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Abstract: Cobalt particles have been introduced as a filler due to the advantages of embedding their
magnetic and electrical properties in magnetorheological elastomer (MRE). In the present research,
the rheology and resistance of MRE are experimentally evaluated. Isotropic and anisotropic MRE
samples containing silicone rubber and cobalt particles were fabricated. The magnetic properties of
MBRE are conducted using a vibrating sample magnetometer (VSM). The morphological aspects of
MRE are observed by using field emission scanning electron microscopy (FESEM) and characterized
by energy-dispersive X-ray spectroscopy (EDX). Rheological properties under various magnetic field
strengths were measured for the magnetic field, strain amplitude, and frequency sweep test by using
a parallel-plate rheometer. Subsequently, the resistance of MRE is tested under different applied
forces and magnetic fields. The MRE storage modulus depicted an enhancement in field-dependent
modulus across all the applied magnetic fields. The electrical resistance generated from the sample
can be manipulated by external magnetic fields and mechanical loads. The conductivity of MRE is
due to the existence of cobalt arrangements observed by FESEM. By introducing cobalt as filler and
obtaining satisfactory results, the study might open new avenues for cobalt to be used as filler in
MRE fabrication for future sensing applications.

Keywords: magnetorheological elastomer; cobalt; resistance properties; rheological properties

1. Introduction

Nowadays magnetorheological elastomer (MRE) has attracted much attention since, in addition to
its magnetic and rheological properties, it presents uncommon electrical properties leading to various
engineering applications, for example, vibration absorbers [1-3], electromagnetic waves absorbers [4],
dampers [5,6], and sensors [7,8]. MREs are smart materials with properties that can be altogether
changed in a controlled manner by outer stimuli, for example, magnetic field, electric-magnetic field,
temperature, and pH [9,10]. The sensitivity to the magnetic field is provided by magnetic nano- or
microparticles incorporated into the polymer [11,12]. In general, the ultimate properties of MREs are
subject to the magnetic particle, elastomer matrix, external magnetic field strength, and dispersion of
particles in the elastomer matrix.

Appl. Sci. 2020, 10, 1638; d0i:10.3390/app10051638 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-9116-7193
https://orcid.org/0000-0002-4016-3563
https://orcid.org/0000-0002-4889-4512
http://dx.doi.org/10.3390/app10051638
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/5/1638?type=check_update&version=2

Appl. Sci. 2020, 10, 1638 20f12

Up to now, carbonyl iron particles (CIPs) have been commonly used as magnetic particles in MRE.
The particles are dispersed in numerous types of rubber matrixes such as natural rubber or silicone
rubber [13-15]. Although this kind of magnetic particles exhibit a high magnetic saturation of elements
as well as high permeability and low remnant magnetization, the electrical property investigation is
still lacking in the previous study, in which researchers chose to add another filler, which is graphite
(Gr) [16]. The introduction of Gr powder has been proved to generate a new electrical conductivity
property, while maintaining the existing rheological properties of MRE. Li et al. introduced a force
sensor utilizing Gr powder in a magnetorheological elastomer (Gr-MRE); the effect of the magnetic
field on the resistivity response of the fabricated samples was tested using an experimental setup that
included mechanical parts, an electrical circuit, and an LED display unit. The results revealed that
the prototype force sensor could be used to detect the external forces at the selected force ranges [17].
On the other hand, Tian et al. fabricated two types of Gr-MRE by varying the conditions between
isotropic and anisotropic. This difference in particle structure contributed toward the increment in the
initial storage and loss moduli under the anisotropic condition, which explains that charge transport
plays a significant role in the dielectric polarization in the anisotropic composite material containing
magnetic particles within the matrix [18]. In different circumstances, Schimann et al. [19] analyzed an
electroconductive MRE exhibiting highly complex resistive behavior. The author used CIPs, carbon
black, and silicone as the main ingredients for the MRE fabrication. The results revealed that the
resistance increased from 100 to 2300 k() and then dropped exponentially to 1200 k() at 1% and
3% strain, which was within the linear elasticity region. In a most recent study, Shabdin et al. [20]
investigated the resistance properties of MRE by introducing Gr powder mixed with CIPs. The author
used Gr particles in order to achieve a high electrical conductivity. However, the mixture of CIPs
and Gr caused the composition to be saturated and thus restricted the author to add more Gr to the
composition; otherwise, the samples would be too brittle and not reliable.

