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ABSTRACT: The effect of cross-link density of the matrix on the controllable damping properties of magnetorheological
elastomers (MREs) has been investigated. MRE samples with different cross-link densities and plasticizer contents were
fabricated and their microstructures were observed using an environmental scanning electron microscope (SEM). The dynamic
performances of these samples were measured using a modified dynamic mechanical analyzer (DMA). The experimental results
indicated the magneto-induced change of loss factor was enhanced by decreasing the cross-link density. The plasticizer and the
frequency markedly influenced the magneto-induced change of loss factor when the cross-link density of the matrix was low. In
addition, by reducing cross-link density, the magneto-induced modulus and the relative MR effect increased. A mechanism for the
magneto-induced change of loss factor was proposed and the analysis implied that the rearrangement of particles is an important
influence on controlling the damping properties of MREs.

1. INTRODUCTION
Magnetorheological elastomers (MREs), which are mainly
composed of a polymeric matrix and soft magnetic particles, are
magnetically active materials belonging to a group of smart
materials.1−14 When the constituents are well mixed in the
presence of a magnetic field, the magnetic particles follow the
direction of the magnetic field lines during the cross-linking
process. After the curing process, the magnetic particles are
fixed in their positions and form chain-like or columnar
structures.11,14 Due to the anisotropic structure and magnetic
response, the rheological or mechanical properties of MREs can
be changed continuously, rapidly, and reversibly when an
external magnetic field is applied.5−14

Based on their unique characteristics, MREs have attracted
increasing attention and have been considered for a wide range
of applications in vibration reduction and noise reduction,
etc.4,11,15−22 Typical applications are MRE adaptive tuned
vibration absorbers15−20 and MRE isolators.21,22 Sun et al.19

and Hoang et al.20 indicated that the low damping of MREs
leads to high vibration reduction effect in MRE tunable
vibration absorbers. For MRE-based vibration isolators, the
high damping leads to a vibration reduction effect when the
excitation signal is in the resonance frequency band of the
system. While in the vibration isolation frequency band, the low
damping leads to a high vibration reduction effect. It is noted
that the performances of these MRE devices is highly
dependent on their controllable damping properties (loss
factor). Therefore, to develop high-efficiency MRE-based
vibration reduction devices, the primary objective in this text
is focused on the development of MREs with controllable
damping properties.
Zhou6 and Lokander12 observed that the influence of

magnetic field on the loss factor was small and the change of
loss factor could be neglected under different applied magnetic
fields. Chen et al.23 also pointed out that the magneto-induced
change of loss factor was slight. To synthesize MREs with
controllable damping properties, many key issues need to be

investigated. Recently, Fan et al.24 indicated that a reduction of
the binding force of the matrix exerted on the particles can
increase the magneto-induced change of loss factor. Moreover,
the matrix plays a key role in the controllable damping
properties of MREs. By using temperature-controllable
materials in the matrix, the controllability of the damping
properties can be enhanced.25 It was found that the
rearrangement of particles in the matrix was one of the main
influences on controlling the damping properties.25 Under the
application of a magnetic field, the movement of the particles in
the cured matrix depended significantly on the resistance of the
matrix. In a vulcanizable rubber, the higher cross-link density
provides a stiffer matrix, which will further influence the
rearrangement of particles. Therefore, the level of cross-link
density of the matrix exhibited a high effect on the damping
properties of MREs. To date there has been little study of the
cross-link density dependent damping properties of MREs.
Consequently, this paper focuses on the effect of cross-link

density on MRE damping properties. First, MRE samples with
different cross-link densities were prepared by using different
amounts of vulcanizing agent. Then, the microstructures of the
MRE samples were observed and the influences of cross-link
density, plasticizer, and frequency on the damping properties
were experimentally investigated. A mechanism for the
controllable damping properties was proposed and finally the
effect of cross-link density on modulus and MR effect were
evaluated.

