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To withstand harsh conditions and have a moderate strength, it is desirable to use natural rubber for base isolators. In addition,
previous studies have measured the magnetorheological (MR) e	ect under low-strain range, mostly within 10%. In the reality, it is
necessary to evaluate the performance under large-strain range for base isolators. In this study,material properties of natural rubber-
based MREs with various mixing ratios were evaluated under large-strain range (∼100%). In the 
rst step, MREs with various iron
ratios were fabricated and evaluated to observe the MR e	ect according to the ratio and arrangement of iron powder. As a result,
the highest MR e	ect (22.0% at 100% strain) and damping ratio (10.29%) were observed in the sample with 35% iron ratio, and the
MR e	ect of the isotropic and the anisotropic MRE did not show signi
cant di	erence under large-strain (50∼100%). In the second
step, MRE samples containing the optimum iron ratio (investigated in the 
rst step) and various mixing ratios of carbon black and
naphthenic oil were prepared. As a result, the MRE containing 60phr of carbon black and 40phr of naphthenic oil had the highest
MR e	ect (33.8% at 100% strain). Compared to the case without additives, it showed an obvious improvement.

1. Introduction

A base isolation strategy reduces the acceleration response
by moving the natural period of the base isolated structure
from the short period to the long period because strong
seismic responses appear mainly in the short period [1].
However, conventional base isolators only respond to pre-
dicted earthquakes. �at means the device is not adaptive
when unexpected earthquakes occur [2]. Recent studies have
reported that conventional base isolators are particularly
vulnerable to near-fault earthquakes [3, 4]. Among near-fault
earthquakes, a fault-normal earthquake observed in an area
orthogonal to the fault direction causes a higher response in
a wider periodic band than a fault-parallel earthquake [5].
�erefore, such seismic waves can exceed the permissible
displacement of the base isolator with a long period pulse and
high amplitude. In the case of the Mexico City earthquake
(1985), the seismic waves occurred in the so� ground around
the lake were mainly observed in the 1.5 to 2.5 second region

near the design period of the base isolated structure [3]. �is
may cause a resonance phenomenon, which may be even
more dangerous.

To solve this problem, an active or semiactive control
strategy that can adapt to various dynamic loads is required.
Among them, a smart material called Magnetorheological
Elastomer (MRE) has led to an emergence of a new type
of base isolation device that overcomes the shortcomings of
conventional base isolators by controlling real-time sti	ness.
�eMRE is amaterial with amagnetorheological (MR) e	ect
that adjusts elastic modulus and damping ratio by applying
magnetic 
eld [6–9]. �e MR e	ect was 
rst discovered in
1948 by Jabob Rabinow [10, 11], and since then many systems
utilizing MR �uids (MRFs) have been invented. However,
MRFs have some problems such as deposition, sealing issues,
and environmental contamination [12]. Moreover, MRF is
used as a system that operates in one direction, while MRE
is used as a system that operates in various directions. �e
main di	erence is that MRE can adjust the natural frequency
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by adjusting the sti	ness while MRF controls just damping
force. �us, the MRE which is a rubber with ferromagnetic
particles has a number of advantages over MRF. For these
reasons, MRE is applied not only to base isolators but also
to tuned vibration absorbers (TVAs) and sensing devices that
use variable sti	ness of rubber.

It has been reported that the change of damping ratio
of the MRE under the external magnetic 
eld is almost
negligible compared to the change of sti	ness [13]. �us,
the MR e	ect is de
ned as the change in elastic modulus
depending on the magnetic 
eld. It can be expressed as

�� ������ (%) = 	 (����) − 	 (0)	 (0) × 100 (1)

where	(����) is the shear elastic modulus when a magnetic

eld is applied to MRE, and 	(0) is shear modulus when
there is no magnetic 
eld. �e control of the elastic modulus
enables the adjustment of the natural period of the base
isolated structure. �e relationship can be expressed as