Nevertheless, several studies have introduced the cobalt as magnetic particles in MRE.
Tong et al. [21] studied the effect of cobalt shape on improving the interfacial interaction of MRE
based on a cobalt-silicon rubber matrix, which indicated good storage modulus and MR effect. In their
study, an anisotropic MRE with two types of particle shape, namely flower-like and spherical shape,
were fabricated and analyzed. The result showed that the flower-like shape cobalt particles exhibited a
higher performance of storage modulus for the frequency sweep test as compared to the spherical
shape. However, only rheological and magnetic properties were reported in the study.

To the best of our knowledge, no study has been conducted on the resistance properties of
cobalt-based MRE, which detailed the resistance properties of the MRE toward the presence of
external magnetic field; this area is still lacking and interesting to be investigated. This would include
investigating the impacts of magnetic field strength on the cobalt-based MRE under strain amplitude,
frequency, and current sweep of testing parameters. Therefore, in this study, investigation of the
response of cobalt as magnetic particles toward the rheological and resistance properties for isotropic
and anisotropic MRE was comprehensively examined.

2. Methodology

2.1. Raw Materials

Cobalt powder containing 99.8% trace metal basis with an average of 2 um diameter was obtained
from Sigma-Aldrich (San Luis, MO, USA) and used as the magnetic particles. Moreover, silicone
rubber (SR) NS 625 A are utilized as a matrix in the MRE fabrication together with the curing agent NS
625 B, which were both purchased from Nippon Steel Co. (Toyko, Japan).

2.2. MRE Fabrication

A single MRE was prepared through a mixing process. First, 47 wt % of SR was mixed with
53 wt % of cobalt powder using a mechanical stirrer at 280 rpm until the mixture was visually
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homogenous. Then, 2% of the curing agent from the total weight percent was added, and the mixture
was continuously stirred for another 1 min. In order to produce an anisotropic structure, the curing
process was performed in room temperature of 25 °C at 0.3 T (239.31 KA/m) with an orientation
magnetic field along the thickness of the sample for about 2 h. By curing the mixture in the existence
of a magnetic field, the interaction caused by the field between the particle encourages them to form
chains or columns aligned along the field direction. Figure 1 and Table 1 show the schematic diagram
and wt % of material used for preparation of isotropic and anisotropic MRE.
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Figure 1. Schematic diagram of magnetorheological elastomer (MRE) preparation.

Table 1. Component of cobalt-based magnetorheological elastomer (MRE).

Compound Elements Weight (g) wt %
Silicon Rubber 4.7 47
Cobalt Powder 5.3 53

2.3. Material Characterization

The surface morphology of the MRE was examined using field emission scanning electron
microscopy (FESEM): JSM-7800F PRIME, JEOL, Japan. The test was conducted with the application
of an accelerating voltage of 6 kV with the magnification of 1000x and 3000 for the surface morphology.
Therefore, energy-dispersive X-ray spectroscopy (EDX) was used to identify the elemental composition of
MRE. The magnetic properties of the MRE were investigated using vibrating sample magnetometer (VSM);
MicroSense, USA at room temperature. The sample weight of 0.08 g was mounted in the holder, which will
vibrate during the analysis. Then, the test was subjected to a maximum magnetic field of 15,000 Oe.

2.4. Rheological and Resistance Properties

The rheological test was performed using a rotational rheometer (Physica MCR 302, Anton Paar
Company (Graz, Austria). The sample used is subjected to a 20 mm diameter and 1 mm thickness,
respectively. The sample was placed between a rotating disk and a parallel base plate (PP20/MRD/1T).
An oscillatory shear test method was applied for all rheological tests, and the measuring temperature
was kept constant at 25 °C. All sample were subjected to different magnetic field which are 0 T (off-state)
and 0.8 T (on-state) as shown in Table 2. The strain amplitude sweep test was carried out by varying the
strain from 0.0001% to 10% at constant frequency of 1 Hz. For the frequency sweep test, the frequency
was swept from 0.1 to 100 Hz at a constant strain of 0.001% and for the magnetic field sweep test,
the magnetic field was swept from 0 to 0.8 T at constant frequency (1 Hz) and strain (0.001%).
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Table 2. Magnetic flux density.

