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ABSTRACT: The magnetic-field-induced normal force of magnetorheological elastomer (MRE) under compression status is
studied in this paper. The influence of monotonic loading of the magnetic field, particle distribution, temperature, and cyclic
loading of the magnetic field are investigated. The experimental results show that the normal force increases with increasing
magnetic field and precompression force. For aligned MRE, the change of the magnetic-field-induced normal force is larger than
that of isotropic MRE due to the special chainlike structure. When the temperature increases, the maximum change of the
magnetic-field-induced normal force first increases and then decreases, due to the interaction of iron particles and the decreasing
of the saturation magnetization of the carbonyl iron particles. If the magnetic field is circularly applied on the MRE, the normal
force during unloading is smaller than that during loading due to the stress relaxation.

1. INTRODUCTION

Magnetorheological elastomer (MRE) belongs to a kind of
intelligent material whose rheological properties are controlled
rapidly by varying the externally applied magnetic field."* It is
the solid analogue of magnetorheological fluid while it over-
comes the disadvantages existing in magnetorheological fluid,
such as particle settling, environmental contamination, and seal-
ing problems. MRE is usually comprised of rubber or rubberlike
material (as the matrix), microsized iron particles (as the
fillers), and some other additives.>* Due to its special rheo-
logical properties, MRE has attracted more and more attention
in recent years. Ginder et al.’> investigated the magnetic-field-
induced shear property of MRE. Li et al.® investigated the
viscoelastic property of MRE. Kallio et al.” studied the dynamic
compression property of MRE. Fan et al® investigated the
damping property of MRE. To illustrate these magnetic-field-
induced rheological properties, many theories also have been
proposed. Jolly et al." developed the magnetic dipole theory
to explain the shear property of MRE; Davis et al.” introduced
the finite element method to study MRE materials; Zhang
et al.* proposed a Gaussian distribution model based on
anisotropic MRE.

In the past decade, most of the research has focused on the
magnetic-field-induced shear property of MRE.">>%*'% Based
on this shear property, MRE can be applied in vibration
absorbers, vibration isolators, engineering mounts and bush-
ings, etc.”'*7*° Polymer-based materials can bear more loads in
compression status than in shear status, and most of them often
work in compression status. Thus the mechanical property
under compression status is very important for a polymer and
its composite materials.”*> To this end, the mechanical property
of MRE under compression status also should be investigated so
as to evaluate its practical applications. Kaillo studied the changes
in the stiffness and vibration damping of MRE under the in-
fluence of a magnetic field when tested in dynamic compres-
sion.” Koo investigated the dynamic compression properties of
MRE under cyclic loading and proposed a phenomenon model
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to explain the experimental results.”® Bica studied the com-
pressibility modulus using the flat MRE-capacitor method.”*
These researchers did enlightening studies on the compression
property of magnetorheological elastomer. Clearly, the under-
standing of the compression property is beneficial to enlarging
the application of magnetorheological elastomer. In addition,
MREs show a special magnetostrictive characteristic, which
enables them much potential in sensors, actuators, etc.57%
When an external magnetic field is applied, the elongation of
MRE is quite large. As a potential magnetostriction material, its
normal force under compression status is unique for its
practical application.zg’29 Therefore, more work should be done
to thoroughly investigate the normal force of the MRE under
fixed strain.

In this work, the normal force of MRE under compression
status is studied both experimentally and theoretically. MRE is
first synthesized by using silicone rubber as the matrix, and its
normal force is evaluated by using a rheometer. The influence
of the loading type of the magnetic field, particle distribution,
and temperature are investigated in detail. A modified magnetic
dipole theory is proposed to illustrate the property of normal
force. This work presents the normal force of MRE coupled
with the magnetostrictive process, and they are very useful in
designing actuators, sensors, etc.28%°

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation. The materials of fabricated MRE
samples consist of carbonyl iron particles (type CN, with
average diameter 6 ym, provided by BASF Co., Germany),
HTV silicone rubber (type MVQ 110-2, from Dong Jue Fine
Chemicals Nanjing Co. Ltd.), di(2-ethylhexyl) phthalate
(from Shanghai Resin Factory Co. Ltd.), and vulcanizing
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agent (double methyl double benzoyl hexane, from Shenzhen
Gujia Co.). Di(2-ethylhexyl) phthalate was used as plasticizer to
improve the process of rubber mixing and to adjust the initial
modulus of MRE. The mass ratio of iron particles to the other
materials is 4:1.