	 (����) − 	 (0)
	 (0) = { (0)}

2 − { (����)}
2

{ (����)}
2 (2)

where (����) are natural period when the magnetic 
eld
is applied to the MRE, and (0) are the natural period
when there is no magnetic 
eld. As major factors of the
MR e	ect, the volume fraction, the shape, and the size of
the magnetic particles are in�uential. According to the 
nite
element analysis by Davis [7], the highest MR e	ect was
obtained when the particle volume fraction was 27%. Kallio
et al. [14] observed an increase in sti	ness and damping ratio
when the isotropic MRE exceeded 15% of the particle volume
fraction. Lokander et al. [8] observed that the MR e	ect is
maximized when the volume fraction of particles is close
to Critical Particle Volume Concentration (CPVC), which
is de
ned as the ratio of apparent iron density to real iron
density. In addition, among the iron particles, the ASC300
(Hoganas, Sweden) with the size distribution of 60�m or less
and irregular shape had the highest MR e	ect. �e type of
rubber had no e	ect on the absolute MR e	ect. However, as
the more �exible rubber was used, the initial sti	ness was
lowered.�erefore, the relativeMR e	ect can be enhanced by
the addition of a plasticizer or oil. Chen et al. [15] observed
that the addition of carbon black increased the mechanical
properties of MREs and showed higher MR e	ect. Regarding
the arrangement of iron particles, Chen et al. [16] observed
higher MR e	ect in anisotropic MREs than isotropic MREs.
Especially, as the magnitude of the applied magnetic 
eld
increased (up to 1 Tesla), thicker chain structureswere formed
and theMR e	ect was high. In the test for strain dependence,
the maximumMR e	ect appeared in a relatively small strain
region because the magnetic force is related to the mutual
distance of the magnetic particles [17].

So far, several MRE-based isolation devices have been
proposed [18–28]. Most of the proposed MRE-based base
isolators utilized silicone rubber that cures at room temper-
ature conditions without any special equipment. However,
silicone rubber generates air bubbles on the contact surface,

resulting in poor adhesion, which reduces the concentration
of the magnetic 
eld [28]. Chen et al. [29] observed that
the MRE using natural rubber is superior in mechanical
properties to the MRE using silicone rubber. Furthermore, if
excessively so� rubber like silicone is used for base isolators,
it becomes di�cult to withstand harsh conditions under
earthquakes. According to the International Organization for
Standardization (ISO) 22762 [30], natural rubber is proposed
as the material of base isolators. And the proper shear
modulus of the natural rubber-based elastomeric isolators
for the building is 0.3 ∼ 1Mpa and that for bridge is 0.8
∼ 1.2Mpa. Wahab et al. [28] fabricated and evaluated a
natural rubber-based MRE isolator. �e device showed a
goodMR e	ect of 120% under a strain of 10% and a magnetic
density of 0.8T. However, considering the realistic range of
motion of the base isolation device, the strain range of 10%
is insu�cient. According to the ISO 22762, the shear elastic
modulus of the base isolator is to be measured at 100% or
175% strain amplitude. �erefore, it is necessary to evaluate
the performance over a wider range of strain amplitude for
practical applications.

In this paper, material properties of natural rubber-based
MREs with various mixing ratios were evaluated in proper
test conditions for base isolators. In the 
rst step, MREs
with various iron ratios were fabricated and evaluated to
observe theMR e	ect according to the ratio and arrangement
of iron powder. �e samples were fabricated in two types
of isotropic and anisotropic samples. �eir microstructure
and magnetic properties of the samples were observed by
a scanning electron microscope (SEM) and a vibrating
samplemagnetometer (VSM), respectively.�en the dynamic
properties (initial shear modulus, MR e	ect) of the MREs
at large-strain amplitude (up to 100%) were evaluated under
the absence or presence of a magnetic 
eld using a dynamic
testingmachine. In the second step, MRE samples containing
the optimum iron ratio (investigated in the 
rst step) and
various mixing ratios of additives (carbon black, naphthenic
oil) were prepared. �eir dynamic properties were evaluated
under various strain and frequency conditions and the
enhancements of the MR e	ect by additives were compared.

