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Abstract: Magnetorheological elastomers (MREs) are well-known for their ability to self-adjust their
mechanical properties in response to magnetic field influence. This ability, however, diminishes
under high-strain conditions, a phenomenon known as the stress-softening effect. Similar phenomena
have been observed in other filled elastomers; hence, the current study demonstrates the role of
fillers in reducing the effect and thus maintaining performance. Anisotropic, silicone-based MREs
with various carbonyl iron particle (CIP) concentrations were prepared and subjected to uniaxial
tensile load to evaluate high-strain conditions with and without magnetic influence. The current
study demonstrated that non-linear stress—strain behavior was observed in all types of samples,
which supported the experimental findings. CIP concentration has a significant impact on the
stress—strain behavior of MREs, with about 350% increased elastic modulus with increasing CIP
content. Microstructural observations using field emission scanning electron microscopy (FESEM)
yielded novel micro-mechanisms of the high-strain failure process of MREs. The magnetic force
applied during tension loading was important in the behavior and characteristics of the MRE failure
mechanism, and the discovery of microcracks and microplasticity, which was never reported in the
MRE quasi-static tensile, received special attention in this study. The relationships between these
microstructural phenomena, magnetic influence, and MRE mechanical properties were defined and
discussed thoroughly. Overall, the process of microcracks and microplasticity in the MRE under
tensile mode was primarily formed in the matrix, and the formation varies with CIP concentrations.

Keywords: anisotropic; magnetorheological elastomers; microcracks; microplasticity; morphology;
Mullins effect; tension

1. Introduction

The magnetorheological elastomers (MREs) are gaining popularity due to their fasci-
nating ability to change mechanical properties continuously, rapidly, and even reversibly
in the presence of external magnetic stimuli [1-10]. This unique property has piqued
the interest of researchers because it is useful for many advanced technologies, and it
has allowed them to be classified as ‘smart materials’. Before selecting a material for an
engineering product or application, it is necessary to understand the mechanical properties
of the material to determine its range of usefulness and predict its service life. Furthermore,
any potential damages can be predicted and controlled for future use. Several studies on a
variety of working modes, such as tension mode [11-15], compression mode [16,17], and
shear mode [18-21], have been conducted for obtaining the mechanical properties of MREs.
The properties, particularly the stress—strain relationship of the applied magnetic field,
have been evaluated in a linear viscoelastic (LVE) region, with only minor strain applied
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throughout the test. Essentially, by applying the maximum loading to the MREs during the
test, the study could be expanded to a broader region of the respective strain.

An actuator is a device that causes something to move or operate. The movement
can be linear or rotary. In terms of movement pattern, this current study contributes to a
better understanding of the materials’ responses to linear movement. Because the materials
(MRESs) used in this study have the potential to be used in actuators, the characteristic
toward linear movement can be related to the phenomena observed in the investigation.
The central concept of actuator design is how input energy can be converted into physical
or mechanical energy capable of moving something. Electric motors, hydraulic motors,
and pneumatic control valves are popular examples of input energy available today. The
challenges of designing actuators become even more critical as the size is reduced, re-
sulting in a demand for miniaturized soft actuators that respond to various stimuli and
exhibit deformations. Along with the exciting advances in artificial intelligence technology,
actuators should be made of smart materials that can fulfill the demand of stimulation.
Again, relevant to this study, MREs are one of the best examples that can be applied as
magnetic responsive actuators. Furthermore, magnetic actuators have been reported [22]
to have been used successfully in the development of various crawling devices, swimmers,
and micropumps.

Several studies [2,12,13] found that MREs exhibited a slight weakening in mechanical
performance at maximum strain, known as the stress-softening effect, and this phenomenon
was rarely reported and discussed, highlighting the need for further research. This stress-
softening effect is highly sensitive to all filled-rubber materials. The first discovery was
made by Mullins who discovered that stretching vulcanized rubber containing fillers
significantly altered the properties of the rubber due to the breakdown of both agglomerates
and chains of the filler particles, as well as the adsorption of the filler particles on the rubber.
Later, Diani et al. [23] provided a comprehensive review of Mullins” works. The study
concluded that this phenomenon occurred most frequently during the first deformation
of the rubber and was associated with residual strain, and theories, such as bond rupture,
molecule slipping, filler cluster rupture, and chain disentanglement, were developed to
explain the effect. However, there is no data on the extensive relationship between the
phenomena at high-strain performance and the microstructure behavior of MREs in tension
mode in the literature.