Two kinds of MRE samples were fabricated. One was
isotropic MRE, and the other was aligned MRE. The procedure
of fabricating aligned MRE is as follows: First, the HT'V silicone
rubber was subjected to heat treatment at 150 °C for 4 h to
reduce the air bubbles in the rubber. Then, the rubber was
placed in a double-roll mill (Taithu Rubber Machinery Inc,
China, Model XK-160) to be thoroughly mixed with iron
particles, di(2-ethylhexyl) phthalate, and vulcanizing agent for
roughly 1 h. Later, the rubber mixture was used to fabricate
MRE samples. The rubber mixture was placed into a mold.
Then the mold was fixed to a customized Magnet-Heat coupled
device, whose sketch is shown in Figure 1. This device can keep
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Figure 1. Sketch of customized Magnet-Heat coupled device.
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the rubber mixture at a fixed temperature and supply a vertical
magnetic field. The temperature in this process was 120 °C,
and the magnetic field was roughly 1.5 T. This process was
called “prestructure”, and it lasted for 1S5 min. In the
prestructure process, the iron particles in the rubber mixture
were aligned along the direction of the magnetic field and the
chainlike structures of iron particles were formed. Then the
mold with the rubber mixture was placed on a flat vulcanizer
(Bolon Precision Testing Machines Co., China, Model BL-
6170-B) for vulcanizing. The vulcanizing process was conducted
at a temperature of 160 °C for 5 min. After that, the aligned MRE
samples were obtained.

For the aligned MRE, the iron particles form chainlike struc-
tures in the prestructure process and these chainlike structures are
kept during vulcanization. The isotropic MRE is prepared without
the prestructure process, no chainlike structures are formed and
the iron particles are dispersed uniformly.

2.2. Normal Force Test. The normal force of MRE was
tested by using a rheometer (Physica MCR 301, Anton Paar),
whose working principle is shown in Figure 2. The testing
magnetic field strength was adjusted by controlling the current
applied to the electromagnetic coil, and the testing temperature
was controlled by a fluid circulator with water. The size of each
sample is 10 mm in radius and 1 mm in thickness. The sample
was placed under the rotating disk. The process of the normal
force test is as follows. First, a precompression force was
applied on the MRE sample by the rotating disk. After the pre-
compression force reached the expected value, the position was
maintained. Then the normal force was tested under different
magnetic flux densities and different temperatures (25, S0,
70, and 90 °C). Each sample was tested three times under
the same condition. From the test, the relationship between
the precompression force and strain is as shown in Figure 3.
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Figure 3. Relationship of precompression force versus strain.

The compression strain is between 1 and 5%, which is proper
for rubber materials.

2.3. Characterization of Microstructure. To observe the
microstructures of the samples, the samples were cut into
pieces and observed by a digital microscope (type VHX-100,
KEYENCE).

2.4. Magnetization Test. To investigate the magnetization
changes of the iron particles, the magnetization of the particles
was measured by a SQUID (Quantum Design Co., America).
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Figure 2. (a) Principle diagram of MR device of rheometer. (b) Arrangement of aligned MRE in the rheometer.
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3. RESULTS AND DISCUSSION

3.1. Influence of Monotonic Loading of Magnetic
Field on the Normal Force of Aligned MRE. The normal
force of aligned MRE under different magnetic flux densities
and different precompression forces is shown in Figure 4. It is
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Figure 4. Normal force of aligned MRE under different magnetic flux
densities and different precompression forces.

