OS grade CIP possessed the best friction-reduction
behavior compared to the five other grades (OM, OX, HS, HSI and HQ), and even when compared to OM grade
that is the same size. This is due to the presence of an amorphous silica coating on the surface of the OS CIP that
reduces the friction coefficient of the material and indirectly produces the smallest worn scar diameter in
comparison to the other grades. Meanwhile, Zhang et al. (2018) subjected two types of silicone oil-based MRFs to
a reciprocating friction and wear test; one was filled with polystyrene-coated CIP and the other one with uncoated
CIP. Using a surface profilometer, it was found that the width and the depth of the marks produced by MRF with
polystyrene-coated CIP were much narrower and smaller compared to that of uncoated CIP during both off-state
and on-state conditions, while the surface of the disc that was coated with CIP MRF was analytically and appeared
optically smoother than its counterpart after the wear test. They also discovered that the coefficient of friction of the
CIP-coated MRF was lower than that of the uncoated-CIP MRF, especially during the on-state condition. These
outcomes undisputedly showed that MRF with polystyrene-coated CIP has better wear and frictional properties
than MRF with bare CIP.

In other work conducted by Lee et al. (2015) 54, the CIP was coated with PMMA to be applied in their own MR
polishing fluid system. They discovered that by using PMMA-coated CIP in their MRF, the material removal depth
of the BK7 glass workpiece was lower while exhibiting lower surface roughness than that of the uncoated one with
an optimum rotating wheel speed of 1884 mm/s. This superior surface property of the coated CIP exhibited similar
pattern outcomes discovered by the same research team of Lee et al. (2017) B4l but this time, the CIP were
coated with a biopolymer, xanthan gum. On the other hand, a study by Hong et al. (2018) [58] also showed the
decrease in surface roughness of BK7 glass when the CIP used in their MR polishing fluid was coated with silica,
especially when an abrasive was introduced into the MRF. These end results can definitely be utilized in ultra-
precision applications in optics and micro parts industries. Another notable outcome achieved by coating the
magnetic particles for MR polishing fluid application has been expressed by Salzman et al. (2016) B, where the
CIP was coated with zirconia to be applied as a polishing material on a chemical vapor deposited with zinc sulfide
substrate (CVD ZnS). One of the few limitations that hinder MRF from being commercially available for polishing
applications is the pebble emergence on the surface of the substrate after the polishing work has been done. The
researchers have successfully minimized this problem by using zirconia-coated CIP in their MR polishing fluid in a

slightly acidic condition of pH4.

Although there is an increasing number of works which investigate the potential of MRE as a polishing material 52
(691 to the best of our knowledge, there is no work that involves coated magnetic particles in MRE for polishing

application.

3.3. Oxidation

MR materials contain magnetizable particles that inevitably consist of metal elements such as iron, therefore

oxidation of the micron-sized particles undoubtedly can occur; this can happen in wet conditions (with the presence
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of water molecules) or in dry conditions (without the presence of water molecules, which is commonly known as

thermo-oxidation).

