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Abstract: With the development and wide applicability of rubber materials, it is imperative to
determine their performance under various conditions. In this study, the effect of cyclic shear
fatigue on natural-rubber-based anisotropic magnetorheological elastomer (MRE) with carbonyl
iron particles (CIPs) was investigated under a magnetic field. An anisotropic MRE sample was
prepared by moulding under a magnetic field. Cyclic shear fatigue tests were performed using a
modified electromechanical fatigue system with an electromagnet. The storage modulus (G′) and
loss factor in the absence or presence of a magnetic field were measured using a modified dynamic
mechanical analysis system. Under a magnetic field, fatigue exhibited considerable effects to the
MRE, such as migration and loss of magnetised CIPs and suppressed increase in stiffness by reducing
the energy loss in the strain cycle. Therefore, the G′ of the MRE after fatigue under a magnetic field
was lower than that after fatigue in the zero field. The performance of the MRE, such as absolute and
relative magnetorheological effects, decreased after subjecting to cyclic shear fatigue. In addition, all
measured results exhibited strain-dependent behaviour owing to the Payne effect.

Keywords: natural rubber; carbonyl iron particle; anisotropic; magnetorheology; shear fatigue

1. Introduction

Rubbery materials with viscoelastic properties exhibit complex behaviour owing
to their deformability, stress softening, and time-dependent attributes; thus, they are
widely used in various industrial applications such as seals, dampers, bushings, and
tires, among others [1–5]. As rubber products are exposed to different environmental
conditions and subjected to cyclic loading, they often fail owing to nucleation and the
presence of defects [6,7]. In addition, the stress–strain curve of a rubber material subjected
to cyclic loading exhibits a hysteresis loop, indicating energy loss owing to its viscoelasticity.
Most of this energy loss is eventually dissipated into heat. When the heat generated by
cyclic loading does not exit the material and accumulates, the temperature of the material
increases, resulting in fatigue failure or changes in the material properties [8–13].

The unique rheological properties of magnetorheological elastomers (MREs) can be
easily tuned when exposed to an external magnetic field, making them suitable for ad-
vanced rubber products, such as adaptive dampers and stiffness-tuneable mounts. Natural
rubber (NR) exhibiting high mechanical properties can contain high content of magnetic
particle to improve the MRE’s performances, while soft carbonyl iron particles (CIPs) are
widely used because of their high permeability, high magnetic saturation, and low remnant
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magnetization. On the other hand, MRE containing a large amount of filler has a relatively
low fatigue resistance. There have been ample studies on various approaches to improve
the performance of MREs. Recently, researchers have reported the fatigue behaviour of
MREs under a magnetic field [14–21]. Zhou et al. [22] reported that the fatigue life of an
MRE increases when fatigue is induced under an external magnetic field. Lian et al. [23]
demonstrated the effect of repetition of a magnetic field on the fatigue behaviour, hysteresis
loss, and storage modulus of MREs. Meanwhile, most studies on the durability of MRE
have focused on monitoring the change of tensile strength and compressive load [24–26].
However, the effect of an external magnetic field on the property changes of MRE during
cyclic fatigue needs to be further investigated for the actual application as engine mount.

In this study, an anisotropic MRE was fabricated using NR, which is widely used as
the matrix for MRE, and CIPs. Cyclic shear fatigue and strain amplitude sweep tests were
performed to investigate the effect of the magnetic field on the prepared samples.

2. Materials and Methods

NR (CV-60, Standard Vietnam Rubber) was used as the rubber matrix. Carbon black
(N990, Cancarb, Alberta, Canada) was used as the reinforcement to improve the mechanical
properties. Spherical CIPs (CC grade, BASF, Ludwigshafen, Germany) with a mean particle
size of 3–5 µm were used as the soft magnetic particles. Processing oil (N-2, Michang,
Busan, Korea), sulphur (MIDAS SP 325, Miwon, Anyang, Korea), thiuram disulphide
(ORICELL TT, OCI, Seoul, Korea), and sulphonamide (ORICELL CZ, OCI, Seoul, Korea)
were used as the curing agents and accelerators.

A Banbury mixer (HYB-3L, Hyupyoung Machinery, Kimpo, Korea) was used to
prepare the MRE samples. First, 150 parts per hundred rubber (phr) CIPs, 15 phr carbon
black, 20 phr processing oil, 1.5 phr sulphur, 1.5 phr thiuram disulphide, and 2.0 phr
sulphonamide were compounded with NR at 50 ◦C for 15 min. The resulting mixture was
moulded into disks with a thickness of 3.0 mm and diameter of 7.0 mm under approximately
10 MPa in a magnetic field with an intensity of 1000 mT at 160 ◦C for 400 s. As a result, an
anisotropic MRE sample with CIPs aligned out-of-plane along the magnetic field direction
in the matrix was obtained.