2. Experimental

2.1. Fabrication of MRE Samples. Four main materials were
used to fabricate the MRE samples. �e matrix was natural
rubber (SVR CV60, Hung �inh, Vietnam, speci
c gravity:
0.92, Mooney viscosity: 60). �e iron powder used was
ASC300 (speci
c gravity: 7.5, particle size < 60�m) from
Hoganas Co., Ltd., which exhibited the maximum MR e	ect
among the iron powders investigated by Lokander et al.
[8]. As additives, carbon black (FEF-N550, Orion, speci
c
gravity: 1.82) and naphthenic oil (N-2, speci
c gravity: 0.92)
were used.

�e fabrication procedures of MRE samples consisted
of mixing, extruding, molding, and curing as the ordinary
rubber synthesizing process. First, natural rubber, iron pow-
der, and additives were added to a Banbury mixer (HYB-
3L, Hyupyoung, Korea) and mixed for 15 minutes. �en,
the mixture was passed through a roller mill (BS-M08S,
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Table 1: MRE samples with various iron volume fractions.

Iron volume fraction (%) Isotropic Anisotropic

0 I -

15 I I

25 I I

30 I I

35 I I

electromagnet

electromagnet

mold

heater

Figure 1: Magnetic-thermal curing machine.

Bongshin, Korea). �en the sample corresponding to the
mold shape was cured in amagnetic-thermal curingmachine
(Figure 1).�e size of the sample was 25mm x 25mm x 5mm
in the shape of a rectangle (Figure 2) based on the ISO 22762.
Curing conditions were 160∘C and 10 MPa. When there was
no magnetic 
eld, the sample became an isotropic MRE. On
the contrary, when the magnetic 
eld of 1.5 T was applied,
an anisotropic MRE with chain structures was produced. At

rst, to investigate the MR e	ect according to the iron ratio
and the arrangement, various samples of iron powder volume
fractions were synthesized. A�er investigating the e	ect of
the iron powder, to investigate the e	ect of carbon black and
naphthenic oil on the material properties of MRE, samples
with variousmixing ratios of the additives were prepared.�e
preparedMRE samples are summarized in Tables 1-2. Among
them, the MRE containing 60 parts per hundred resin (phr)
of carbon black and 20phr of naphthenic oil was too tough to
be synthesized and excluded from the experiment.

2.2. Observation of Microstructure and Magnetization Curves.
To observe the microstructure of isotropic and anisotropic
samples with di	erent iron ratios, SEM (SU8230, Hitachi,
Japan) images were taken at an accelerating voltage of 10 kV.
�emagnetization curves of each sample were also examined
using a VSM (MPM3S-Evercool, Quantum Design, USA) to
compare themagnetic saturation values according to the iron
powder volume fractions.

2.3. Dynamic Shear Test. Two movable neodymiummagnets
(N35, 10 cm x 10 cm x 10 cm) were installed as shown in
Figure 3 to apply an adjustable magnetic 
eld during shear
tests. �e SS41 steel plate having high permeability and

the centrally located MRE sample construct a closed loop
forming a strong and uniform magnetic 
eld. Numerical
analysis results using Finite Element Magnetics (FEMM) [31]
showed that the maximum 0.9T was achieved when the
magnets were closest as shown in Figure 4. �e zero position
of length in Figure 4 means the top point of the red line (the
point corresponding to the highest point of the magnet) in
Figure 4. Actual measurements at the surface of the MRE
sample using the gauss meter (5180, F. W. Bell, USA) showed
the similar result with 0.94T. As the distance from theMRE to
themagnet increased, themagnetic 
eld gradually weakened.
�is aspect is shown in Figure 5. �e test rig was installed in
a dynamic material testing machine (Instron 8801, USA) and
dynamic shear tests were performed under various external
conditions.

3. Results and Discussion

3.1. Evaluation of MRE Properties with Various Iron Powder
Volume Fraction and Iron Arrangement. MRE samples with
di	erent volume fractions (0, 15, 25, 30, and 35%) of iron
powder were prepared without adding any other additives
to investigate the optimum volume fraction of iron powder,
which is most in�uential to the MR e	ect. �e MREs were
fabricated in both isotropic and anisotropic types. As a
result of SEM images, the higher the volume fraction of
iron particles is, the denser the distribution of particles
was observed as shown in Figure 6. In the case of the 15%
anisotropicMRE, the chain structureswere formed according
to the direction of the magnetic 
eld while isotropic MRE
showed uniform distribution. However, in the case of 35%
anisotropic MRE, it was too dense and the chain structures
were hardly observed even though the magnetic 
eld was
applied.