Magnetic Flux Density (T) Current (A)
0T 0A
08T 5A

For the resistance test, before it was carried out, the hardness of the samples was determined
first by using elastomer shore A (HBA 100-0: Sauter GmbH, Balingen, German). The resistance of the
MRE was observed using a test rig, as shown in Figure 2. It was set up to determine the resistance,
from the exerted load applied between 1 to 5 kg in this experiment. The data acquisition (DAQ) used
was obtained from LabVIEW (6211, National Instruments, Austin, TX, USA). After the connection was
set up, the off-state test (without magnetic field) was conducted by placing a 1 kg weight on the MRE,
and the load given was distributed equally on the entire surface of the tested sample. The test was
then repeated until 5 kg at intervals of 1 kg. The on-state testing (with the magnetic field) was carried
out in a similar condition, but the MRE was sandwiched between permanent magnets. These magnets
were used to induce magnetic fields in the MRE in order to investigate the change in the resistance
properties of the material.

Force

- DAQ — MRE

PR - { Load Cell

Figure 2. Schematic diagram for resistance testing.

3. Result and Discussion

3.1. Magnetic Properties

Figure 3 shows the hysteresis loops of the MRE sample that have been measured in the field
up to 15,000 Oe. Magnetic saturation Mg, coercivity Hc, and retentivity magnetization, M were
evaluated at room temperature. Table 3 shows the value on the magnetic behavior for the MRE. It can
be easily comprehended that the cobalt particle exhibits ferromagnetic behavior as observed from the
coercivity magnetic hysteresis. In addition, the two curves had similar magnetic saturation behaviors.
The anisotropic MRE showed similar behavior regarding its hysteresis loop but with a higher magnetic
saturation value compared to the isotropic MRE. The difference in magnetic performance of the MRE
was mainly attributed to the particle alignment of the cobalt particle. This indicates that the alignment
of particles in the anisotropic did influence the magnetic flux flow by causing stronger and closer
inter-particle interaction. Thus, this kind of strong inter-particle interaction will result in higher
magnetic saturation. As compared to the isotropic sample, random particle distribution caused the
magnetic flux flow restricted by the silicon rubber.

Table 3. Magnetic properties of isotropic and anisotropic MRE.

Sample Mg, emu g1 M;, emu g1 Hc, Oe

Isotropic 78.74 6.09 215.47
Anisotropic 81.29 6.34 216.97
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Figure 3. Magnetic hysteresis loop of the Co-MRE.
3.2. Morphology of MRE

Isotropic and anisotropic MRE cross-section morphologies from the FESEM are shown in Figure 4.
The cobalt particle had been observed to be embedded well and dispersed in the silicone rubber matrix.
In Figure 4a, the particles show random distribution. This is because, during the preparation of MRE,
there is no magnet existence that can cause the interaction between particles. In Figure 4b, the particles
form a column structure. The magnetic field has been used during preparation, so the particles are
magnetized and attracted to one another. The particles start to vibrate and shape the column structures
after the magnetic force defeats the matrix resistance. Whereas, in the isotropic orientation they are
randomly distributed because the particles are not affected by the direction of the magnetic field.
The discussion of the impacts of structuring during preparation on the morphology will be followed in
connection with the MR effect measured under a magnetic field.

Figure 4. Field emission scanning electron microscopy (FESEM) images of (a) isotropic MRE and
(b) anisotropic MRE with 53 wt % of cobalt.

Table 4 tabulated energy-dispersive X-ray spectroscopy (EDX) results obtained from the field
emission scanning electron microscopy (FESEM) images. Based on the FESEM micrograph, several
points were chosen to determine the composition of the elements in the MRE. Silicon exhibits the
highest weight (41.66%) followed by cobalt and oxygen (31.37% and 26.97%). The element is present
due to the use of silicone rubber as a matrix and cobalt as a magnetic particle in MRE fabrication.

Table 4. Elements percentage in the MRE.

Element Weight (%)
Si 41.66
Co 31.37

@) 26.97
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4. Rheological Properties

4.1. Strain Amplitude Sweep Test

Figure 5 shows the storage modulus and loss factor of the MRE samples as a function of the
strain amplitude under magnetic flux and constant frequency (1 Hz). The static oscillatory strain
had been applied to the sample parallel with the particles alignment of anisotropic sample MRE.
The strain amplitude depends on both the elastic and viscous behavior of the material. It can be
observed that the storage and loss modulus had decreased with increasing strain amplitude for all
sample. This phenomenon was strain-dependent behavior. Besides that, the strain amplitude had
increased with magnetic field for all the samples. The anisotropic sample in on-state condition shows
the highest storage and loss modulus values, which are 0.48 MPa and 0.038 Mpa. Meanwhile, isotropic
MRE stated the lowest storage and loss modulus in an off-state condition, which is 0.25 Mpa and 0.017
Mpa. From the storage modulus, which was related to the stiffness behavior from the MRE point of
view, the isotropic sample shows more stiffness than the anisotropic sample for both storage and loss
modulus. The anisotropic stiffness sample is at 0.1% strain, while the isotropic sample is at 10% strain.
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Figure 5. (a) Storage modulus and (b) loss modulus of MRE under different magnetic flux densities as
a function of strain amplitude.