A thorough investigation of the microstructure behavior of MRE materials is required
to comprehend how specific phenomena affect the properties of MREs and influence the
microstructure behavior as occurred in other composite materials [24-28]. The majority
of MRE microstructure studies focused on pre-structural [29,30] particle arrangements
in the matrix [31,32] and small-strain deformation [5,33,34]. Johari et al. [35] revealed
the development of permanent microplasticity in MRE samples subjected to small-shear
deformation, which reduced the MRE’s ability to store energy. Again, the extent to which
stress and strain influence MRE microstructure during large strain is unknown. In fact, the
morphological aspects of MREs subjected to tensile mode were never discussed. Forensic
investigation of the failure mechanism on tensile-loaded surfaces is critical and will un-
doubtedly contribute to the current literature. Microstructural observations using advanced
microscopy instruments reveal novel micro-mechanisms of the MREs undergoing uniaxial
tensioning, and this mechanism will be more distinctive as the MREs are responsive to
magnetic stimulation during the test, which plays an important role in the behavior and
characteristics of the MRE failure mechanism.

To fill a gap in the literature, this study investigates the softening effect and its rela-
tionship to microscopic evidence of anisotropic, silicone-based MREs by varying magnetic
particle volume concentrations. The stress—strain behavior of the MREs was examined in
both the absence and presence of a magnetic field. The influence of particle concentration
and magnetic influence on the mechanical properties and microstructural phenomena of
the failed silicone-based MREs under uniaxial tensile-loading conditions is discussed in
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detail in this study. The failure mechanism was then proposed to explain the phenomenon
and its relationship to microscopic behavior.

2. Materials and Methods
2.1. Sample Preparation

The matrix was the two-component RTV silicone rubber NS625A supplied by Nippon
Steel Co., Tokyo, Japan, and the ferromagnetic filler used in this study was carbonyl iron
particles (CIPs), OM grade having an average particle size of 3-6 pm provided by BASE,
Ludwigshafen, Germany. The curing agent, NS625B, obtained from Nippon Steel Co.,
Japan was used as a crosslinking agent. Three types of samples were fabricated, namely
pure silicone rubber (SR), MREs with 10 vol.% CIPs (10MREs), and MREs with 20 vol.%
CIPs (20MREs). The pure SR was made by adding 2% curing agent to an SR solution and
constantly mixing it. Meanwhile, for the MRE samples, the different volume concentrations
of CIPs, 10 and 20 vol.%, were mixed thoroughly with the SR base using a mechanical stirrer
with a speed of 200 rpm for 20 min at room temperature to ensure uniform distribution.
Then, a curing agent was added and mixed into the homogenous mixture around 0.04% to
0.10% to allow the paste-like mixture to solidify and create cross-linking. Furthermore, the
cross-linking process between the curing agent and the silicone rubber solution followed
the established manufacturer’s standard procedure and guidelines. Then, the sample was
then poured into a closed, customized cylindrical steel mold with a diameter size of 50 mm
with 1 mm thickness. To prepare anisotropic MRE samples, the mold was placed in the
center of a solenoid coil that generated a 300 mT magnetic field for 30 min to allow particles
to align with the flux direction before being left without magnetic stimulation for two hours
to cure. Figure 1 depicts the illustration of the curing process. The beam-liked anisotropic
MRE sample with 35 mm length and 2 mm width then was cut from the MRE disc sheet
using a sharp blade for uniaxial tension analysis (dimension as per ISO-37, type 4).