found that the normal force increases with increasing magnetic
flux density. When the magnetic flux density increases to 1.1 T,
the normal force reaches saturation. The carbonyl iron particles
which were used show a soft magnetic property, and their magne-
tization curve also exhibits a saturation characteristic. Therefore,
the change of normal force is resulted from the magnetizing
process of iron particles and the magnetic—magnetic interactions
between the magnetic particles. In Figure 4, the different data
points marked by different colors are obtained by testing the
normal force of MRE under different precompression forces. The
increasing tendencies of the normal force with the increasing of
magnetic flux density are almost the same. However, the
maximum changes of normal force are different. As shown in
Figure S, the maximum change of normal force increases with
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Figure S. Maximum change of normal force under different pre-
compression forces.

increasing precompression force. For example, when the precom-
pression force is S N, the maximum change of normal force is 4.14 N.
When the precompression force reaches 25 N, the maximum
change of normal force reaches 5.6 N. The change of the normal
force results from the interaction of the iron particles. When the
precompression force increases, the distance of the adjacent iron
particles decreases, and this leads the interaction between the
adjacent particles to increase. Therefore, the maximum change of
the normal force with large precompression force is larger than
that with small precompression force.
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The iron particles form chainlike structures in the aligned
MRE.>**133% On the basis of observation of these chainlike
structures, Jolly' and Davis® has proposed magnetic dipole
theory to investigate the rheological properties of aligned MRE.
This theory can successfully illustrate the shear properties of
aligned MRE at magnetic saturation status. In this work, on the
basis of magnetic dipole theory, a possible theory model was
proposed to investigate the normal force of aligned MRE.
Figure 6 shows the magnetic dipole model of the aligned MRE.
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Figure 6. Magnetic dipole model of aligned MRE: (a) MRE with
chainlike structures; (b) magnetic dipoles in a single particle chain.

It is assumed that the particles are aligned in long chains, and
only the interactions between particles within the chain were
considered.!

Considering the high-field limit and calculating the maximum
change in normal force due to the applied magnetic field, all the
particles are magnetically saturated. Thus each iron particle has
a magnetic dipole moment"”

m = poVM; (1
where f4, is the permeability of vacuum, V is the volume of the
iron particles, and M; is the saturation magnetization. The
interaction energy of an iron particle marked i and the other
particles within a chain is’

-1 4§m2

E=— 2
4np by d

@)

where 1, is the relative permeability of the rubber matrix, m is
the magnetic dipole moment of each iron particle, d is the
distance of two adjacent particles, and { = X, 1/k* ~ 1.202.
Then the total magnetic energy of a MRE sample can be
expressed as

Vi
&E

E. =
tT v

)

where V, is the volume of MRE sample and ¢ is the volume
fraction of iron particles in the composites. Thus the total
magnetic energy density (energy per unit volume) is

_ b,

v, v

Eq

Eq
)
The compression strain of the MRE sample can be expressed as

d—d
g=—20
do (5)
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where d is the distance of adjacent particles and dj, is the initial
distance of adjacent 1particles. The magnetic-field-induced stress
can be expressed as >

0E4 OEq ad 0E4

°T e T od e 0d
Therefore the magnetic-field-induced compression force is
F=o0S (7)

where S is the compression area of the MRE sample. Substitute
eqs 1,2 3, 4, and 6 into eq 7, then the magnetic-field-induced
normal force can be expressed as

2
o 3SA00LVigM
mend4

0 (6)

(8)

Equation 8 shows that the maximum magnetic-field-induced
normal force is related to two factors: the magnetization and
the interparticle distance. The magnetic-field-induced normal
force increases with increasing magnetization and decreasing
interparticle distance. The distance of the adjacent particles
decreases when the precompression force increases. Thus the
maximum magnetic-field-induced normal force increases, which
agrees well with the experimental results as shown in Figure S.

3.2. Influence of Particle Distribution on the Normal
Force of MRE. Figure 7 shows the normal force of isotropic
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Figure 7. Comparison of normal forces of isotropic MRE and aligned
MRE under different precompression forces.

