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ABSTRACT: The dynamic compressive property of magnetorheological elastomer (MRE) under high strain rate was
investigated using a modified split Hopkinson pressure bar system. Both the compressive properties in the pre-yield region and
the post-yield region were studied. Experimental results show that the dynamic compressive property of MRE under high strain
rate is related to the magnetic field and the strain rate. In the pre-yield region, with increasing magnetic field or strain rate, both
the Young’s modulus and the yield stress increase. However, the yield strain decreases with increasing magnetic field or strain
rate. A constitutive model consisting of hyperelasticity, viscoelasticity, and a magnetic part was proposed to describe the
compressive property of MRE, and the model agrees well with the experimental results. In the post-yield region, the stress first
decreases to a minimum value and then increases smoothly when the strain exceeds the yield strain, which is due to the change of
the chainlike structures of iron particles in MRE.

1. INTRODUCTION
The experimental mechanical property of a material can be
categorized into quasi-static property and dynamic property by
the strain rate. When the strain rate is larger than 102/s, the
mechanical property can be regarded as the dynamic property
under high strain rate.1,2 Typically, for the strain rate-sensitive
material, such as elastomers and polymer foams, the dynamic
property under high strain rate differs widely from the quasi-
static property. These materials usually have a feature of low
impedance, and a wide range of applications for shock-
absorbing components has been found, such as engine mounts,
gaskets, and so on.3,4 When designing these components with
low impedance materials, it is necessary to have accurate
material models to predict the dynamic response of the
structure. Therefore, the dynamic property under high strain
rate is crucial. Reliable experimental data are useful to construct
the material model and determine the material constants.
When traditional experimental techniques are used to

measure the dynamic property under high strain rate of low
impedance materials, problems occur.4−9 For example, the
rotating eccentric test machine can only be used to measure
samples with large strain at relatively low frequencies; vibrating
machines, such as the dynamic mechanical analysis machine
(DMA), can measure the dynamic property at very high
frequencies with sinusoidal or other waveform input but cannot
achieve large strains; the dynamic destructive Charpy test can
not provide a complete stress−strain history. To solve these
problems, the split Hopkinson pressure bar (SHPB) can be
considered. The SHPB technology can provide dynamic
stress−strain curves as a function of strain rate in the range
of strain rate from 102/s to 104/s. However, traditional SHPB
technology can only be used to measure the dynamic property
of hard materials, such as metal, concrete, ceramic, and so on.
When this technology is directly used to measure the soft
materials with the features of low strength and low mechanical
impedance, some problems occur, such as low signal-to-noise
ratio, long time to reach stress equilibrium, and so on. Recently,

some researchers have investigated the SHPB technology
thoroughly.2−4,10,11 They proposed the use of a pulse shaper to
prolong the rising time of the incident pulse and achieve the
dynamic stress equilibrium of the specimen. In addition, they
proved that a sensitive transmission bar and thin specimen were
of benefit to obtain satisfying signal-to-noise ratio. Theses
researchers did innovative studies and made it possible to
investigate the dynamic property of low impedance materials in
the range of strain rate from 102/s to 104/s.
Magnetorheological elastomer (MRE), also called magneto-

sensitive elastomer, magneto-active polymer, or magneto-
strictive polymer, is a kind of composite material consisting
of micrometer-sized ferromagnetic particles embedded in
rubber or a rubberlike matrix.12−18 Its properties such as
shear modulus, damping, magnetostriction, electrical, con-
ductivity and so on, can be controlled by an external magnetic
field, which is called magnetorheological effect (MR
effect).19−21 Due to the unique property, MRE has been
widely used in vibration absorbers, isolators, engine mounts,
bushing, actuators, etc.22−29 Since MRE was first developed,30