(a) DC power source

Customized mold (b)

MRE sample

Customized
mold

Magnetic flux

Curing device Curing device

Figure 1. Optical images of anisotropic silicone-based MRE curing process: (a) real magnetic setup
and (b) illustration of the magnetic flux inside the curing device.

2.2. Testing Method—Uniaxial Tension Testing

The quasi-static uniaxial tensile test was performed on a Universal Testing Machine
(Shimadzu AGX-S, Kyoto, Japan) to analyze the large-strain behavior of anisotropic MREs
during the absence (off state) and presence (on state) of the magnetic field. The beam-like
shaped MRE sample was positioned parallel to the tensile load equipped with a load cell,
as shown in Figure 2. During the on-state testing, a 0.2 T permanent magnet (Neodymium
N52) supplied by One Magnet Electronic (M) Sdn. Bhd. was placed on both sides of the
MRE samples, parallel with the alignment of the CIPs inside the sample. The reading
taken by the Tesla meter indicated that the magnetic field in the testing area (gauge length)
was 50 mT. This alignment was chosen to investigate the impact of the CIP alignment
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Beam-like
shaped MREs

on the MRE tensile strength. When the MRE sample is subjected to tensile force in the
vertical direction, an equal and opposite force acts on the fixed end supplied by the CIP
arrangement and magnetic field which resists the tensile loading, increasing the modulus.

Stretching direction
(tensile mode) Particles with new
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Matrix magnetic influence
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. Mag.netl? field
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Figure 2. The test setup for quasi-static uniaxial tensile test is depicted: (a) schematic diagram ex-
plaining the direction of stretching (tension mode), CIP arrangement, and magnetic field; (b) movable
magnet holder; (c) the magnetic setup with permanent magnet at 30 mm inter-magnet distance that
produces 50 mT magnetic field.

A maximum length of the sample, 25 mm, with a gauge length of 10 mm was prepared
for the testing. A movable magnet holder made from non-magnetic material, namely
polylactic acid (PLA), was fabricated by using 3D printing, which was used to hold the
magnet with an inter-magnet distance of 30 mm during the experimental procedure. Mean-
while, the magnet holder was used to ensure the amount of the induced magnetic field
remained consistent throughout the experiment. The tensile machine gripper’s upper parts
were attached to the movable magnet holder. When the samples elongate, the magnet
holder moves with them to keep the magnet position in the center of the gauge length area.
The MRE samples were tested for uniaxial tension using an ASTM D412 procedure at a
speed of 50 mm /min for both off- and on-state conditions at room temperature until the
sample broke.

2.3. Morphology Analysis

Samples before and after the tensile test were cut into 1 mm x 10 mm straps with a
sharp blade set at right angles near the fractured gauge length. The cut region was chosen
with the understanding that any tensile deformation would have a greater effect on the
sample’s gauge length. MRE samples were collected for both before and after the tension
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tests to compare microstructure characteristics and failure analysis. FESEM, JSM 7800F
Prime model JOEL, Japan, was used to examine the cross-section of MRE samples. Before
the evaluation, the samples were sputtered with gold in a vacuum chamber to improve the
quality of the resulting images.

3. Results
3.1. CIP Concentrations and Magnetic Field Influence

The stiffness and stress increases caused by the different CIP concentrations and
alignment as well as the magnetic field inducement were investigated. Figure 3 depicts the
stress—strain curves of pure SR and all MRE samples tested under tension mode at the off-
and on-state conditions.

(a) 3°
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Figure 3. (a) Total strain and (b) magnification at 50% strain on stress—strain results of a quasi-static
uniaxial tensile test of pure SR, MREs at 10 vol.%, CIPs and MREs at 20 vol.%, and CIPs with and
without magnetic fields.