Cyclic shear fatigue tests were performed using a modified electromechanical fatigue
system (Fatigue tester, Daekyung engineering, Bucheon, Korea) equipped with an electro-
magnet that can generate a magnetic field under uniaxial shear loading (Figure 1a). The
shear direction was perpendicular to the direction of the magnetic field and aligned CIPs.
The system was designed to maintain a constant magnetic flux density during fatigue tests.
A relatively weak magnetic flux density of 300 mT was applied to confirm the effect of the
magnetic field on the MRE and generate a constant magnetic field for up to 500,000 fatigue
cycles. Based on the test conditions, such as engine mounts where MRE can be applied, a
strain amplitude of 50% and frequency of 5 Hz at an ambient temperature of 23 ◦C was set.
The maximum load applied to the sample was recorded. The changes in the morphology,
specific gravity, and dynamic viscoelastic properties of the anisotropic MRE samples were
measured after subjecting them to cyclic shear fatigue. The cross-sectional morphologies of
the MREs were observed using a laser confocal microscope (OLS5000, Olympus, Shinjuku,
Japan). An analytical balance (MS204TS, Mettler Toledo, Greifensee, Switzerland) was
used to obtain the specific gravity according to ISO 1183-1. The rheological properties
of the samples were examined using the modified dynamic mechanical analysis system
presented in our previous work [27]. Three types of properties were measured: storage
modulus, loss modulus, and loss factor. When an external magnetic field was applied,
the direction of the magnetic field was perpendicular to the surface of the tested sample
and parallel to the aligned structure of the CIPs within the anisotropic MRE. Thus, the
modulus measured under the magnetic field detected the response of the sample in the
perpendicular direction. The strain amplitude sweep test was performed by varying the
strain from 0.1 to 5.0% with 1 Hz at an ambient temperature of 23 ◦C. In the on-state
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measurement, a magnetic flux density of 1200 mT was applied for the sufficient saturated
magnetisation of the magnetic particles.
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3. Results and Discussion
3.1. Cyclic Shear Fatigue Test

Figure 1b shows the maximum recorded load with the increasing number of cycles
for the NR and MRE samples. The NR sample had the same composition as that of the
MRE sample, except for the presence of CIPs in the latter. The MRE sample was subjected
to zero and external magnetic fields. The load of the samples increased with the increase
in the number of cycles. In particular, the load of the MRE sample was higher than that
of the NR sample. Owing to the higher stiffness of the MRE sample, a larger maximum
load is required for its deformation. Moreover, the maximum load increases further under
an external magnetic field, consistent with the known effect of an external magnetic field
on the MRE sample [1,27–30]. Meanwhile, the material exhibited variable response to the
fatigue cycles at a fixed strain. The load deviations increased as the number of fatigue
cycles increased. This phenomenon is associated to the stress softening due to the sliding
between the matrix chains and filler particles, hysteretic heating of the rubber materials by
the energy loss in the strain cycle, and accumulation of crystallisation under non-relaxing
conditions. Stress softening under cyclic loading, especially for filled rubber composites,
has been described by the Mullins and Payne effects [8–13,31–37].

Softening and hardening are complex events that occur in samples during the cyclic
shear fatigue test, and these changes may affect the rheological properties of the MRE.
Interestingly, the CIPs embedded in the MRE were attracted to the magnetic field and were
released during the fatigue test under an external magnetic field. The detachment of the
CIPs weakens physical bonds between the NR matrix and CIPs owing to the relative move-
ment of magnetised CIPs and the large strain amplitude applied to the MRE [18,38–40]. This
can explain the slightly lower increase in the maximum recorded load under a magnetic
field that in a zero field as the number of fatigue cycles increased.

3.2. Morphology

The laser confocal microscope images of the cross-sectional morphologies of the initial
MRE samples and after the fatigue tests are shown in Figure 2. Initially, the CIPs were
aligned and embedded in NR matrix with some of the agglomerations in the magnetic
field direction. However, in the samples subjected to fatigue, most of the particles were
separated from the surrounding NR matrix, as can be seen in the dark area around the
particles in Figure 2c–f. Different morphologies were observed based on the presence
or absence of a magnetic field. Figure 2c shows that the separation regions are mainly
arranged in the shear strain direction. Meanwhile, most of the CIPs are dissociated from
the surrounding NR matrix in this direction. However, when shear fatigue was applied
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under a magnetic field, separation occurred in the magnetic field direction, as shown in
Figure 2e,f. Although the CIPs are separated from the surrounding NR matrix by the shear
strain, interparticle forces between the magnetised CIPs maintained the physical bond
with the NR matrix. However, the shear strain continuously separated the magnetised
CIPs and NR matrix, along with the interparticle forces generated the migration regions by
shifting the CIPs, as shown in Figure 2f. Therefore, the separation regions were observed in
the shear strain and magnetic field directions as in zig-zag arrows. Some CIPs exhibited
agglomerated morphologies in the direction of the interparticle forces. In addition, the
magnetised CIPs on the surface of the MRE can be attracted to and lost to an external
electromagnet when separated from the NR matrix.
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Figure 2. Microscope images with (a) 20× and (b) 100×magnification of the initial MRE cross-section;
and (c) 20× and (d) 100× magnification of the MRE cross-section after the cyclic shear fatigue in
the zero field; and (e) 20× and (f) 100×magnification of the MRE cross-section after 500,000 shear
fatigue cycles under magnetic field. The bright parts represent the magnetic particles embedded in
the NR. The white arrows represent the direction of separation or migration regions.
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3.3. Specific Gravity