This phenomenon demonstrated a common payne effect behavior for MRE, where it indicates the
reliance of storage modulus on strain amplitudes, which is caused by the devastation and restructuring
of a cobalt particle bonding in the rubber [22]. The performance during the on-state condition, the Payne
effect, had been more obvious. That is why the storage modulus of the on-state condition is higher than
that of the off-state condition. In addition, the linear viscoelastic (LVE) region has a tendency to reduce
by the external magnetic field. For the anisotropic sample, the application of a magnetic field of 0.8 T
caused the particles that had been aligned to be repelled, which is why the anisotropic curve shows a
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lower LVE as compared to the isotropic curve. When there is a higher magnetic field, the particle chain
tended to be easily interrupted, which led to the shorter linear region of the MRE sample. The matrix
is reinforced by the particles because of the physical interactions among the particles and the matrix,
and subsequently, the LVE region is reduced [23]. The morphological properties are strongly supported,
as observed in Table 4. Those chain structures were easily broken at higher strain during the oscillatory
test due to the particles attracting edge to edge. Particle chains and the movement of the particles
within the silicon rubber structure affect the loss modulus. To sum up, the storage and loss modulus
increase with the increasing magnetic field strength can be attributed to the stronger network structure
at a higher magnetic field. It indicates that both the anisotropic and isotropic curves present significant
magnetorheological effects.

4.2. Frequency Sweep Test

Figure 6 shows the storage modulus and loss factor or tan & of the MRE samples as a function of
frequency. The storage and loss modulus for isotropic and anisotropic increased with the increasing
frequency at the 0 and 0.8 T magnetic field. It is a typical phenomenon for viscoelastic material where
frequency will cause an increase, since the deformation of the particle chain had been unsuccessful
to sustain with the shear force in the matrix, thereby causing the storage modulus to increase with
increasing frequency [24].

—vw— Anisotropicat 0.8 T
—e— |sotropic at 0.8 T
—aA— Anisotropicat 0 T
—=— |sotropicat0 T

Storage Modulus (MPa)
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Figure 6. Storage modulus (a) and loss factor (b) of MRE under different magnetic flux densities as a
function of frequency.
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The storage modulus at an on-state condition was observed to be higher as compared to the
off-state condition. Applying the magnetic field strengthened the interaction between the cobalt
particles in the matrix. In addition, the magnetic field also led to stronger formation chains structures
and will improve the storage modulus. The chain-like structure in the anisotropic MRE also causes the
storage modulus of anisotropic MRE to be higher as compared to isotropic MRE. This is due to the
easy magnetization axes between particles and led to a decrease of inter-particle distance.

Loss factor during the on-state condition for the isotropic and anisotropic samples had shown
a higher value than during the off-state condition. A higher value of loss factor had higher heat
dissipation, leading to stronger cobalt particle interaction. The lower value at the off-state condition
for both the isotropic and anisotropic samples due to the smaller friction indirectly led to less energy
dissipation [25]. On the other hand, a higher value of loss factor for the anisotropic sample indicates
that the chain-like structure had turned out to be more complex and had reinforced the interaction
force between the particle and the matrix [15]. Besides particle bonding, the interaction between the
particle and matrix also influenced the value of the loss factor.

4.3. Magnetic Field Sweep Test

Figure 7 shows the storage modulus versus the magnetic field of the isotropic and anisotropic
MRE at constant strain amplitude 0.001% and constant frequency of 1 Hz. As the magnetic field (T)
increased, the storage modulus increased. It means that both isotropic and anisotropic MRE presents a
typical MR effect, which can be attributed to the increasing magnetic attractive interaction between
particles. Furthermore, the magnetic field would cause the cobalt particle to align and restrict the
deformation of the matrix, therefore bringing about a change of the modulus. The MR effect can be
expressed by the following equation:

AG
GMRE(O/O) = — X 100%
Go
where G, is the initial storage modulus and AG is the difference between the maximum storage

modulus and initial storage modulus and. The MR effect is presented in Table 5.
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Table 5. The MR effect on the storage modulus of the MRE.