It has been proven that oxidation phenomena can present negative impacts on the performance of the MR
materials, as stated by Lokander et al. (2004) 81, In their work, the oxidation of the natural rubber of MRE
increases as the amount of iron particles increases, due to the oxidation of each individual particle. Furthermore,
the high concentration of oxygen elements on the surface of the particles, as well as iron elements of the particles,
induces iron ions which are some of the root problems of the oxidation issue of MRE, because the particles are
directly in contact with the elastomer matrix. In the meantime, Ulicny et al. (2007) 82 validated the adverse effect of
oxidation on MRF after the material was tested for durability performance in an MRF fan clutch. It was found that
after 540 h of durability tests, the fan clutch torque capacity reduced gradually as the maximum fan speed
experienced dropped by 15%. This is said to be due to the increasing oxidation of the iron particles in conjunction
with the fact that iron oxides have much lower magnetization compared to elemental iron. The effects of corrosion
in MR materials have also been discussed in detail by Plachy et al. (2018) and Burhannuddin et al. (2020) 63! in
separate works around MRF and MRE, respectively. Furthermore, rougher surfaces of oxidized particles may lead
to irregular polishing performance as well as reducing the lifetime of the vessels that contain the MR materials,
because rougher surfaces can cause unnecessary friction between the particles and the wall of the vessels after a
long operational period 64!, These problems can be minimized by developing coatings that act as a barrier to the
oxidation species. It has been proven by Shafrir et al. (2009) 3! in an accelerated corrosion resistance test to
determine the oxidation resistance of their zirconia-coated CIP. This test was done by stirring the coated and
uncoated CIP in different batches with pH 4.4 acetic acid aqueous solution. After exposure to the accelerated
acidic condition for 22 days, the zirconia-coated CIP did not produce any visible goethite (FeOOH) corrosion
product. More evidence to the oxidation resistant coating for magnetic particles in MR materials was demonstrated
by Cvek et al. (2015), where the team grafted poly(glycidyl methacrylate) (PGMA) onto the CIP to improve the
chemical stability of the particles in acidic condition. After exposing the coated and uncoated CIP to 0.05 M HCl in
two different containers, the pH values of PGMA-coated CIP remained almost the same throughout the 90 h of
acidic exposure, indicating the CIP corrosion protection provided by the PGMA coating. Meanwhile, the
performance of coated and uncoated iron particles in MRE before and after an oxidation test has been displayed
by Behrooz et al. (2015) 8], In their study, the poly(tetrafluoropropyl methacrylate)-coated particles and uncoated
particles were embedded into silicone rubber MRE. Both samples underwent an accelerated aging test to induce
oxidation of the MREs. It was shown that the MRE with coated particles had the least reduction in effective

modulus, and the coated particles were able to preserve the stiffness of the MRE under an oxidative environment.

On the other hand, coated magnetic particles in MR materials also exhibited positive outcomes in terms of thermo-
oxidation stability. For instance, a facile coating of silicone oil on the CIP by simply immersing the particles in the
dimethyl-silicone oil prior being incorporated into MRE, has been proven to enhance the thermal stability as well as

the formation of the cross-linked structure of the MRE 671,

3.4. Electromagnetic Shielding
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One of the most interesting applications of coated magnetic particles incorporated into MR materials is the ability to
shield the materials from electromagnetic waves, which can be used in civil and military fields. This can be
achieved when core-shell structure particles, which consist of magnetizable particles coated with electrically
conducted shell, are able to absorb unfavorable electromagnetic signals and wave pollution that is subjected to the
particles [€8l. |t has been demonstrated that when tetraethylorthosilicate (TEOS) was grafted onto CIP, the MRE
that contained these particles exhibited a higher absorbing ability of ultra-high frequencies of 700 MHz to 1.6 GHz,
which is the common operation range of communication and information transmission systems. Through this
finding, it was claimed that this was the first time that MRE was reported to have the potential to have sufficient
electromagnetic shielding (681,

Furthermore, besides the aforementioned advantages of particle coating in MR materials, there are also other
benefits that were obtained indirectly through the coating of the magnetic particles into the MR materials’ medium
carrier. For instance, in the application of MREs, it was found that the particle’s coating has the capability to
promote the interfacial interaction between the magnetic particles and elastomer matrices 9, and this would
improve inter-bonding between the particles and the matrix. From the perspective of rheological characterization, it
was found that due to the enhancement of the particle—matrix interaction in MRE credited to the grafted coating,
the mobility of the particles was enhanced compared to the uncoated particles that were locked within the matrix.

This particle mobility reinforcement led to a significant increase in damping property and MR effect of the MRE 29,

References

1. Ladipo, I.L.; Fadly, J.; Faris, W.F. Characterization of Magnetorheological Elastomer (MRE)
Engine Mounts. Mater. Today Proc. 2016, 3, 411-418, doi:10.1016/j.matpr.2016.01.029.

2. Wang, D.M.; Hou, Y.F,; Tian, Z.Z. A novel high-torque magnetorheological brake with a water
cooling method for heat dissipation. Smart Mater. Struct. 2013, 22, 025019, doi:10.1088/0964-
1726/22/2/025019.

3. Karakoc, K.; Park, E.J.; Suleman, A. Design considerations for an automotive magnetorheological
brake. Mechatronics 2008, 18, 434-447, doi:10.1016/j.mechatronics.2008.02.003.

4. Nguyen, P.-B.; Do, X.-P.; Jeon, J.; Choi, S.-B.; Liu, Y.D.; Choi, H.J. Brake performance of core—
shell structured carbonyl iron/silica based magnetorheological suspension. J. Magn. Magn. Mater.
2014, 367, 69—74, doi:10.1016/j.jmmm.2014.04.061.