As shown in Figure 7, the higher the volume fraction
of iron particles is, the higher the intensity of the magnetic
saturation was reached. It means that the MRE containing a
high volume fraction of iron particles is highly in�uenced by
themagnetic 
eld. In addition, themagnetic saturations were
achieved at a magnetic 
eld of about 1Tesla in air (10kOe).

In the dynamic shear test, the MR e	ect was evaluated
under the change of the magnetic 
eld at the strain range
of 50 and 100% and excitation frequency of 0.5 Hz. �e
hysteresis curves were obtained from the 9th to 11th cycles of
excitation for each sample.�e reason for not considering up
to 8th cycles is to exclude the stress-so�ening phenomenon
known as the Mullins e	ect. Due to the Mullins e	ect, the
strongest stress is shown in the 
rst cycle, and the stress
in subsequent cycles gradually decreases and converges to a
value [32]. As shown in Figures 8-9, the results showed that
the sample containing higher iron volume fractions showed
a higher MR e	ect. �e e	ective sti	ness in the hysteresis
curve is calculated in accordance with the ISO 22762 as
follows:

�ℎ =
�1 − �2
�1 − �2

(3)

where�1,�2,�1, and�2 represent the maximum and mini-
mum shear force andmaximumandminimumdisplacement,
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Table 2: MRE samples with carbon black and naphthenic oil.

Iron volume fraction (%) Carbon black (phra) Naphthenic oil (phr) Isotropic

35

20 20 I

40 20 I

60 20 Synthetic failure (too tough)

20 40 I

40 40 I

60 40 I

aphr: parts per hundred resin (mass proportion to rubber).

MRE

Steel(SS41)

Figure 2: MRE sample.
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Magnetic �ux

ruler
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Steel

Figure 3: Dynamic shear test setup.

respectively. �e horizontal sti	ness of the MRE is expressed
as

�ℎ =
	�
�

(4)

where	,�, and� are the shear modulus, the cross-sectional
area, and the height of the rubber layer, respectively. Based on

the equations above, the shear modulus and MR e	ect of the
samples are listed in Tables 3-4.

�e dynamic shear tests showed that theMRE of 35% iron
volume fraction exhibited a maximum MR e	ect of 63.8%
and 22.0% at strain amplitudes of 50% and 100%, respectively.
�is is consistent with the observation by Lokander et al.
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Figure 4: Numerical analysis of magnetic �ux density results using Finite Element Magnetics (FEMM).
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Figure 5: Magnetic 
eld dependent on magnet distance fromMRE.

[17] that the closer to CPVC (36.5%) the higher the MR
e	ect. Even with the MRE of the same iron ratio, the MRE
at a low-strain amplitude showed a higher MR e	ect as
shown in Figures 8-9. �is indicates that the MR e	ect
is high when the distances between the iron particles are
close to each other due to the low strain. Chen et al. [16]
reported that the anisotropic MRE applied with a magnetic

eld of 1T during curing exhibited the 1200% higher MR
e	ect than the isotropic MRE. However, the di	erence was
not clear in this study. �is is because this experiment was
performed at a high-strain amplitude ofmore than 50%while
the experiments of Chen et al. were tested at a low-strain
amplitude of 0.3% (iron ratio: 11%). As the strain amplitude
increases, the direction of the applied magnetic 
eld and
the direction of the chain structure become more and more
divergent. �erefore, in the case of 15% iron ratio (similar

to 11%), the di	erence of MR e	ect between isotropic and
anisotropic MRE was less than 10%. In the case of 25%
iron ratio or more, the MR e	ect of the isotropic MRE
was sometimes higher or similar to anisotropic MRE. �e
di	erences in absolute modulus change between isotropic
and anisotropic samples were only 0.09 MPa or less. �at
implies that the di	erence in arrangement of particles is
meaningless due to the dense distribution. �ese results
suggest that it is unnecessary to prepare the anisotropic MRE
when usingMRE containing high iron ratio (25% ormore) as
amaterial for high-strain (about 100%) base isolation devices.
Unlike other devices, the base isolator is a very large device, so
it is not easy to form chain structures by applying a magnetic

eld in advance. �erefore, unless there is a large di	erence,
it seems that not forming the chain structure is advantageous
in the manufacturing process.
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(a) (b)