2. EXPERIMENTAL DETAILS

2.1. Preparation of MREs. MRE samples mainly comprise
magnetic particles in an elastic matrix. The matrix material used
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was cis-polybutadiene rubber (BR), purchased from Shanghai
Gao-Qiao Petrochemical Corporation, China. The magnetic
particles were carbonyl iron (type CN) purchased from BASF
with an average diameter of 6 μm. The vulcanizing agent and
the plasticizer were sulfur and naphthenic oil, respectively,
provided by Hefei Wangyou Rubber Company of China. In this
study, two groups of MRE samples were prepared: one group
with different contents of vulcanizing agent (0.1, 0.5, 1, 3, and 5
phr (parts per hundred parts rubber)), and the other group
with different contents of plasticizer (80, 100, 120, and 140
phr). The MRE samples had weight fractions of 60% carbonyl
iron. For comparison, the reference samples were with different
contents of vulcanizing agent and without any carbonyl iron.
The fabrication of MREs consists of three major steps:

mixing, preforming, and curing. First, 100 phr rubber, different
contents of plasticizer, different contents of vulcanizing agent,
the iron particles (60 wt %) and other additives (5 phr ZnO, 1
phr stearic acid, 2 phr diaminodiphenylmethane, and 1 phr N-
cyclohexyl-2-benzothiazolesulfenamide) were mixed homoge-
neously using a two-roll mill (Taihu Rubber Machinery Inc.,
China, model XK-160). Then for the preforming configuration,
the mixture was put into a mold at 130 °C for 10 min under an
external magnetic field of 1300 mT, generated by a magnet−
heat couple device developed in-house.26 Finally, the samples
were vulcanized at 160 °C for 15 min under a pressure of
approximately 13 MPa on a flat vulcanizer (Bolon Precision
Testing Machines Co., China, model BL-6170-B). The quality
characterization of the MRE samples with different contents of
vulcanizing agent and 100 phr plasticizer is shown in Table 1. It

can be seen that the density of samples increased gradually with
increases in the sulfur content, which was related to the cross-
link density of the matrix. The magnetic susceptibility and
saturation magnetization of samples remained almost constant
with increasing sulfur content.
2.2. Magnetic Properties of Samples. To investigate the

magnetic susceptibility and saturation magnetization of the
samples, the magnetic properties of samples were measured by
using a hysteresis measurement system (HyMDC).
2.3. Testing of Cross-Link Density. The cross-link

densities of samples were tested by using a nuclear magnetic
resonance cross-link density meter (MicroMR-CL), provided
by Shanghai Niumai Electronic Technology Co., China. All
operations were performed at a magnetic field of 520 mT, a
frequency of 21.8 MHz, and constant temperature of 35 °C.
2.4. Observation of Microstructure. The microstructures

of samples were observed by using an environmental scanning
electron microscope (SEM; Philips of Holland, model XL-30
ESEM). Each sample was cut into flakes and coated with a thin
layer of gold prior to the SEM observation. The microstructure
of samples was observed at an accelerating voltage of 20 kV.

2.5. Measurement of Dynamic Properties. Dynamic
mechanical properties of samples were measured by using a
modified dynamic mechanical analyzer (DMA).26 In this
system, a self-made electromagnet was introduced to generate
a variable magnetic field from 0 to 1000 mT, which was
attached to a conventional DMA (Triton Technology Ltd., UK,
model Tritec 2000B).
In the experiments, the MRE samples had dimensions of 10

mm × 10 mm × 3 mm, and the particle chains were parallel
with the thickness direction of sample (Figure 1). Both

magnetic field sweep testing (field range 0−1000 mT) and
frequency sweep testing (frequency range 1−30 Hz) were
conducted to measure dynamic properties, such as shear
storage modulus and loss factor. The shear strain amplitude was
set at 0.3%. The magnetic field and the shear stress were
parallel and perpendicular with the direction of the particle
chains, respectively (Figure 1). The experiments were carried
out at room temperature.

3. RESULTS AND DISCUSSION
In this study, samples with different contents of vulcanizing
agent (sulfur) were prepared. Figure 2 shows the cross-link
density and storage modulus of samples with different contents
of sulfur. The tests of storage modulus were conducted at a
frequency of 10 Hz, constant shear strain amplitude of 0.3%,
and constant magnetic field of 0 mT. The cross-link density is
defined as cross-links content per unit volume. It can be seen
that the cross-link density increased gradually with increases in
sulfur content. The storage modulus has a positive relationship
with the cross-links.27,28 Therefore, the storage modulus of
samples was increased by increasing the sulfur content. Here,
the effects of cross-link density of the matrix on the loss factor
and other dynamic properties were also investigated.