Non-linear stress—strain behavior was observed in all types of samples, correlating
with previous reports [2,11,13]. At the first stage of the tensile test, all samples exhibited
elastic behavior with a linear inclination pattern. Above 100% strain, all samples had non-
uniform patterns of a linearity curve shape, with SR and 10MREs showing increasing slope
and 20MREs showing decreasing slope. This is because 20MREs contain more particles.
As a result, it carried more particles—particles and particles—matrix bonds (secondary
interactions) than matrix-matrix bonds (primary interaction). This secondary interaction is
weaker than the primary interaction, resulting in a shorter molecular chain. Consequently,



Actuators 2022, 11, 306

6 of 13

when the strain reached 100% for 20MRE, most of the shorter molecular chain was broken,
leaving only the longer molecular chain. The small amount of the longer molecular chain
will accommodate with less stress distributed along the chain. Surprisingly, the trend
was consistent with CIP concentrations, as increasing the concentration increases sample
stiffness, as evidenced by the gradient of the slope of the curve. It, however, reduced the
tensile stress at break and as a result, the MRE sample’s strength at failure. The trend held
under both off- and on-state conditions.

Tension at magnetic inducement revealed that the tensile stress of MRE samples
increased as the strain increased. The slope of the graphs indicated that the samples have
higher stiffness when tested without magnetic field inducement. Because higher volume
concentrations of CIPs result in higher stiffness and stresses where CIP concentration has a
greater influence on this phenomenon. This result suggested that higher magnetic particle
concentrations in MREs caused increases in Young’s modulus. The difference between
before and after the magnetic inducement was greater in the 10 vol.% MRE samples, which
might be due to the strength of the magnetic field used.

Although the curves showed the same pattern of development, the stress—strain of
MREs with 10 vol.% CIPs exhibited significant change in stress and strain during the off- and
on-state conditions. This finding implied that applying 50 mT to the MREs during the tensile
test has a significant impact on its behavior as it stiffens. On the other hand, the slope of
the curve for MREs with 20 vol.% CIPs decreases with large deformation. This is due to the
viscoelastic behavior of MRE material. As a result, there are certain changes in deformation
when reaching large deformation. This is a common phenomenon for viscoelastic material
with higher CIPs. However, the reduction of the slope is still substantially much higher
than MREs with 10 vol.% CIPs and pure silicone rubber. Furthermore, the evaluation of the
stiffness was evaluated at 100% strain (Refer to Figure 3b).

The stress—strain curves revealed that when the strain was small, the sample’s tensile
stress increased slowly with the strain (Figure 3b). The tensile stress of the MRE sample, on
the other hand, increased exponentially as the strain increased. The stress output of the
sample after adding the magnetic field was greater than the MRE sample before adding
the magnetic field under the same strain. Furthermore, the modulus increased with CIP
concentrations (Figure 4).

The particle magnetization was caused by the external magnetic field and the greater
magnetization was caused by the higher concentration, indicating that the MRE internal
force was more than just the restoring force of the rubber matrix. Nonetheless, the magnetic
force between particles stimulated by an external magnetic field was directly proportional
to the CIP concentrations, implying that the MRE sample has a definite magnetostrictive
effect [36]. As a result, the external magnetic field and CIP concentrations can have
significant impacts on mechanical properties.

3.2. Morphological Analysis

Figure 5 depicts the surface morphologies of anisotropic silicone-based MRE samples.
The anisotropic MRE sample with 20 vol.% CIPs was found to have particle alignment, as
shown in Figure 5a. The yellow arrow indicates the alignment direction in relation to the
magnetic flux pattern used during the curing process. At low vol.% CIPs, however, the
chain-like alignment was barely discernible. Because of the low concentration of CIPs, the
interaction and attraction between the CIPs were slightly weaker (Figure 5b) in comparison
to the higher CIP concentrations. In addition, MRE sample alignment at 10 vol.% could
be noticeable for CIPs with smaller diameters. At 20 vol.% CIPs, however, the chain-like
alignment was visible, and more protruded CIPs were seen distributed throughout the
sample. As a result, at higher CIP concentrations, MRE samples have better particle-particle
interactions, which were responsible for the formation of chain-like structures during the
curing process.
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Figure 4. Graphs of (a) tensile strength, (b) elongation at break, and (c) engineering modulus of
pure SR and anisotropic silicone-based MREs with 10 and 20 vol.% CIPs during off-state (0 mT) and
on-state (50 mT) conditions.