Sample MR Effect (%)
Isotropic 27.77
Anisotropic 71.42

As shown in Table 5, the MR effect of anisotropic MRE is 61% higher than that of the isotropic MRE
sample. Interaction between particles would become stronger under anisotropic conditions because of
the chain-like structure formation during the curing process. In addition, the effect of the magnetic
field will strengthen the attractive interaction between the particles in the anisotropic condition.
Thus, this phenomenon explained the greater MR effect on the anisotropic MRE, which aligns with the
previous study [26].

5. Resistance Properties

Compression test results for isotropic and anisotropic MRE under different applied forces and
magnetic fields were initially obtained to evaluate the electrical resistivity of MRE, which explained the
behaviour of the electric charge carrier in the MRE. Figure 8 shows the magnitude of resistance versus
applied force for various magnetic fields. The hardness of the sample was Shore 57A for isotropic MRE
and Shore 58A for anisotropic MRE. The experiment was conducted by applying a weight between 1
and 5 kg. The magnetic field also was varied between 0 T (off-state) and 0.1 T (on-state). It can be seen
that the resistance was decreased exponentially as the weight changed by an increment of 1 kg for both
the isotropic and anisotropic samples at off- and on-state conditions.

8000

1 —a—|sotropicat0 T
7000 —e— Anisotropicat0 T

J —aA—|sotropic at 0.1 T
6000 —w— Anisotropicat 0.1 T

5000
4000 +

3000 +
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2000 +

1000

T
1 2 3 4 5

Load (Kg)

Figure 8. Resistance reduction of MRE in the magnetic field 0 (off-state) and 0.1 T (on-state).

By applying load to the MRE, the electrical resistance decreased for both the isotropic and
anisotropic MRE. This can be referred to as the piezoresistance effect [27]. This phenomenon might be
because the cobalt particle chains become closer between each particle. So, the decrease of the resistance
will increase the electrical contact between the cobalt particles. The resistance of the anisotropic MRE
is lower than that of the isotropic MRE. This is because the chain-like structure inside the MRE has
made the electricity flow more efficiently. Indeed, the particle alignment also plays a big role in electric
circulation in MRE. In addition, it can also be related to the MR effect, which shows that the anisotropic
MRE has a higher MR effect than the isotropic sample. The higher modulus change can be attributed
to the greater strength interaction between particles causing less resistance.

In addition, when applying a magnetic field to 0.1 T, the MRE results in a larger reduction in the
resistance for both MRE. The magnetic field causes the cobalt particles instantaneously to become
magnetic dipoles; they follow the direction of magnetic field lines, therefore forming a network of
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parallel chains inside the MRE. By combining the applied force and magnetic field, the resistance of the
MRE decreases with applied force.

The resistance changes at the very beginning, and gradually, the resistance reaches a nearly
constant value. The correlation between magnetoresistance and piezoresistance in MRE is ascribable
to the deformation of the material. This phenomenon also was discovered and consistent with the
findings of Shabdin et al., who verified that by applying force and a magnetic field, the resistance
would decrease [20].

6. Conclusions

In this study, cobalt-based MRE using silicon rubber was successfully fabricated in isotropic
and anisotropic types. Besides the morphologies, element characterization, and magnetic properties,
the relationship between rheological properties and magnetic field, the resistance, and magnetic field
were also experimentally investigated and discussed in detail. Their microstructure was observed
by FESEM and mapping analysis showing, the cobalt chain in an anisotropic state. Anisotropic MRE
has shown higher magnetic saturation compared to isotropic MRE. A significant increment of the
storage modulus of isotropic and anisotropic MRE was also observed under magnetic fields in strain
and frequency sweep. Anisotropic MRE under a magnetic field exhibits the highest storage modulus
for both sweep condition. An extraordinary MRE effect achieved by anisotropic MRE was 71.42%,
which is 157% higher than that of isotropic MRE. Besides the magnetic properties, cobalt particles have
generated conductivity to the MRE. The resistance was detected as the change in resistance, which is
related to the external force generated from the contact to the MRE. This indicates that the controllable
conductivity of MRE can be a potential candidate for wide application such as sensor applications.
In a nutshell, the outcomes acquired from this study are seen as convenient and can be considered in
the future studies of the MRE field.
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