3.1. Loss Factor. 3.1.1. Effect of Vulcanizing Agent on the
Loss Factor. For the samples prepared with various contents of
sulfur, the loss factors under different magnetic fields from 0 to
1000 mT are shown in Figure 3, where a and b correspond to
the reference samples and the MRE samples, respectively. For
all these samples, the content of the plasticizer was 100 phr. It
can be seen that the loss factor of samples decreased gradually
with increases in sulfur content. The increased cross-links
reduced the movement of molecular chains and the energy
dissipation of samples decreased. Moreover, under increasing
magnetic field strength, the loss factor of the MRE samples
showed a decreasing trend. With increases in sulfur content, the
magneto-induced change of loss factor of the MRE samples
decreased gradually. For the reference samples, the loss factor
exhibited no change for the full range of magnetic fields. This is
to be expected as there were no particles to induce the change
of loss factor.

Table 1. Quality Characterization of the MRE Samples with
Different Contents of Vulcanizing Agent in Which the
Content of Plasticizer Was 100 phr

sulfur content
(phr)

density
(g/cm3)

magnetic
susceptibility (cm3/g)

saturation
magnetization (emu/g)

5 2.01 0.44 143
3 2.00 0.45 145
1 1.99 0.44 145
0.5 1.95 0.44 143
0.1 1.83 0.45 144

Figure 1. Sketch of the structure of tested MRE samples, in which H is
the testing magnetic field.
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Figure 2. Cross-link density and shear storage modulus of samples with different contents of sulfur.

Figure 3. Magnetic field strength dependency of the loss factor of samples with various contents of sulfur: (a) reference samples; (b) MRE samples.
The tests were conducted at a frequency of 10 Hz.

Figure 4. SEM images of the MRE samples: (a) and (b) samples with 5 phr sulfur; (c) and (d) samples with 0.1 phr sulfur. The micrographs (b) and
(d) depict samples where an additional magnetic field was applied.
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3.1.2. Mechanism. To understand the performance of the
magneto-induced change of loss factor of the MRE samples
with different contents of sulfur, the microstructures of the
MRE samples were observed and a mechanism was proposed.
Some of the SEM micrographs of the MRE samples are

shown in Figure 4, where parts a and b correspond to the
samples with 5 phr sulfur, and parts c and d correspond to the
samples with 0.1 phr sulfur. During the preforming process, the
bulk samples were exposed to an external magnetic field of
1300 mT for 10 min. The particle chain structures, which were
parallel to the direction of the external magnetic field, were
formed in the matrix (Figure 4) and the final MRE composite
was obtained. Because the samples were vulcanized under

pressure, the particle chain structures were not perfect (Figure
4a and 4c). To investigate the stability of the particle chain
structures, an additional magnetic field (500 mT), parallel to
the direction of the particle chains, was further applied to the
samples a and c for 20 min prior to the SEM observation
(Figure 4b and 4d). For the samples with 5 phr sulfur, almost
no change of the particle chain structure in the matrix was
observed before and after applying the additional magnetic
field. In comparison, Figure 4c and 4d indicate that the particle
chain structures became longer and thicker when the external
magnetic field was applied for the sample with 0.1 phr sulfur
(Figure 4d).

Figure 5. Sketch of the microscopic structures of samples with different contents of sulfur: (a) and (b) the microscopic structures of sample with 5
phr sulfur; (c) and (d) the microscopic structures of sample with 0.1 phr sulfur. When an additional magnetic field was applied to (a) and (c), the
microscopic structures correspond to (b) and (d), respectively.

Figure 6. Loss factor of samples with various contents of plasticizer under different magnetic fields: (a) and (b) correspond to the samples with 5 phr
sulfur and 0.5 phr sulfur, respectively. The frequency was set at 10 Hz for all tests.
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Figure 5 shows the microscopic structures of samples with
different contents of sulfur diagrammatically, in which parts a
and b correspond to the microscopic structures of sample with
5 phr sulfur, and parts c and d correspond to the microscopic
structures of sample with 0.1 phr sulfur. When an additional
magnetic field was applied to the samples a and c, the
microscopic structures transformed to b and d, respectively.
The cross-link density of sample with 5 phr sulfur was higher
than that of sample with 0.1 phr sulfur. It is well-known that the
more cross-links can result in a stronger binding force. Due to
the high binding force of the matrix, the particles in the sample
with 5 phr sulfur were unmovable even when the magnetic field
was applied (Figures 4b and 5b). When the content of sulfur
was reduced, the cross-links of the matrix were reduced and the
movement of the matrix molecular chains increased. Therefore,
the particle chains can form improved chain structures under an
applied magnetic field due to a weak binding force (Figures 4d
and 5d). The interaction between the particles will be
strengthened by forming improved chain structures. In this
case, the effect of particle obstruction was enhanced when the
magnetic field strength increased and the friction between the
matrix molecular chains was reduced. Therefore, with
decreasing sulfur content, there is a clear decrease in the
trend for loss factor and the reduction in loss factor increased
gradually under different magnetic fields as sulfur content
decreased (Figure 3b).
3.1.3. Effect of Plasticizer and Frequency on the Loss