5. Chen, D.; Yu, M.; Zhu, M.; Qi, S.; Fu, J. Carbonyl iron powder surface modification of
magnetorheological elastomers for vibration absorbing application. Smart Mater. Struct. 2016, 25,
115005, doi:10.1088/0964-1726/25/11/115005.

6. Deng, H.-X.; Gong, X.-L.; Wang, L.-H. Development of an adaptive tuned vibration absorber with
magnetorheological elastomer. Smart Mater. Struct. 2006, 15, N111-N116, doi:10.1088/0964-

https://encyclopedia.pub/entry/3503 8/14



Particle Coatings on Magnetorheological Materials | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

1726/15/5/n02.

. Deng, H.-X.; Gong, X. Application of magnetorheological elastomer to vibration absorber.

Commun. Nonlinear Sci. Numer. Simul. 2008, 13, 1938-1947, doi:10.1016/j.cnsns.2007.03.024.

. Du, G.; Chen, X. MEMS magnetometer based on magnetorheological elastomer. Measurement

2012, 45, 54-58, doi:10.1016/j.measurement.2011.10.002.

. Ge, L.; Gong, X.; Wang, Y.; Xuan, S. The conductive three dimensional topological structure

enhanced magnetorheological elastomer towards a strain sensor. Compos. Sci. Technol. 2016,
135, 92-99, d0i:10.1016/j.compscitech.2016.09.015.

Hu, T.; Xuan, S.; Ding, L.; Gong, X. Stretchable and magneto-sensitive strain sensor based on
silver nanowire-polyurethane sponge enhanced magnetorheological elastomer. Mater. Des. 2018,
156, 528-537, doi:10.1016/j.matdes.2018.07.024.

Skalski, P.; Kalita, K. Implementation of magnetorheological elastomers in transport. Trans. Inst.
Aviat. 2016, 245, 189-198, doi:10.5604/05096669.1226888.

Atabay, E.; Ozkol, I. Application of a magnetorheological damper modeled using the current—
dependent Bouc—Wen model for shimmy suppression in a torsional nose landing gear with and
without freeplay. J. Vib. Control. 2014, 20, 1622-1644, doi:10.1177/1077546312468925.

Yang, J.; Sun, S.-S.; Tian, T.; Li, W.; Du, H.; Alici, G.; Nakano, M. Development of a novel multi-
layer MRE isolator for suppression of building vibrations under seismic events. Mech. Syst.
Signal. Process. 2016, 70, 811-820, doi:10.1016/j.ymssp.2015.08.022.

Coyle, S.; Majidi, C.; LeDuc, P.R.; Hsia, K.J. Bio-inspired soft robotics: Material selection,
actuation, and design. Extreme Mech. Lett. 2018, 22, 51-59, do0i:10.1016/j.em|.2018.05.003.

Park, J.; Yoon, G.-H.; Kang, J.-W.; Choi, S.-B. Design and control of a prosthetic leg for above-
knee amputees operated in semi-active and active modes. Smart Mater. Struct. 2016, 25,
085009, doi:10.1088/0964-1726/25/8/085009.

Rabinow, J. The Magnetic Fluid Clutch. AIEE Trans. 1948, 67, 1308—-1315.

Plachy, T.; Kutalkova, E.; Sedlacik, M.; Vesel, A.; Masar, M.; Kuritka, |. Impact of corrosion
process of carbonyl iron particles on magnetorheological behavior of their suspensions. J. Ind.
Eng. Chem. 2018, 66, 362—369, doi:10.1016/].jiec.2018.06.002.

Zhang, P.; Dong, Y.Z.; Choi, H.J.; Lee, C.-H. Tribological and rheological tests of core-shell typed
carbonyl iron/polystyrene particle-based magnetorheological fluid. J. Ind. Eng. Chem. 2018, 68,
342-349, doi:10.1016/].jiec.2018.08.005.