(c) (d)

Figure 6: �e microstructure of the samples observed by scanning electron microscope (SEM). (a) 0%; (b) 15% / Isotropic; (c) 15% /
Anisotropic; (d) 35% / Anisotropic.

Figure 7: Magnetization curve of the MRE samples.

As shown in Figures 8-9, as the iron ratio increases, not
only does the MR e	ect rise but also the area of the hysteresis
loop increases. �e area of the hysteresis loop means the
amount of energy dissipation, and the damping ratio can be
expressed as

� = 2Δ�
��ℎ (�1 − �2)

2 (5)

whereΔ� is the area of the hysteresis loop,�ℎ is the sti	ness,
and �1, �2 represent the maximum and and minimum
displacement, respectively. Using the above equation, the
damping ratio trend of isotropic MREs (strain 50, 100%,
magnetic �ux density 0, 0.94T) is plotted in Figure 10. �e
di	erences of damping ratio depending on the strain and
the magnetic 
eld were almost negligible or the correlation
was unclear. However, as the iron volume fraction increased,
the damping ratio obviously tended to increase from a
minimum of 2.14% to a maximum of 10.29%. �is implies

that the frictional force increases as the number of iron
particles increases. According to Poojary et al. [33], the
energy dissipation of the 
ller-matrix is expressed by the
following:

��� = ��� (6)

where � is the number of interfaces, � is the sliding friction
force between the 
ller and the matrix, and � is the relative
displacement at the interface. �e above equation can also
explain the relationship between the number of iron particles
and the amount of energy dissipation.�erefore, as amaterial
of the base isolator, it is preferable to use aMREwith high iron
ratio because it exhibits high attenuation performance.

3.2. Evaluation of MRE Properties with Carbon Black and
Naphthenic Oil. In order to investigate the e	ect of carbon
black and naphthenic oil on MRE, samples with 
ve mixing
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Table 3: MR e	ect of MREs with various iron ratios (50% shear strain, 0.5Hz).

Iron volume fraction (%) 0 15 25 30 35

Magnetic �ux density (T) 0 / 0.94 0 / 0.94 0 / 0.94 0 / 0.94 0 / 0.94

Isotropic

Shear modulus (MPa) 0.35 / 0.35 0.55 / 0.66 0.71 / 0.95 0.77 / 1.15 0.85 / 1.31

MR e	ect (%) 0 20.0 33.8 49.4 63.8

Anisotropic

Shear modulus (MPa) - 0.53 / 0.68 0.73 / 0.93 0.78 / 1.14 0.82 / 1.24

MR e	ect (%) - 28.3 27.4 46.2 51.2

Table 4: MR e	ect of MREs with various iron ratios (100% shear strain, 0.5Hz).

Iron volume fraction (%) 0 15 25 30 35

Magnetic �ux density (T) 0 / 0.94 0 / 0.94 0 / 0.94 0 / 0.94 0 / 0.94

Isotropic

Shear modulus (MPa) 0.32 / 0.32 0.48 / 0.51 0.58 / 0.65 0.61 / 0.70 0.62 / 0.74

MR e	ect (%) 0 6.3 12.1 14.8 19.4

Anisotropic

Shear modulus (MPa) - 0.47 / 0.51 0.58 / 0.66 0.59 / 0.70 0.59 / 0.72

MR e	ect (%) - 8.5 13.8 18.6 22.0
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Figure 8: Force-displacement curves with varying magnetic 
eld (0, 0.94Tesla, 50% shear strain, 0.5Hz). (a) 0%; (b) 15% / isotropic; (c) 15%
/ anisotropic; (d) 35% / isotropic; (e) 35% / anisotropic.
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Figure 9: Force-strain curves with varying magnetic 
eld (0, 0.94Tesla, 100% shear strain, 0.5Hz). (a) 0%; (b) 15% / isotropic; (c) 15% /
anisotropic; (d) 35% / isotropic; (e) 35% / anisotropic.
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Figure 10: Damping ratio of isotropic MREs depending on iron volume fraction.