Factor. Here, the effect of plasticizer on the loss factor of
samples under different magnetic fields was investigated (Figure
6). Parts a and b correspond to the samples with 5 and 0.5 phr
sulfur, respectively. As the plasticizer content increased, the loss

factor of samples increased gradually. The friction between the
matrix molecular chains, between the matrix and the particles,
and also between the particles increased for the increased
plasticizer content. It is also interesting to see that the magneto-
induced change of loss factor of sample with 0.5 phr sulfur
exhibited an increasing trend with heightening levels of
plasticizer, which increased from 0.08 (80 phr plasticizer) to
0.36 (140 phr plasticizer). However, the effect of plasticizer on
the magneto-induced change of loss factor of sample with 5 phr
sulfur was slight. The interaction between the matrix molecular
chains was reduced by adding the plasticizer. The reduced
interaction can increase the movement of molecular chains and
improved chain structures can be formed under the applied
magnetic field. For the low cross-link density matrix, there were
more mobile molecular chains than for the high cross-link
density matrix. Thus, with increases in plasticizer content, the
magneto-induced change of loss factor of sample with 0.5 phr
sulfur increased gradually for enhanced chain structures.
In Figure 7, the effect of frequency on the loss factor of

samples with different cross-link densities is shown for a
content of plasticizer of 100 phr. With increasing of the
frequency, the loss factors displayed different tendencies: an
increasing trend for the sample with 5 phr sulfur, but a
decreasing trend for the samples with 1 and 0.1 phr sulfur, and
a tendency of increased plus decreased loss factor for the
sample with 3 phr sulfur. These different tendencies of the loss
factor were attributed to the different cross-link densities of the
matrix, which can lead to different sizes of motion units of
molecular chains under a shear force. Different sizes of motion
units own various relaxation times. The relaxation time τ can be
expressed as

Figure 7. Magnetic field strength dependency of the loss factor of samples with different contents of sulfur under different frequencies.
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τ τ= γσΔ −e H RT
0

( )/
(1)

where ΔH, σ, γ, T, R, and τ0 are the activation energy of
molecular chains, stress, proportionality coefficient, temper-
ature, gas constant, and constant, respectively. Under the same
environment, the small motion units led to low activation
energy and the relaxation time was short. When the cross-link
density of the matrix was high, the relaxation time of molecular
chains was short. With increasing of the frequency, the
molecular chains could catch up with the shear frequency and
the friction between the molecular chains increased until the
molecular chains became entangled. Thus, the loss factor of
sample with 5 phr sulfur increased with increasing frequency
(Figure 7a). When the cross-link density of the matrix
decreased, the number of mobile molecular chains increased
and the relaxation time of molecular chains was long. With
increasing of the frequency, more and more mobile molecular

chains could not catch up with the shear frequency for the long
relaxation time and the number of tangled molecular chains
increased. The tangling of molecular chains reduced friction
between these chains. So the loss factor of samples with 1 and
0.1 phr sulfur decreased with increasing frequency (Figure 7c
and 7d). For the samples with different cross-link densities, the
magneto-induced changes of loss factor under different
frequencies were varied. The particles in the matrix were
almost unmovable under the applied magnetic field when the
cross-link density was high (Figure 5b). Thus, the magneto-
induced change of loss factor was slight under different
frequencies (Figure 7a and 7b). When the cross-link density of
the matrix was low, the increased frequency could lead to
increment of the tangled molecular chains. In this case, the
movement of the particles was decreased and the effect of
particle obstruction was reduced. Therefore, for a sample with a
low cross-link density matrix, the magneto-induced change of