many studies have been carried out to investigate the magnetic
field-induced properties and the corresponding mechanisms.
Among all the magnetic field-induced properties of MRE, the
shear property is of the most concern due to the relatively large
change of the shear modulus when exposed to an external
magnetic field. However, polymer-based materials can bear
more loads in compressive status than in shear status.6,31 When
the MRE works in shear mode, it needs glues to connect the
MRE samples and the shearing block, which limits the
maximum deformation of MRE samples.22,23 Therefore, it is
proper for MRE to work in compressive status in the design of
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MRE-based devices when MRE needs to bear large loads. In
addition, MRE is a material with low impedance and magnetic-
field-controllable properties, allowing it to have potential
application in controllable shock-absorbing components, such
as engine mounts, gaskets, and so on.3,4 When designing these
components, it is necessary to know the compressive properties
of MRE under high strain rate. However, up to now, the studies
on the compressive property of MRE are limited and focus on
the dynamic viscoelastic property.5−7,32,33 For example, Kallio5

studied the changes in the stiffness and vibration damping of
MRE under the influence of a magnetic field when tested in
dynamic compression. Koo7 investigated the dynamic com-
pression properties of MRE under cyclic loading and proposed
a phenomenon model to explain the experimental results.
These researchers did enlightening studies on the compressive
property of MRE. However, more work needs to be done to
evaluate the application of MRE. Therefore, study on the
compressive property of MRE under high strain rate is very
important.
In this work, the dynamic compressive property of MRE

under high strain rate was studied using the modified split
Hopkinson pressure bar technology. Both the dynamic
compressive property in the pre-yield region and the post-
yield region were investigated. A constitutive model consisting
of hyperelasticity, viscoelasticity, and a magnetic part was
proposed to describe the dynamic property of MRE, and the
model agrees well with the experimental results. The study in
this contribution will be useful to a deeper understanding of
MRE and of benefit to the design of MRE-based devices.

2. EXPERIMENTAL DETAILS
2.1. Sample Preparation. The materials include carbonyl

iron particles (Type CN, from BASF in Germany), methyl
silicone oil (from Shanghai Resin Factory Co., Ltd.), HTV
silicone rubber (Type MVQ 110-2, from Dong Jue Fine
Chemicals Nanjing Co., Ltd.), and vulcanizing agent (double
methyl double benzoyl hexane, from Shenzhen Gujia
Company). The methyl silicone oil, viscosity 50 cP, was used
as a plasticizer to improve the processing of rubber mixing. The
mass ratio of the carbonyl iron particles to the others is 4:1.
The procedure of fabricating MRE is as follows.
First, the HTV 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
(model XK-160, Taihu Rubber Machinery Inc., China) to be
thoroughly mixed with carbonyl iron particles, vulcanizing
agent, and silicone oil for roughly one hour. Later, the rubber
mixture was used for vulcanizing MRE samples. Before
vulcanizing, the rubber mixture was placed into an aluminum
mold. Then the mold was fixed to a customized magnet−heat-
coupled device (Figure 1). This device can supply a vertical
magnetic field and keep the rubber mixture at a fixed
temperature. The magnetic flux density in this process was
roughly 1.5 T, and the temperature was 120 °C . This process
lasted for 20 min. Then the mold with the rubber mixture was
placed on a flat vulcanizer (model BL-6170-B, Bolon Precision
Testing Machines Co., China,) for vulcanizing. The vulcanizing
process was conducted at a temperature of 160 °C for 5 min.
After that, the MRE samples were obtained.
2.2. Modified SHPB Technology for MRE. A typical split

Hopkinson pressure bar (SHPB) system consists of a striker
bar, an incident bar, a transmission bar, and an absorber bar,
which is shown in Figure 2. The specimen is placed between

the incident bar and the transmission bar. Usually, the striker
bar is driven by the gas produced by an air-compressor to hit
the incident bar. The impact generates an elastic compressive
wave at the impact face. The elastic compressive wave keeps on
traveling in the incident bar toward the specimen. When the
elastic compressive wave reaches the interface of the incident
bar and the specimen, one part of the elastic compressive wave
reflects into the incident bar, and the other part transmits into
the specimen and into the transmission bar. Usually, two strain
gauges are mounted on the incident bar and the transmission
bar to measure the incident pulse (εi), the reflected pulse (εr),
and the transmitted pulse (εt). According to the wave
propagation theory in solids, the dynamic stress, the dynamic
strain, and the strain rate at any time during the loading−
unloading in the specimen can be expressed as:
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where σs and εs are the dynamic stress and the dynamic strain
in the specimen respectively; ( ̇ ) denotes (d/dt); Ab and As are
the cross-sectional areas of the bar and the specimen,
respectively; Eb is the elastic modulus of the bar material; Cb
is the velocity of elastic wave propagation in the bar, and ls is
the length of the specimen. It needs to be mentioned that the
calculations in eq 1 are based on the assumption that the
specimen undergoes homogeneous deformation and the bars
are made of the same material with the same cross-sectional
area.
In this work, a modified SHPB system was developed to