MRE under monotonic loading of the magnetic field. The
comparison of isotropic MRE and aligned MRE is also shown
in Figure 7. Similar to the aligned MRE, the normal force of the
isotropic MRE also increases with increasing magnetic flux
density. When the magnetic flux density is around 1.1 T, the
normal force is saturated due to the magnetic saturation of iron
particles. When the precompression force increases, the maxi-
mum change of normal force increases due to the decreasing
distance between adjacent particles. Comparing isotropic MRE
with aligned MRE, the normal force of the isotropic MRE is
smaller than that of aligned MRE under the same conditions.
This difference reaches a maximum value when the normal
force is saturated.

3325

Figure 8 shows the comparison of the maximum change of
normal force of isotropic MRE and aligned MRE. It is found
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Figure 8. Comparison of maximum changes of magnetic-field-induced
normal forces of aligned MRE and isotropic MRE under different
precompression forces.

that the maximum changes of normal force of both isotropic
MRE and aligned MRE increase with increasing precompres-
sion force. However, the change of normal force of aligned
MRE is much bigger than that of isotropic MRE, which is
mainly due to the different distributions of iron particles. With
the same volume fraction of iron particles, the average distance
of iron particles in isotropic MRE is much larger than that in
aligned MRE.>" Figure 9 shows the microstructures of isotropic
MRE and aligned MRE, which clearly demonstrate that the
distance of adjacent particles of isotropic MRE is much larger
than that of aligned MRE. In section 3.1, the magnetic dipole
theory is used to illustrate the magnetic-field-induced normal
force. The theory is based on the assumption that the magnetic
interaction occurs within a chain and it cannot be used to
describe the normal force of isotropic MRE. Because the
magnetic-field-induced normal force is due to the interaction of
the iron particles, the uniform distribution of iron particles
makes the distance of adjacent particles much larger for
isotropic MRE. Thus the magnetic interaction of iron particles
is much smaller for isotropic MRE. This is the main reason why
the magnetic-field-induced normal force of isotropic MRE is
smaller than that of aligned MRE. Actually, the difference in
mechanical properties of aligned MRE and isotropic MRE can
also be found in the shear property test for the same reason,
which has been proved by many researchers >®5!33032734
3.3. Influence of Temperature on the Normal Force of
MRE. Figure 10 shows the influence of temperature on the
normal force of MRE under monotonic loading of magnetic
field. Figure 11 shows the magnetization change of the iron
particles measured by a SQUID (Quantum Design Co., America).
Due to the decreasing particle distance, the maximum change of
normal force increases when the precompression force increases.
When the temperature increases, the maximum change of the
normal force first increases and then decreases. The change of the
normal force is due to the interaction of the particles. As shown in
eq 8, the magnetic-field-induced normal force is related to the
magnetization, M,. Figure 11 shows that the magnetization of the
iron particles decreases with increasing temperature. Therefore,
when the temperature increases, the magnetization, M, of the iron
particles decreases, which leads to the decreasing of the maximum
change of the normal force. On the other hand, when the tem-
perature increases, the modulus of the rubber matrix decreases.
Thus, when the temperature increases, the rubber matrix becomes
softer. A softer matrix benefits the movement of the iron particles.

dx.doi.org/10.1021/ie201976e | Ind. Eng. Chem. Res. 2012, 51, 3322—3328



Industrial & Engineering Chemistry Research

Figure 9. Photographs of (a) aligned MRE and (b) isotropic MRE.
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Figure 10. Influence of temperature on normal force of two kinds of MRE under monotonic loading of magnetic field: (a) aligned MRE;

(b) isotropic MRE.
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Figure 11. Magnetization change of iron particles.