Table 1 lists the specific gravities of the MRE samples before and after subjecting them
to cyclic shear fatigue. The specific gravity of the MRE sample prior to fatigue testing was
2.586 g/cm3. After subjecting the MRE sample to fatigue for up to 500,000 cycles in the
zero field, the specific gravity of the sample remained constant. Meanwhile, the specific
gravity of the MRE sample subjected to fatigue under a magnetic field decreased with the
increase in the fatigue cycles. This indicates changes in the MRE composition. In particular,
the change in specific gravity of the MRE, as confirmed during the cyclic shear fatigue test,
can be ascribed to the loss of the CIPs with a specific gravity of 7.86 g/cm3.

Table 1. Specific gravity of the MRE sample before and after cyclic shear fatigue in the absence or
presence of a magnetic field.

Number of Fatigue Cycles 0
Zero-Field Magnetic Field (300 mT)

300,000 500,000 300,000 500,000

Specific gravity (g/cm3) 2.586 2.581 2.583 2.577 2.565

3.4. Rheological Properties

Strain amplitude sweep tests were performed to investigate the change in the dynamic
viscoelastic modulus of the MREs under cyclic shear fatigue. Figure 3 shows the storage
modulus (G′0) and loss factor (tan(δ0)) of the NR sample as a function of the strain ampli-
tude in the zero-field after 0, 300,000, and 500,000 fatigue cycles. As shown in Figure 3a,
the G′0 of the NR sample decreased with increasing strain amplitude owing to the Payne
effect and decreased with fatigue. In addition, tan(δ0) increased as the number of fatigue
cycles increased, as shown in Figure 3b. These results are consistent with the generally
known behaviour, that is, the remarkable decrease in the storage modulus. As the number
of cycles increased, damage gradually propagated, thereby decreasing G′0 and increasing
tan(δ0) because the friction inside the material causes more energy dissipation [41,42].
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Figure 4 shows the rheological properties of the MRE sample in the absence (off-state)
and presence (on-state) of the magnetic field under cyclic shear fatigue. After 300,000 cycles,
the G′0 of the MRE sample was lower than that of the initial sample, exhibiting a behaviour
similar to the NR sample. After 500,000 cycles, G′0 increased again. This trend can be
attributed to the increase in the maximum load during the cyclic shear fatigue test. The
MRE sample has more pronounced hysteretic heating and crystallisation accumulation,
resulting in its higher stiffness. In contrast, the G′0 value of the MRE sample before and
after being subjected to fatigue under a magnetic field exhibits a slightly different trend,
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as shown in Figure 4b. After 500,000 cycles under a magnetic field, the G′0 of the sample
decreased more than that of the sample after 300,000 cycles. This trend can be ascribed
to the relative movement of the CIPs limited by the magnetic field and loss of CIPs. In
particular, the limited relative movement of the CIPs can suppress the increase in stiffness
of the MRE by reducing the energy loss in the strain cycle. In addition, this decreases the
softness of the MRE because of the CIPs lost during the cyclic shear fatigue test.
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The on-state G′ trend of the MRE before and after being subjected to cyclic shear,
as shown in Figure 4c,d, is similar to that of the off-state G′0 in Figure 4a,b, respectively.
However, the difference of the G′0 values before and after being subjected to fatigue is
larger. This suggests the effect of fatigue on the modulus stored in the restrained matrix
generated by the interparticle forces. Therefore, the magnetorheological (MR) performance
of an MRE can be altered by cyclic shear fatigue as it is dependent on the capacity of the
modulus stored in the restrained matrix [43]. When cyclic shear fatigue is applied under a
magnetic field, the decrease in G′ is more pronounced owing to agglomeration caused by
the migration of the CIPs, as shown in Figure 2f. This is ascribed to the increased distance
between the CIP aggregates as the CIPs move, which can weaken the interparticle forces or
reduce the area of the restrained matrix around the magnetised CIPs.