investigate the compressive property of MRE under high strain
rate. To prevent the mechanical impedance mismatch of the bar
and the MRE specimen, the striker bar, the incident bar, the
transmission bar, and the absorber bar were made of aluminum
for its low mechanical impedance. To improve the signal-to-
noise ratio, the strain gauge in the transmission bar was chosen
as a semiconductor strain gauge instead of a traditional metal
one. To decrease the friction between the MRE specimen and
the bar, petroleum jelly was used in the interface of the MRE
specimen and the bar. In addition, a pulse shaper was used
between the striker bar and the incident bar to prolong the rise
time of the incident pulse. Therefore, the MRE specimen had
enough time for stress to reach equilibrium during the
experiment. In the study, the diameter of the aluminum bar

Figure 1. Sketch of customized magnet−heat-coupled device.
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was 14.5 mm, and the dimension of the MRE specimen was Φ8
mm × 1 mm. The length of the incident bar is 800 mm, and the
length of the transmission bar is 600 mm. The model of the
ultradynamic strain amplifier is CS-1D from Xingheng
Electronic Technology Co., Ltd., China.
To investigate the compressive property of MRE under

different external magnetic fields, a customized magnetic device
was added into the SHPB system (Figure 2) to supply a
uniform magnetic field. Figure 3a shows the schematic

illustration of the customized magnetic device. It consists of
three magnetic coils and two iron cores. Figure 3b shows the
magnetic field distribution in the experimental region along the
symmetric axis under different magnetic currents. The
experimental region lies in the center of the magnetic device
and is about 6 mm along the symmetric axis. From the
magnetic field distribution in Figure 3b, it can be seen that the
magnetic field is constant in the whole experimental region and
can be controlled by the magnetic current according to the

demand. In addition, the length of the experimental region is
about 6 mm, which is long enough to keep the MRE specimen
in the experimental region during the loading−unloading
process. In the experiment, the duration of loading−unloading
is within 150 μs (Figure 4), and the maximal velocity of the

striker bar is smaller than 30 m/s. According to the wave
propagation theory in solids, the displacement of the interface
between the MRE specimen and the incident bar is smaller
than 2.25 mm. Therefore, the length of the experimental region
is long enough to supply a uniform magnetic field to the MRE
specimen during the loading−unloading process.
Figure 4 shows the typical signals measured by the strain

gauges mounted on the incident bar and the transmission bar.
Obviously, the signals are smooth enough, which means the
signal-to-noise ratio is satisfying. In addition, it can be seen
from Figure 4 that the rising edge of the incident pulse is gentle
due to the pulse shaper, which guarantees that there is enough
time for the MRE specimen to obtain stress equilibrium.
Therefore, the experiment in the study is accurate. By reading
the waveform in Figure 4 and using the formulas in eq 1, the
magnetic field-induced stress−strain relationship of MRE under
different strain rates can be obtained. In addition, the stress and
the strain calculated from eq 1 are the engineering stress and
engineering strain, respectively. The true stress and the true
strain can be obtained from eq 2.

Figure 2. Schematic illustration of a modified SHPB setup.

Figure 3. Schematic illustration of the customized magnetic device in
the modified SHPB system: (a) sketch of the magnetic device; (b)
magnetic flux density in the experimental region with different
magnetic current.

Figure 4. Typical signals measured from the incident bar and the
transmission bar in the experiment.
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where εE and σE are the engineering strain and the engineering
stress respectively, εT and σT are the true strain and the true
stress, respectively.