Therefore, the interaction between the iron particles becomes
larger when the temperature increases, ignoring the influence of
the magnetization. Larger magnetic interaction between
particles leads to larger magnetic-field-induced normal force
of the MRE sample. Thus, when the temperature increases,
there are two factors that influence the magnetic-field-induced
normal force. One is the magnetization, and the other is the
modulus of the rubber matrix. The effects of the two factors are
opposite. Therefore, when the temperature increases, the maxi-
mum change of magnetic-field-induced normal force increases
first and decreases later.

3.4. Influence of Cyclic Loading of Magnetic Field on
the Normal Force of MRE. The normal force of aligned MRE
under cyclic loading was investigated. The magnetic current
increased from O to S A and then decreased to 0 A. After that,
the direction of the current was reversed. Then, the current
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increased to S A and decreased to 0 A. The experimental time
lasted 300 s, and 100 data points were collected.

Figure 12 shows the experimental results of magnetic-field-
induced normal force of aligned MRE under cyclic loading.
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Figure 12. Magnetic-field-induced normal force of aligned MRE under
cyclic loading: I, loading; II, unloading; III, reverse loading; IV, reverse
unloading.

When the direction of the magnetic field reverses, the magnetic-
field-induced normal force shows a tendency similar to that of the
normal force when the direction of the magnetic field is
unchanged. This indicates that the normal force of MRE is
independent of the direction of the magnetic field. In addition,
the normal force with increasing magnetic field is not as same
as the normal force with decreasing magnetic field. If the
magnetic field is the same, the magnetic-field-induced normal
force during unloading is smaller than that during loading.
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Comparing the normal force before cyclic loading with that
after cyclic loading, it is observed that the normal force after
cyclic loading is smaller than that before cyclic loading.

To further study the above phenomenon, the influence of
cyclic loading of the magnetic field on the normal force of
aligned MRE under different precompression forces was
investigated. The curves under different precompression forces
show similar tendencies (Figure 12). For simplicity, the curves
under different precompression forces are not plotted. Instead,
the difference in the normal force before cyclic loading and
after cyclic loading is plotted in Figure 13. Under different
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Figure 13. Difference of the normal force before cyclic loading and
after cyclic loading.

precompression forces, the normal force after cyclic loading is
smaller than that before cyclic loading. In addition, the differ-
ence increases with increasing precompression force. This
phenomenon may result from the stress relaxation of MRE.
Figure 14 shows the experimental results of the stress relaxation
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Figure 14. Stress relaxation of aligned MRE under different
precompression forces (without magnetic field).

process of aligned MRE under different precompression forces
in the absence of a magnetic field. It is found that the speed of
stress relaxation increases with increasing precompression force.
This agrees well with the results shown in Figure 13. Moreover,
the difference in the normal force before cyclic loading and
after cyclic loading may also respond to some irreversible
change of structure named the Mullins effect.*®

4. CONCLUSION

This paper presents the magnetic-field-induced normal force of
MRE under compression status. The influence of monotonic
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loading of the magnetic field, particle distribution, temperature,
and cyclic loading of the magnetic field were investigated. It is
found that the magnetic-field-induced normal force increases
with increasing magnetic field and increasing precompression
force. The interaction of the iron particles increases when the
magnetic field and/or the precompression force increases. Thus
the magnetic-field-induced normal force increases. For the
aligned MRE, the maximum change of magnetic-field-induced
normal force is larger than that of isotropic MRE due to the
special chainlike structure of iron particles which is formed in
the process of prestructure. The saturation magnetization of the
carbonyl iron particles decreases and the modulus of the rubber
matrix decreases when the testing temperature increases. There-
fore, the magnetic-field-induced normal force first increases and
then decreases with increasing testing temperature. Besides, the
cyclic loading of the magnetic field is applied on MRE to investi-
gate its magnetic-field-induced normal force. It is found that the
magnetic-field-induced normal force is not related to the direction
of the magnetic field. When the magnetic field is the same, the
magnetic-field-induced normal force during unloading is smaller
than that during loading. Besides, under different precompression
forces, the normal force after cyclic loading is smaller than that
before cyclic loading and the difference increases with increasing
precompression force.
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