Lee, J.H.; Choi, H.J. Synthesis of core-shell formed carbonyl iron / polydiphenylamine particles
and their rheological response under applied magnetic fields. Colloid Polym. Sci. 2018, 296,
1857-1865.

https://encyclopedia.pub/entry/3503 9/14



Particle Coatings on Magnetorheological Materials | Encyclopedia.pub

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Cvek, M.; Mrlik, M.; licikovaM.; Mosnacek, J.; Babayan, V.A.; Kucekova, Z.; Humpolicek, P,;
Pavlinek, V. The chemical stability and cytotoxicity of carbonyl iron particles grafted with
poly(glycidyl methacrylate) and the magnetorheological activity of their suspensions. RSC Adv.
2015, 5, 72816-72824, doi:10.1039/c5ral11968e.

Tian, T.; Nakano, M. Fabrication and characterisation of anisotropic magnetorheological elastomer
with 45° iron particle alignment at various silicone oil concentrations. J. Intell. Mater. Syst. Struct.
2018, 29, 151-159, doi:10.1177/1045389x17704071.

Liu, J.; Wang, X.; Tang, X.; Hong, R.; Wang, Y.; Feng, W. Preparation and characterization of
carbonyl iron/strontium hexaferrite magnetorheological fluids. Particuology 2015, 22, 134-144,
doi:10.1016/j.partic.2014.04.021.

Lanzetta, M.; lagnemma, K. Gripping by controllable wet adhesion using a magnetorheological
fluid. CIRP Ann. 2013, 62, 21-25, d0i:10.1016/j.cirp.2013.03.002.

Bramantya, M.A.; Sawada, T. The influence of magnetic field swept rate on the ultrasonic
propagation velocity of magnetorheological fluids. J. Magn. Magn. Mater. 2011, 323, 1330-1333,
doi:10.1016/j.jmmm.2010.11.040.

Mazlan, S.A.; Issa, A.; Chowdhury, H.; Olabi, A. Magnetic circuit design for the squeeze mode
experiments on magnetorheological fluids. Mater. Des. 2009, 30, 1985-1993,
doi:10.1016/j.matdes.2008.09.009.

Hu, Z.; Yan, H.; Qiu, H.; Zhang, P.; Liu, Q. Friction and wear of magnetorheological fluid under
magnetic field. Wear 2012, 278, 48-52, doi:10.1016/j.wear.2012.01.006.

Park, B.J.; Kim, M.S.; Choi, H.J. Fabrication and magnetorheological property of core/shell
structured magnetic composite particle encapsulated with cross-linked poly(methyl methacrylate).
Mater. Lett. 2009, 63, 2178-2180, do0i:10.1016/j.matlet.2009.07.036.

Agirre-Olabide, 1.; Kuzhir, P.; Elejabarrieta, M. Linear magneto-viscoelastic model based on
magnetic permeability components for anisotropic magnetorheological elastomers. J. Magn.
Magn. Mater. 2018, 446, 155-161, do0i:10.1016/j.jmmm.2017.09.017.

Kwon, S.H.; An, J.S.; Choi, S.Y.; Chung, K.H.; Choi, H.J. Poly(glycidyl methacrylate) Coated Soft-
Magnetic Carbonyl Iron/Silicone Rubber Composite Elastomer and Its Magnetorheology.
Macromol. Res. 2019, 27, 448-453, do0i:10.1007/s13233-019-7065-9.

Guan, X.; Dong, X.; Ou, J. Magnetostrictive effect of magnetorheological elastomer. J. Magn.
Magn. Mater. 2008, 320, 158-163, d0i:10.1016/j.jmmm.2007.05.043.

Khairi, M.H.A.; Mazlan, S.A.; Ubaidillah, U.; Ahmad, S.H.; Choi, S.-B.; Aziz, S.A.A.; Yunus, N.A.
The field-dependent complex modulus of magnetorheological elastomers consisting of sucrose
acetate isobutyrate ester. J. Intell. Mater. Syst. Struct. 2017, 28, 1993-2004,
doi:10.1177/1045389X16682844.

https://encyclopedia.pub/entry/3503 10/14



Particle Coatings on Magnetorheological Materials | Encyclopedia.pub

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hapipi, N.; Aziz, S.A.A.; Mazlan, S.A.; Ubaidillah; Choi, S.B.; Mohamad, N.; Khairi, M.H.A.; Fatah,
A.Y.A. The field-dependent rheological properties of plate-like carbonyl iron particle-based
magnetorheological elastomers. Results Phys. 2019, 12, 2146-2154,
doi:10.1016/j.rinp.2019.02.045.