3. RESULTS AND DISCUSSION
3.1. Compressive Property in the Pre-yield Region.

The dynamic compressive property of MRE under different
external magnetic fields and strain rates was measured. Figure 5

shows the dynamic compressive stress−strain curve of MRE at
the average strain rate of 3200/s under different magnetic fields
in the pre-yield region. The strain and the stress in Figure 5
represent the true strain and the true stress, respectively. From
Figure 5, it can be seen that the compressive property of MRE
is dependent on the magnetic field. With increasing magnetic
field, the stress−strain curve becomes steeper, which means the
Young’s modulus increases with increasing magnetic field.
Similar to the shear property of MRE, the phenomenon that
Young’s modulus increases with increasing magnetic field can
be named the MR effect, which results from the magnetic
interactions between the iron particles under the external
magnetic field.
For the polymer materials, the maximal stress and the

corresponding strain during loading are defined as the yield
stress and the yield strain, respectively. The stress−strain curve
can be divided into two parts by the yield point, i.e. the pre-
yield region and the post-yield region. Figure 5 shows the

compressive property of MRE in the pre-yield region, and the
property in the post-yield region will be discussed in the next
section. Besides the Young’s modulus increasing with the
increasing magnetic field, another phenomenon is observed
wherein the yield point is related to the external magnetic field.
With increasing magnetic field, the yield stress increases and the
yield strain decreases. The MRE consists of micrometer-sized
ferromagnetic particles embedded in the matrix. The
ferromagnetic particles form chain- or columnlike structures.
With increasing external magnetic field, the magnetic
interaction between the particles increases. Therefore, when
the MRE specimen deforms in a larger external magnetic field, a
larger force needs to be applied to overcome the magnetic force
between the particles, which leads to the increase of the
Young’s modulus and the yield stress with the increasing
external magnetic field. On the other hand, not only the
magnetic interactions between the particles in the same
chainlike structure but also the interactions between the
particles in different chainlike structures increase when the
magnetic field increases. Therefore, when the MRE specimen
deforms, it is easer for the chainlike structure to be changed or
broken in a higher magnetic field than in a lower magnetic field,
which leads to the decreasing yield strain with increasing
magnetic field. Figure 6 shows the dynamic compressive
stress−strain curve of MRE at the strain rates of 4700/s and
5600/s under different external magnetic fields. Compared with
the results in Figure 5, the stress−strain curves in Figure 6 show
similar trends. Thus, a conclusion can be made from Figure 5
and Figure 6 that the dynamic compressive property of MRE
under a high strain rate is dependent on the magnetic field. The
Young’s modulus and the yield stress increase with increasing
magnetic field, and the yield strain decreases with increasing
magnetic field.
In addition to the magnetic-field-dependent property, it is

found that the compressive property of MRE is also related to
the strain rate when comparing the results in Figure 5 with
those in Figure 6. To show the results more clearly, the
experimental data are rearranged and shown in Figure 7. For
simplicity, only the results under 0 mT and 200 mT are shown
in Figure 7 because the results under different magnetic fields
are similar.
From Figure 7, the compressive property of MRE is related

to the average strain rate. When the strain rate increases, the
stress−strain curve becomes steeper, which means the Young’s
modulus increases with increasing strain rate. This phenomen-
on is also observed for other rubberlike materials and can be

Figure 5. Dynamic compressive stress−strain curve of MRE at the
average strain rate of 3200/s under different external magnetic fields.

Figure 6. Dynamic compressive stress−strain curve of MRE at the average strain rate of (a) 4700/s and (b) 5600/s under different external magnetic
fields.
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regarded as the typical property of this kind of material.2,4,34,35

Besides the Young’s modulus, the yield stress and the yield
strain of MRE are also related to the strain rate. When the
external magnetic field is 0 mT, the yield stress increases from
4.09 MPa at the strain rate of 3200/s to 6.68 MPa at the strain
rate of 5600/s, while the yield strain decreases from 0.118 to
0.095. When the magnetic field is 200 mT, the yield stress
increases from 5.02 MPa at the strain rate of 3200/s to 9.00
MPa at the strain rate of 5600/s, while the yield strain decreases
from 0.068 to 0.060. Obviously, the yield stress increases with
increasing strain rate. However, the yield strain decreases with
increasing strain rate. To show the results more clearly, Figure
8 shows the yield stress and the yield strain of MRE under
different strain rates and different magnetic fields. Thus, it can
be summarized that when the strain rate increases, the MRE
becomes stiffer and more brittle.
3.2. Constitutive Model of MRE in the Pre-yield