The morphological evaluation revealed that the CIPs were well embedded and bonded
in the silicone matrix prior to tensile testing of the MRE sample. However, following
the tensile test, some particles spewed out of the matrix, breaking the bonds between
the particles—-matrix and particles—particles, resulting in the failure of the MRE samples.
Figure 5c,d show the tested samples of MREs without magnetic influence (off-state) at
20 vol.% and 10 vol.%, respectively. At this stage, both MRE samples showed evidence
of a failure matrix, but it was only faintly visible. Because the MRE samples were still
dominated by their original elastic condition, the formation of microcracks was limited, but
strain localization and microplasticity developed in very confined regions. This permanent
plasticity mechanism was thought to be caused by the matrix’s amorphous molecular chain
structure and cross-linkages. The MRE’s amorphous molecular chain allowed stress from
external loading to be distributed evenly throughout the chain. In this case, the 50 mm /min
tension loading was also important because it allowed for stress distribution per unit area
of the MRE samples.

Further investigation was carried out at the MRE condition just before the breakage
and when subjected to the greatest strain, as shown in Figure 6. This state represented
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the Mullins effect on the sample, and this would be the only image associated with this
phenomenon that has ever been reported. On Mullins’ finding, microcracks and microplas-
ticity were clearly visible in the image, and the process for their formation agreed with the
literature’s hypothesis [23].

CIPs alignment '
direction” ¢

Figure 5. FESEM images for anisotropic MRE with particle alignment of (a) 20 vol.%, and (b) 10 vol.%,
and microplasticity formation on (c) 20 vol.% and (d) 10 vol.% CIPs.

The microplasticity was essentially formed by residual stresses at a localized area,
which then promoted microphase separation and chain disentanglement, leaving the mi-
croplasticity bands. Cracks in MRE samples were difficult to form due to their high elasticity
and ability to store energy during formation caused by the applied force. Apparently, the
hairline cracks or microcracks in the figures could have formed just before the sample
break within the gauge length that occurred in the stress concentration area. At this point,
the localized area was thought to have a weaker amorphous molecular structure chain
and continuous applied stress, resulting in molecular slippage and, eventually, matrix
bond rupture.

Tensile loading on MRE samples under magnetic field influence, on the other hand,
resulted in larger cracks, as shown in Figure 7a,b. Tension load at 50 mT of external
magnetic inducement stiffened the samples and promoted brittle failure at the gauge
length. External magnetic inducement decreased the ability of the matrix’s molecular
chain, allowing less stress to be distributed in the sample. Simultaneously, the ability of
deformation to store energy was reduced, hastening the microcrack formation process. The
size of the microcrack significantly increased before the separation of the matrix at the
concentration area within the gauge length, as the crack was triggered earlier. Both CIP
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concentrations showed brittle failure in the raging zone, which was most noticeable in the
MRE 20 vol.% sample.
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Figure 7. FESEM images of an MRE sample at tension loading under magnetic influenced at CIP
concentrations of MREs with (a) 10 vol.% and (b) 20 vol.%.

During the on-state condition, MRE samples exhibited greater permanent microcrack
deformation and rough surfaces. There was also evidence of microplasticity bands with
larger dimensions when compared to tension failures that were not magnetically influenced.
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This is because the magnetic fields improved particle interaction, increasing the stiffness of
the matrix. Overall, the findings of this morphological study successfully demonstrated
the influence of CIP concentrations and magnetic field on the large strain behavior of
anisotropic MREs as well as failure microstructure analysis for the development of material
quality and performance.

3.3. Failure Mechanism under Tension

As previously stated, the softening effect, also known as the Mullins phenomenon,
may have an impact on MRE samples, particularly the molecular structure. As a result of
understanding the microstructure characteristics obtained from the morphological analysis,
a proper mechanism could be proposed to further understand the phenomenon, thereby
improving the effect to the test method as early as the fabrication stage. Figure 8 depicts the
material softening caused by the Mullins effect, indicating that the comparability evaluation
of MREs under tension load corresponds to the mechanisms underlying it during the early
stage (Stage 1), maximum interval (Stage 2), and failure condition (Stage 3).