Agirre-Olabide, 1.; Elejabarrieta, M.J. A new magneto-dynamic compression technique for
magnetorheological elastomers at high frequencies. Polym. Test. 2018, 66, 114-121,
doi:10.1016/j.polymertesting.2018.01.011.

Jung, H.S.; Kwon, S.H.; Choi, H.J.; Jung, J.H.; Gil Kim, Y. Magnetic carbonyl iron/natural rubber
composite elastomer and its magnetorheology. Compos. Struct. 2016, 136, 106-112,
doi:10.1016/j.compstruct.2015.10.008.

Khimi, S.; Syamsinar, S.; Najwa, T. Effect of Carbon Black on Self-healing Efficiency of Natural
Rubber. Mater. Today Proc. 2019, 17, 1064-1071, doi:10.1016/j.matpr.2019.06.513.

Yu, M.; Zhu, M.; Fu, J.; Yang, P.A.; Qi, S. A dimorphic magnetorheological elastomer incorporated
with Fe nano-flakes modified carbonyl iron particles: Preparation and characterization. Smart
Mater. Struct. 2015, 24, 115021, doi:10.1088/0964-1726/24/11/115021.

Bica, I.; Anitas, E.M.; Averis, L.M.E.; Kwon, S.H.; Choi, H.J. Magnetostrictive and viscoelastic
characteristics of polyurethane-based magnetorheological elastomer. J. Ind. Eng. Chem. 2019,
73, 128-133, d0i:10.1016/}.jiec.2019.01.015.

Bandarian, M.; Shojaei, A.; Rashidi, A.M. Thermal, mechanical and acoustic damping properties
of flexible open-cell polyurethane/multi-walled carbon nanotube foams: Effect of surface
functionality of nanotubes. Polym. Int. 2011, 60, 475-482, doi:10.1002/pi.2971.

Sung, G.; Kim, J.W.; Kim, J.H. Fabrication of polyurethane composite foams with magnesium
hydroxide filler for improved sound absorption. J. Ind. Eng. Chem. 2016, 44, 99-104,
doi:10.1016/j.jiec.2016.08.014.

Baferani, A.H.; Katbab, A.; Ohadi, A. The role of sonication time upon acoustic wave absorption
efficiency, microstructure, and viscoelastic behavior of flexible polyurethane/CNT nanocomposite
foam. Eur. Polym. J. 2017, 90, 383—-391, doi:10.1016/j.eurpolymj.2017.03.042.

Muhazeli, N.S.; Nordin, N.A.; Mazlan, S.A.; Rizuan, N.; Aziz, S.A.A.; Fatah, A.Y.A.; Ibrahim, Z,;
Ubaidillah, U.; Choi, S.-B. Characterization of morphological and rheological properties of rigid
magnetorheological foams via in situ fabrication method. J. Mater. Sci. 2019, 54, 13821-13833,
doi:10.1007/s10853-019-03842-9.

Xu, J.; Wang, P.; Pang, H.; Wang, Y.; Wu, J.; Xuan, S.; Gong, X. The dynamic mechanical
properties of magnetorheological plastomers under high strain rate. Compos. Sci. Technol. 2018,
159, 50-58, do0i:10.1016/j.compscitech.2018.02.030.

https://encyclopedia.pub/entry/3503 11/14



Particle Coatings on Magnetorheological Materials | Encyclopedia.pub

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Zhao, W.; Pang, H.; Gong, X. Novel Magnetorheological Plastomer Filled with NdFeB Particles:
Preparation, Characterization, and Magnetic—Mechanic Coupling Properties. Ind. Eng. Chem.
Res. 2017, 56, 8857-8863, doi:10.1021/acs.iecr.7b01553.

Hapipi, N.M.; Mazlan, S.A.; Ubaidillah, U.; Aziz, S.A.A.; Khairi, M.H.A.; Nordin, N.A.; Nazmi, N.
Solvent Dependence of the Rheological Properties in Hydrogel Magnetorheological Plastomer.
Int. J. Mol. Sci. 2020, 21, 1793, d0i:10.3390/ijms21051793.

Wu, J.; Gong, X.; Fan, Y.; Xia, H. Physically crosslinked poly(vinyl alcohol) hydrogels with
magnetic field controlled modulus. Soft Matter 2011, 7, 6205-6212, doi:10.1039/c1sm05386h.