The performance of the MRE sample is usually evaluated by the absolute and rel-
ative MR effects, which represent the change in the storage modulus under a magnetic
field [44–47]. The absolute MR effect (∆G′) represents the difference between G′ and G′0.
The relative MR effect is the percentage of ∆G′ and G′0, as:

Relative MR effect =
∆G’
G’0
× 100%. (1)

Figure 4e,f shows the absolute and relative MR effects of the MRE sample before and
after subjecting it to fatigue, respectively. Except for the sample after 500,000 cycles in the
zero field, which has the highest G′, the ∆G′ values of all samples after fatigue were lower
than that of the initial sample. Similar to the results of the G′ values, lower ∆G′ values were
obtained for the samples after fatigue. As G′0 decreased with increasing strain amplitude
owing to the Payne effect, the relative MR effect was strain-dependent, that is, it increased
with increasing strain amplitude.

The tan(δ0) of the MRE increased with increasing energy dissipation after subjecting
it to cyclic shear fatigue, as shown in Figure 5a,b, which is consistent with the results of
the NR sample in Figure 3. As shown in Figure 5a, the tan(δ0) value of the sample after
fatigue in the zero field at a lower strain amplitude was slightly lower than that of the
initial sample. In contrast, the tan(δ0) value of the sample at a lower strain amplitude after
300,000 cycles under a magnetic field was higher than that of the initial sample, as shown
in Figure 5b, which can be ascribed to the higher energy dissipation owing to the migration
of magnetised CIPs. The tan(δ0) behaviour with the strain amplitude of the sample after
500,000 cycles under a magnetic field is expected to vary under the influence of further
migration and CIP losses. Figure 5c,d shows the tan(δ) value measured in the on-state
condition, which exhibits a different behaviour from that of tan(δ0). The loss factor based
on the relative movement between the CIPs and matrix in the on-state was lower than that
in the off-state because the interparticle forces between the CIPs inside the rubber matrix
limit the relative movement of the CIPs, thereby reducing the energy dissipation [18,38–40].
Therefore, the tan(δ) values of all samples were lower than of tan(δ0). Moreover, the
tan(δ) of all samples, except for that after 500,000 cycles in the zero field, was higher than
that of the initial sample. The lower tan(δ) of the sample after 500,000 cycles in the zero
field is attributed to the reduced sliding between the matrix chains and particles due to
the expansion of the separation region and limited relative movement of the magnetised
CIPs [31]. The highest tan(δ) was obtained after 500,000 cycles under a magnetic field,
as shown in Figure 5d. This can be explained by the agglomerate formation and particle
loss due to the migration of the CIPs after cyclic shear fatigue owing to the low G′. The
internal changes in the MRE after fatigue increased the distance between the CIPs, thereby
weakening the interparticle forces. This reduces the force limiting the relative movement
of the magnetised CIPs, thereby increasing energy dissipation. In addition, the cyclic
shear fatigue under a magnetic field reduced the area of the separation region between the
particles and matrix, and some CIPs maintained the physical bonds with the surrounding
matrix even after fatigue, as shown in Figure 2f. Consequently, tan(δ) tends to increase as
the number of fatigue cycles increases under a magnetic field.
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4. Conclusions

In this study, cyclic shear fatigue and strain amplitude sweep tests were performed
on NR-based MRE samples to clarify the changes in the dynamic viscoelastic properties
under fatigue. When the cyclic shear fatigue tests were performed in the zero field and
an external magnetic field, the material response to the fatigue cycles at a fixed strain
was not constant. In addition, the maximum recorded load increased with the increase in
the number of fatigue cycles. Under a magnetic field, the CIPs on the MRE surface were
extracted with reduced specific gravity from 2.586 to 2.565 g/cm3, where the migration of
the CIPs was observed in the cross-sectional morphologies. The absence or presence of a
magnetic field during fatigue affected the changes in the G′0 of the MRE. In addition, the
magnetic field suppressed the increase in stiffness of the MRE by reducing the energy loss
in the strain cycle. However, the magnetic field induced the migration and loss of CIPs,
and consequently, decreased the absolute and relative MR effects of the MRE after fatigue
under a magnetic field. As the relative movement of the CIPs in the MRE is restricted by the
magnetic field, tan(δ) is lower than tan(δ0). However, both tan(δ0) and tan(δ) increased after
fatigue. After 500,000 fatigue cycles in the zero field, the sliding between the matrix chains
and particles decreased owing to the expansion of the separation region, resulting in a lower
tan(δ) than the initial sample. After fatigue test, the maximum G′ decreased slightly from
0.53 MPa to 0.51 MPa and 0.45 MPa over the whole strain amplitude range investigated
in absence or presence of a magnetic field, respectively. No significant change was also
observed in the maximum tan(δ) value. This indicates the effect of the cyclic shear fatigue
accumulated in the absence or presence of a magnetic field on the magnetorheological
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properties of the MRE sample. This is also an important factor to be considered in the
application of MRE for further research.
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