25
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Figure 8. The mechanism underlying the stress—strain behavior of anisotropic silicone-based MREs
with 10 vol.% CIP concentrations at off-state condition.

Beginning at Stage 1, MREs initially exhibited traditional rubber-like properties with
the formation of entangled long-chain molecules and the formation of several chemical
crosslinks as a result of the curing process. For its matrix amorphous molecular structure,
the theoretical concept of molecular chain structure and cross-linkages in amorphous solid
was ideally relevant to MRE evaluation. Crosslinks demonstrated material elasticity and
deformation limitation. These crosslinks were a critical structural element that provided the
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MRE system with excellent elastic properties, while also increasing rigidity and preventing
viscous dominance. Furthermore, because MREs contained CIPs, there was a rubber—
particle attachment, which provided restrictions in the crosslinked rubber network, known
as secondary interaction [5].

Once tension stress was applied to the MREs and they began to stretch, the stress was
distributed across the rubber’s molecular structures. This was classified as Stage 2, and at
this stage, an interesting observation was made and proposed for the relationship with the
Mullins effect. The long chain of entangled chains began to disentangle and stretch in the
direction of the stress. The shorter chain and some of the crosslinking, on the other hand,
began to break and disappear. During this phase, molecules began to slip over the surface
of the filler, creating new bonds along the chains in an instant. As more molecular bonds
ruptured, particles slipped and crosslinking disappeared, and the molecular structure of
the MRE became insufficiently reconfigurable, resulting in permanent deformation. These
processes and mechanisms were established and reported here in accordance with previous
literature on rubber materials [23] and MREs [5]. The concept of softening in the Mullins
effect has a behavior similar to studies in which stress was distributed to the region applied
with tension loading. The varied stress region in Stage 2 was forced to remain localized,
leading to the development of permanent microplasticity. The formation of microplasticity
bands reduced the structure’s elasticity, and further stress application destroyed the shorter
molecular structure and generated microcracks. The microcrack deformation resulted from
a bond rupture and molecular slippage from similar shorter chains. Both deformations
formed a soft domain, which contributed to the softening effects or Mullins” phenomenon.
Further stress application brought the sample to the final stage of Stage 2, indicating how
much stress the sample can withstand before breaking and reaching Stage 3. The tensile
strength of the MRE sample was determined at this stage.

4. Conclusions

The anisotropic silicone-based magnetorheological elastomers were successfully fab-
ricated with 10 and 20 vol.% CIPs and cured at room temperature. A pure silicon rubber
with no particles added was also successfully fabricated as a reference. The mechanical
properties of the samples under tension mode as well as the microstructure behavior of the
failed MRE samples were thoroughly investigated and discussed. When the mechanical
properties of pure silicon rubber samples were compared to silicone-based MRE samples,
the tensile strength decreased as the CIP contents increased from 0 to 10 and 20 vol.%.
Nonetheless, an increase in CIP contents resulted in a 350% increase in elastic modulus
and simultaneously had a significant influence on the stress—strain behavior of MREs. The
application of a magnetic field during the on-state condition increased particle interaction
and cross-linking, resulting in increases in tensile strength, elongation at break, and elastic
modulus. However, the higher CIP concentrations in MRE samples of 20 vol.% caused
the MRE samples to be more brittle, resulting in a much lower increment of the similar
parameters. The magnetic force applied during tension mode was critical in indicating
the behavior and characteristics of the MRE failure mechanism, particularly at high strain,
contributing to the new knowledge of MRESs in tension mode. This study provided valuable
insight into the MRE morphology of tensile failure and made a significant contribution to
the scientific evidence of the Mullins effect on microstructural behavior. Thus, it can be
concluded that the concentration of CIPs has a significant effect on the mechanical proper-
ties of MREs in the quasi-static tensile condition; this has the potential to be investigated
further in MREs subjected to cyclic or dynamic loading conditions.
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