Qi, S.; Fu, J.; Xie, Y.; Li, Y.; Gan, R.; Yu, M. Versatile magnetorheological plastomer with 3D
printability, switchable mechanics, shape memory, and self-healing capacity. Compos. Sci.
Technol. 2019, 183, 107817, doi:10.1016/j.compscitech.2019.107817.

Sutrisno, J.; Fuchs, A.; Sahin, H.; Gordaninejad, F. Surface coated iron particles via atom transfer
radical polymerization for thermal-oxidatively stable high viscosity magnetorheological fluid. J.
Appl. Polym. Sci. 2013, 128, 470-480, doi:10.1002/app.38199.

Hu, B.; Fuchs, A.; Huseyin, S.; Gordaninejad, F.; Evrensel, C. Atom transfer radical polymerized
MR fluids. Polymer 2006, 47, 7653—-7663, doi:10.1016/j.polymer.2006.08.069.

Quan, X.; Chuah, W.; Seo, Y.; Choi, H.J. Core-Shell Structured Polystyrene Coated Carbonyl Iron
Microspheres and their Magnetorheology. IEEE Trans. Magn. 2014, 50, 1-4,
doi:10.1109/tmag.2013.2278291.

Min, T.H.; Choi, H.J.; Kim, N.-H.; Park, K.; You, C.-Y. Effects of surface treatment on magnetic
carbonyl iron/polyaniline microspheres and their magnetorheological study. Colloids Surfaces A
Physicochem. Eng. Asp. 2017, 531, 48-55, doi:10.1016/j.colsurfa.2017.07.070.

Salzman, S.; Romanofsky, H.J.; Jacobs, S.D.; Lambropoulos, J.C. Surface—texture evolution of
different chemical-vapor-deposited zinc sulfide flats polished with various magnetorheological
fluids. Precis. Eng. 2016, 43, 257-261, doi:10.1016/j.precisioneng.2015.07.011.

Saraswathamma, K.; Jha, S.; Rao, P.V. Rheological behaviour of Magnetorheological polishing
fluid for Si polishing. Mater. Today Proc. 2017, 4, 1478-1491, doi:10.1016/j.matpr.2017.01.170.

Paswan, S.K.; Bedi, T.S.; Singh, A.K. Modeling and simulation of surface roughness in
magnetorheological fluid based honing process. Wear 2017, 376-377, 1207-1221,
doi:10.1016/j.wear.2016.11.025.

Lee, J.-W.; Hong, K.-P.; Kwon, S.H.; Choi, H.J.; Cho, M.-W. Suspension Rheology and
Magnetorheological Finishing Characteristics of Biopolymer-Coated Carbonyliron Particles. Ind.
Eng. Chem. Res. 2017, 56, 2416—-2424, doi:10.1021/acs.iecr.6b03790.

https://encyclopedia.pub/entry/3503 12/14



Particle Coatings on Magnetorheological Materials | Encyclopedia.pub

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Zhang, P.; Lee, K.; Lee, C.-H. Fretting friction and wear characteristics of magnetorheological fluid
under different magnetic field strengths. J. Magn. Magn. Mater. 2017, 421, 13-18,
doi:10.1016/j.jmmm.2016.07.064.

Bombard, A.J.F.; De Vicente, J. Boundary lubrication of magnetorheological fluids in PTFE/steel
point contacts. Wear 2012, 296, 484-490, doi:10.1016/j.wear.2012.08.012.

Lee, J.W.; Hong, K.P.; Cho, M.W.; Kwon, S.H.; Choi, H.J. Polishing characteristics of optical glass
using PMMA-coated carbonyl-iron-based magnetorheological fluid. Smart Mater. Struct. 2015, 24,
065002, doi:10.1088/0964-1726/24/6/065002.

Hong, K.P.; Song, K.H.; Cho, M.-W.; Kwon, S.H.; Choi, H.J. Magnetorheological properties and
polishing characteristics of silica-coated carbonyl iron magnetorheological fluid. J. Intell. Mater.
Syst. Struct. 2018, 29, 137-146, doi:10.1177/1045389x17730912.