Figure 8. Magnetic field strength dependency of the loss factor of samples with different contents of plasticizer under different frequencies: (a), (c),
and (e) correspond to the samples with 5 phr sulfur; (b), (d), and (f) correspond to the samples with 0.5 phr sulfur.
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loss factor decreased gradually with increasing frequency
(Figure 7c and 7d).
Under different frequencies, the effect of plasticizer on the

loss factor of samples with different cross-link densities is
shown in Figure 8. Parts a, c, and e correspond to the samples
with 5 phr sulfur. As can be seen, the magneto-induced change
of loss factor was slight for different plasticizer contents. While
for the samples with 0.5 phr sulfur, the magneto-induced
change of loss factor exhibited obvious differences under
different contents of plasticizer (Figure 8b, 8d, and 8f). With
increasing levels of plasticizer, the magneto-induced change of
loss factor clearly increased at low frequency. The reason for
this is that the number of tangled molecular chains was small at
low frequency and the reduced friction between the tangled
chains was little. So the friction between the molecular chains is
large for the existence of much mobile molecular chains. Under
a magnetic field, the effect of particle obstruction was obvious.
Especially at 1 Hz, the magneto-induced change of loss factor
increased from 0.11 (80 phr plasticizer) to 1.56 (140 phr
plasticizer). The plasticizer not only increased the friction but
also increased the movement of molecular chains. Thus, with
increasing levels of plasticizer, the magneto-induced change of
loss factor of samples with 0.5 phr sulfur clearly increased at
low frequency. When the frequency increased, the number of
tangled molecular chains increased. The friction between the
molecular chains reduced and the effect of particle obstruction
decreased for different magnetic fields.

3.2. Magneto-Induced Modulus and MR Effect. For the
MRE samples with different cross-link densities, the magneto-
induced modulus and relative MR effect under different
magnetic fields were also evaluated, as shown in Figure 9, in
which the content of plasticizer was 100 phr. The magneto-
induced modulus and the relative MR effect are defined as ΔG
= G′ − G0′ and RMe(%) = ΔG/G0′, respectively. G0′ is the initial
storage modulus and G′ is the storage modulus for different
applied magnetic fields. As shown in Figure 9, the magneto-
induced modulus and the relative MR effect showed an
increasing trend with magnetic field increases before they reach
magnetic saturation for high magnetic fields and this
phenomenon is similar to that observed in our previous
work.24,29 Obviously, the magneto-induced modulus and the
relative MR effect decreased with increasing of the cross-link
density. In a low cross-link density matrix, the movement of
particles increased and improved particle chain structures were
formed under the applied magnetic fields. Thus, the effect of
the particle obstruction was enhanced and the storage modulus
was also increased. Under an applied magnetic field, the
enhanced particle chain structures can be formed more easily in
the matrices with low cross-link density. Therefore, the particle
chain structures in the matrix play a key role in the magneto-
induced modulus and the relative MR effect.
The effect of plasticizer on magneto-induced modulus and

relative MR effect were investigated (Figure 10). With
increasing plasticizer content, the magneto-induced modulus
and the relative MR effect increased gradually. The plasticizer

Figure 9. Magnetic field strength dependency of the magneto-induced modulus and relative MR effect of samples with various contents of sulfur.
The tests were conducted at a frequency of 10 Hz.

Figure 10. Magnetic field strength dependency of magneto-induced modulus and relative MR effect of samples with various contents of plasticizer.
The frequency was set at 10 Hz.
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reduced the interaction between the molecular chains, thus
under the preforming process, the particles moved more easily
when the content of plasticizer was high, which further led to
the higher magneto-induced modulus and the greater relative
MR effect. For the samples with 5 and 0.5 phr sulfur, the
increased amplitude of the magneto-induced modulus was
different. The rearrangement of particles in the low cross-link
density matrix was the main reason, which was also the reason
for the increased MR effect. This further suggests that the
rearrangement of particles in the matrix can markedly reinforce
the magneto-induced modulus and the relative MR effect.

4. CONCLUSION
This work focused on the influence of the cross-link densities of
the matrix on the controllable damping properties of MRE
samples. The microstructural observations indicated that the
magnetic particles can rearrange in low cross-link density
matrices. Under different magnetic fields, the effects of cross-
link density, plasticizer, and frequency on the loss factor and
other dynamic properties were experimentally investigated. The
magneto-induced change of loss factor was enhanced by
decreasing the cross-link density. For the MRE samples with
low cross-link density, the effect of plasticizer and frequency on
the magneto-induced change of loss factor was clearly observed.
Moreover, the magneto-induced modulus and the relative MR
effect were also increased by decreasing the cross-link density.
The reduced cross-link density of the matrix increased the
movement of magnetic particles and consequently a mechanism
for controllable damping properties was proposed. The analysis
indicated that the rearrangement of particles plays an important
role in the enhanced magneto-induced change of loss factor,
magneto-induced modulus, and relative MR effect. These
results could be useful in future investigations of the
controllability of MRE damping properties.
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