ratios were prepared as shown in Table 5. Since the rubber
containing 70phr or more carbon black has been reported to
be di�cult to fabricate due to its high viscosity [34], the range
up to 60phr was considered. In addition, the mechanical
properties were controlled by the amount of oil. �e volume
fraction of iron powder was selected to be 35%, which

showed the highest MR e	ect in the previous experiment. To
investigate the dependence of the MR e	ect on the external
excitation conditions (strain amplitude, frequency), various
experimental conditions are shown in Table 6.

�e force-displacement curves of the above samples
under 50% strain are shown in Figure 11. In addition,�eMR
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Table 5: MRE samples with various mixing ratio of carbon black and naphthenic oil (iron ratio: 35%).

Sample C20N20 C40N20 C20N40 C40N40 C60N40

Amount of carbon black (phr) 20 40 20 40 60

Amount of oil (phr) 20 20 40 40 40

Mass ratio (%)

Rubber 13.5 12.4 11.7 10.9 10.2

Iron 79.6 78.8 79.9 79.1 78.5

Carbon black 2.7 5.0 2.3 4.4 6.1

Oil 2.7 2.5 4.7 4.4 4.1

etc. 1.5 1.3 1.4 1.2 1.1

Volume ratio (%)

Rubber 48.3 44.9 42.0 39.4 37.1

Iron 35.0 35.0 35.0 35.0 35.0

Carbon black 4.9 9.1 4.2 8.0 11.3

Oil 9.7 9.0 16.8 15.8 14.9

etc. 2.1 2.0 2.0 1.8 1.7
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Figure 11: Force-displacement curves with varying magnetic 
eld (0, 0.94Tesla, 50% shear strain, 0.5Hz). (a) C20N20; (b) C40N20; (c)
C20N40; (d) C40N40; (e) C60N40.
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Table 6: Dynamic shear test conditions.

Test Shear strain (%) Frequency (Hz) Number of cycles Temperature

Strain dependency 25, 50, 75, 100 0.5
11 Room temperature (23∼25∘C)

Frequency dependency 100 0.5, 1, 2

Table 7: MR e	ect of MRE with carbon black and naphthenic oil (0.5hz).

Sample C20N20 C40N20 C20N40 C40N40 C60N40

Magnetic �ux density (T) 0 / 0.94 0 / 0.94 0 / 0.94 0 / 0.94 0 / 0.94

Strain (%)