Xu, Z.; Wang, Q.; Zhu, K.; Jiang, S.; Wu, H.; Yi, L. Preparation and characterization of
magnetorheological elastic polishing composites. J. Intell. Mater. Syst. Struct. 2019, 30, 1481—
1492, doi:10.1177/1045389x19835960.

Yavas, D.; Yu, T.; Bastawros, A.F. Experimental Feasibility Study of Tunable-Stiffness Polishing
Wheel via Integration of Magneto-Rheological Elastomers. In Mechanics of Composite and Multi-
Functional Materials; Singh, R., Slipher, G., Eds.; Springer International Publishing: Cham,
Germany, 2020; Volume 5; pp. 85-91.

Lokander, M.; Reitberger, T.; Stenberg, B. Oxidation of natural rubber-based magnetorheological
elastomers. Polym. Degrad. Stab. 2004, 86, 467-471,
doi:10.1016/j.polymdegradstab.2004.05.019.

Ulicny, J.C.; Balogh, M.P.; Potter, N.M.; Waldo, R.A. Magnetorheological fluid durability test—Iron
analysis. Mater. Sci. Eng. A 2007, 443, 16—-24, doi:10.1016/j.msea.2006.06.050.

Burhannuddin, N.L.; Nordin, N.A.; Mazlan, S.A.; Aziz, S.A.A.; Choi, S.-B.; Kuwano, N.; Nazmi, N.;
Johari, N. Effects of corrosion rate of the magnetic particles on the field-dependentmaterial
characteristics of silicone based magnetorheological elastomers. Smart Mater. Struct. 2020, 29,
087003, doi:10.1088/2058-8585/ab56b7.

Utami, D.; Ubaidillah; Mazlan, S.A.; Imaduddin, F.; Nordin, N.A.; Bahiuddin, I.; Aziz, S.A.A,;
Mohamad, N.; Choi, S.-B. Material Characterization of a Magnetorheological Fluid Subjected to
Long-Term Operation in Damper. Materials 2018, 11, 2195, doi:10.3390/mal11112195.

Shafrir, S.N.; Romanofsky, H.J.; Skarlinski, M.; Wang, M.; Miao, C. Zirconia Coated Carbonyl Iron
Particle-Based Magnetorheological Fluid for Polishing. Appl. Opt. 2009, 48, 6797—-6810,
doi:10.1117/12.826383.

Behrooz, M.; Sutrisno, J.; Zhang, L.; Fuchs, A.; Gordaninejad, F. Behavior of magnetorheological
elastomers with coated particles. Smart Mater. Struct. 2015, 24, 35026, doi:10.1088/0964-

https://encyclopedia.pub/entry/3503 13/14



Particle Coatings on Magnetorheological Materials | Encyclopedia.pub

67.

68.

69.

70.

1726/24/3/035026.

Perales-Martinez, |.A.; Palacios-Pineda, L.M.; Lozano-Sanchez, L.M.; Martinez-Romero, O.;
Puente-Cordova, J.G.; Elias-Zufiga, A. Enhancement of a magnetorheological PDMS elastomer
with carbonyl iron particles. Polym. Test. 2017, 57, 78-86,
doi:10.1016/j.polymertesting.2016.10.029.

Sedlacik, M.; Mrlik, M.; Babayan, V.; Pavlinek, V. Magnetorheological elastomers with efficient
electromagnetic shielding. Compos. Struct. 2016, 135, 199-204,
doi:10.1016/j.compstruct.2015.09.037.

Yu, M.; Qi, S.; Fu, J.; Zhu, M.; Chen, D. Understanding the reinforcing behaviors of polyaniline-
modified carbonyl iron particles in magnetorheological elastomer based on polyurethane/epoxy
resin IPNs matrix. Compos. Sci. Technol. 2017, 139, 36-46,
doi:10.1016/j.compscitech.2016.12.010.

Cvek, M.; Mrlik, M.; licikova, M.; Mosnéacek, J.; Munster, L.; Pavlinek, V. Synthesis of Silicone
Elastomers Containing Silyl-Based Polymer-Grafted Carbonyl Iron Particles: An Efficient Way To
Improve Magnetorheological, Damping, and Sensing Performances. Macromolecules 2017, 50,
2189-2200, doi:10.1021/acs.macromol.6b02041.

Retrieved from https://encyclopedia.pub/entry/history/show/10852

https://encyclopedia.pub/entry/3503

14/14