Region. In order to describe the dynamic compressive
property of MRE under high strain rate and facilitate the
calculations in the engineering applications, a constitutive
model is proposed on the basis of the strain-energy function
method. MRE is a composite of polymer matrix and
ferromagnetic particles. Therefore, it has the features of the
polymer matrix and ferromagnetic particles. For the polymer
matrix, it usually has the features of hyperelasticity and
viscoelasticity. For the ferromagnetic particles, the typical
property is the magnetic interactions among the particles,
which leads to the magnetic-field-induced mechanical property
of MRE. The proposed model in the study is a combination of
hyperelasticity, viscoelasticity, and the magnetic part.

3.2.1. Hyperelasticity. The constitutive relation derived from
a strain-energy function for uniaxial load can be expressed as4,36
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where W is the strain-energy function; I1 and I2 are the first and
the second strain invariant, respectively; λ is the stretch ratio;
and σh is the true stress. For the rubberlike materials, the
strain−energy function under high strain rate can be written
as2,37

= − + − + − −W A I B I C I I( 3) ( 3) ( 3)( 3)1 2 1 2 (4)

where A, B, and C are material constants and determined
through one dimension test. For the uniaxial compression, the
stretch ratio, λ, can be written as:

λ ε= −1 e (5)

where εe is the engineering strain. The first and the second
strain invariant are
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Therefore, by substituting eqs 4−6 into eq 3, the constitutive
relation under uniaxial compression is written as

Figure 7. Dynamic compressive stress−strain curve of MRE at various strain rates under (a) 0 mT and (b) 200 mT.

Figure 8. Yield stress (a) and yield strain (b) of MRE under different strain rates and different magnetic fields.
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It needs to be mentioned that the strain in eq 7 is the
engineering strain, and the stress represents the true stress.
3.2.2. Viscoelasticity. Polymer materials usually have the

feature of viscoelasticity. To describe the viscoelasticity of MRE
under high strain rate, a standard linear solid model shown in
Figure 9 is adopted in the study. In Figure 9, E1 and E2 are the

modulus of two spring elements respectively; η is the coefficient
of viscosity; ε1 and ε2 are the strains of the two spring elements,
respectively; σv is the stress. The constitutive equations of the
model are written as
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Therefore, the stress−strain relation can be expressed as:

ησ σ ηε ε̇ + + = ̇ +E E E E E( )v 1 2 v 1 1 2 (9)

Equation 9 can be transformed into

σ σ ε ε̇ + = ̇ +D E Fv v (10)

where D, E, and F are the functions of the parameters shown in
Figure 9 and determined by the material property. Solving eq
10 yields

∫σ ε ε ξ= ̇ + ξ− E Fe ( ) e dDt
t

D
v

0 (11)

3.2.3. Magnetic Part. The iron particles in MRE form
chainlike structures. On the basis of the chainlike structures,
Jolly38 and Davis39 proposed the magnetic dipole model to
investigate the shear properties of MRE. Inspired by them, the
magnetic dipole model is modified to investigate the magnetic
field-induced compressive property in the study. Figure 10
shows the magnetic dipole model for MRE. It assumes that the
iron particles are aligned in long chains and only the magnetic
interactions between the particles within a chain are considered.
The interaction energy of an iron particle marked i and the
other particles within a chain can be expressed as

πμ μ
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U
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d
1

4
4

m 0

2

3
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where m is the magnetic dipole moment of the iron particle, μm
is the relative permeability of the matrix, μ0 is the permeability
of vacuum, d is the distance of two adjacent particles, and ζ is a
constant and can be expressed as

∑ζ = ≈
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Then the magnetic energy density (energy per unit volume)
can be written as

ϕ=U
V

U
2d (14)

where V is the volume of a iron particle and ϕ is the volume
fraction of the iron particles. The strain can be expressed as:
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where d0 is the initial distance of two adjacent iron particles.
Substituting eq 12 and 15 into eq 14 yields
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Then the magnetic field-induced stress can be expressed as
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where G is the function of the parameters shown in eq 17.
3.2.4. Total Stress. It is proposed that the total stress arises

from a combination of the hyperelasticity, the viscoelasticity,
and the magnetic part, i.e. σ = σh + σv + σm, where σh, σv, and
σm are defined by eqs 7, 11 and 17, respectively.2,34,35