25

Shear modulus (MPa) 0.80 / 1.45 0.76 / 1.32 0.66 / 1.08 0.69 / 1.13 0.67 / 1.53

MR e	ect (%) 80.2 72.5 64.0 64.3 127.4

50

Shear modulus (MPa) 0.58 / 1.00 0.58 / 0.97 0.45 / 0.72 0.47 / 0.79 0.52 / 1.07

MR e	ect (%) 73.1 67.9 58.2 67.9 106.9

75

Shear modulus (MPa) 0.49 / 0.75 0.50 / 0.76 0.39 / 0.57 0.39 / 0.60 0.45 / 0.78

MR e	ect (%) 53.3 52.2 47.5 54.2 71.2

100

Shear modulus (MPa) 0.42 / 0.56 0.47 / 0.60 0.35 / 0.44 0.38 / 0.48 0.45 / 0.60

MR e	ect (%) 33.2 26.9 27.1 26.6 33.5

e	ects of the whole experiment are summarized in Table 7.
Experimental results show that the C60N40 sample showed
the highest MR e	ect of 127.4% at 25% strain and 33.5%
at 100% strain, respectively. �is shows that the addition of
carbon black and oil to the MRE increases the MR e	ect.
Compared to the case without additives, it showed obvious
improvement by 43.1% and 14.1% at 50% and 100% strain,
respectively. Chen et al. [15] observed the improvement
of the MR e	ect by adding carbon black up to a volume
ratio of 7% forming a good bond. On the other hand, the
research also reported that excessive addition of carbon black
rapidly increased the zero-
eld modulus, thereby reducing
the relative MR e	ect. In this experiment, the MREs were
synthesized by adjusting the amount of carbon black and the
amount of oil. As a result, the MRE containing 60 phr of
carbon black and 40 phr of oil was successfully synthesized,
while the MRE containing 60 phr of carbon black and 20 phr
of oil was too sti	 to be synthesized. �e zero-
eld modulus
of the MRE containing 60 phr of carbon black and 40 phr
of oil was even decreased compared to the case without
additives. �erefore, even at a high ratio of 11.3% carbon
black, a high MR e	ect could be achieved. Nevertheless, the
shear modulus was maintained above 0.45 MPa. In other
words, the addition of oil increased the carbon black ratio
still retained su�cient strength. As with the 
rst step, theMR
e	ect tended to decrease as the strain increased. �is means
that the smaller the strain range of theMRE isolator, the larger
the control range. �erefore, it seems to be advantageous to
design the height of the MRE isolator as high as possible.
In the frequency dependency test, there was no signi
cant
di	erence in the force-displacement curve according to the
frequency change under the large strain. Figure 12 shows
that there is little di	erence in the hysteresis curves for the
frequencies of the C20N20 sample with the least amount of

additives and the C60N40 sample with the largest amount of
additives.

4. Conclusion

Various MRE samples were prepared to investigate the
material properties under large-strain range for application
of base isolators. In the 
rst step, MRE samples with various
iron volume fractionswere produced in two types of isotropic
and anisotropic types. As a result of the microstructure
observation, the anisotropic MRE with the 15% iron ratio
formed chain structures according to the direction of the
magnetic 
eld, but the MRE with the high iron ratio of 35%
had a dense distribution and the chain structures were hard
to be observed. In the magnetization curves, it was found
that the higher the iron ratio is, the higher the magnetic
saturation was achieved and the higher the in�uence by the
magnetic 
eld is. �e dynamic shear tests results showed
that the isotropic MRE with an iron volume fraction of 35%
accomplished highest MR e	ect of 63.8% under 50% strain.
�e magnitude of energy dissipation tended to increase with
the amount of iron and the highest damping ratio was 10.29%
in the MRE with 35% iron ratio (isotropic, 50% strain). In
addition, under the condition of high strain (100%) and
high iron ratio (25% or more), MR e	ects of isotropic and
anisotropicMRE did not show any signi
cant di	erence.�is
suggests that it is unnecessary to prepare the anisotropicMRE
when using MRE containing high iron ratio as a material
for high-strain base isolators. In the second step, MREs were
prepared with the addition of carbon black and naphthenic
oil at various mixing ratios to the iron ratio of 35%, which
showed the highest MR e	ect in the 
rst step. Among them,
the MRE containing 60 phr of carbon black and 40 phr of
oil was successfully synthesized, while the MRE containing
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Figure 12: Force-displacement curves with varying external frequency (100% strain, 0.5∼2Hz). (a) C20N20 (0Tesla); (b) C20N20 (0.94Tesla);
(c) C60N40 (0Tesla); (d) C60N40 (0.94Tesla).

60 phr of carbon black and 20 phr of oil was too sti	 to be
synthesized.�is shows that increasing the amount of oil can
increase the content of carbon black. As a result, the MRE
containing 60phr of carbon black and 40phr of naphthenic oil
had the highest MR e	ect of 127.4% at 25% strain and 33.5%
at 100% strain, respectively. Compared to the case without
additives, it showed obvious improvement by 43.1% and 14.1%
at 50% and 100% strain, respectively. Under various strains
(25% ∼ 100%), the MR e	ect tended to decrease as the
strain increased. In other words, the larger the strain range
of the MRE isolator, the narrower the control range. In the
frequency dependence (0.5 ∼ 2Hz) test, the hysteresis curves
of the frequencies were almost the same.�ese results will be
helpful to develop base isolation system based on MRE.
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