Consequently, summation of eqs 7, 11 and 17 yields
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where εe and ε are the engineering strain and the true strain,
respectively; A, B, C, D, E, F, and G are the parameters to
characterize the dynamic compressive property under high
strain rate of MRE. Figure 11 shows the comparison between
the experimental data and the fitted model. For simplicity, only
the results at 0 mT and 200 mT are shown. The good

Figure 9. Standard linear solid model used to describe the
viscoelasticity of MRE.

Figure 10. Magnetic dipole model for MRE.
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agreement between the experimental data and the proposed
model indicates that the proposed model is capable of
accurately describing the dynamic compressive property of
MRE in the pre-yield region. Furthermore, the proposed
constitutive model for MRE is efficient for numerical simulation
in the design of MRE based devices.
3.3. Compressive Property in the Post-yield Region.

To make a deeper understanding of MRE, the compressive
property in the post-yield region was also investigated. Figure
12 shows the dynamic compressive stress−strain curve of MRE

at the strain rate of 5600/s under different external magnetic
fields. It can be seen that, when the strain exceeds the yield
strain, the stress first decreases to a minimum value and then
increases. This phenomenon is quite different from the

rubberlike materials.2,4,34,35 For the rubberlike materials, the
yield strain is large. Therefore, the rubberlike materials always
work in the pre-yield region, i.e. the stress increases with
increasing strain in the experimental region. For the MRE, the
yield strain is small. Therefore, once the strain exceeds the yield
strain, the stress decreases. MRE is a composite of polymer
matrix and ferromagnetic particles, which form chainlike
structures. When subjected to impact load, these chainlike
structures are easily broken due to the weak link between the
particles and the matrix compared to the impact force. Thus,
the yield strain of MRE is much smaller than the other
rubberlike materials. When the strain exceeds the yield strain,
the chainlike structures begin to break, and thus the stress
decreases. With increasing compressive strain, MRE is further
compressed and the distance between the iron particles
becomes smaller and smaller. When the strain exceeds roughly
0.2, the distance between the iron particles becomes small
enough, and thus, the stress begins to increase with increasing
strain. Besides, in this region, it can be seen that the stress
under higher magnetic field is larger than that under lower
magnetic field, which is mainly due to the magnetic interaction
between the iron particles.
Figure 13 shows the dynamic compressive property of MRE

in the post-yield region at different strain rates. For simplicity,
only the results under 0 mT and 200 mT are presented. It can
be seen that the trends of the stress−strain curve are similar at
different strain rates. However, obvious strain rate effect can
also be observed, i.e. the stress at higher strain rate is larger than
that at lower strain rate.

Figure 11. Comparison between the experimental data and the proposed model at (a) 0 mT and (b) 200 mT.

Figure 12. Dynamic compressive stress−strain curve of MRE at the
strain rate of 5600/s under different external magnetic fields.

Figure 13. Dynamic compressive stress−strain curve of MRE at various strain rates under (a) 0mT and (b) 200 mT.
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4. CONCLUSIONS

In this study, a modified SHPB system was used to investigate
the dynamic compressive property of MRE under high strain
rate. In the pre-yield region, it is found that both the yield stress
and the Young’s modulus increase with increasing magnetic
field or strain rate, while the yield strain decreases. To describe
the compressive property of MRE in the pre-yield region, a
constitutive model consisting of hyperelasticity, viscoelasticity
and magnetic part was proposed. The good agreement between
the experimental data and the proposed model indicates that
the proposed model is capable of accurately describing the
dynamic compressive property of MRE in the pre-yield region.
Beside the compressive property of MRE in the pre-yield
region, the property in the post-yield region was also
investigated. It is found that when the strain exceeds the
yield strain, the stress first decreases to a minimum value and
then increases. In addition, both the magnetic field effect and
the strain rate effect were observed, i.e. the stress increases with
increasing magnetic field or strain rate.
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