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ABSTRACT: A novel kind of magnetorheological elastomers (MREs) with controllable damping properties was developed in
this study. Polycaprolactone (PCL) was selected as the temperature-controllable component in the cis-polybutadiene rubber
(BR) based MREs. Several samples with different BR/PCL mass ratio matrixes were prepared. The dynamic performances of the
samples, including loss factor, shear storage modulus, and loss modulus, were measured with a rheometer. Differential scanning
calorimetry (DSC) analysis indicated that PCL is a phase change material and it can transform from a semicrystalline solid to a
liquated soft material by increasing the surrounding temperature above the PCL melting point. Experimental results showed that
the damping properties of the MREs can be controlled by varying the PCL weight ratio, the temperature, and the magnetic field.
The controlling mechanism was proposed and the influence factors were analyzed. Last, it was also observed that the magneto-
induced modulus and the MR effect of the MREs were changed remarkably by the added PCL under different temperatures.

1. INTRODUCTION
Magnetorheological (MR) materials are magnetically active
materials whose rheological or mechanical properties can be
changed continuously, rapidly, and reversibly by applying a
magnetic field.1−14 MR elastomers (MREs) mainly contain
elastomers or rubberlike materials and soft magnetic particles.
As soon as the two precursors are well mixed, an external
magnetic field is applied to the polymer composite during the
cross-linking process, so that the particle chain (columnar)
structures are formed and locked into the matrix upon final
cure.4,6,9,10 The MR elastomers exhibit good MR effects and
good mechanical performances; thus they have attracted
increasing attention and have obtained wide application
prospects.8,10,11,15−23

Typical applications are MRE adaptive tuned vibration
absorbers,15−19 MR fluid (MRF)−MRE vibration isolators
and dampers,20,21 and MRE isolators.22,23 It is noted that the
performances of these MRE devices are highly dependent on
the damping properties (loss factor) of the MRE materials. For
the MRE based vibration isolators, when the excitation signal is
in the resonance frequency band of the system, more vibration
energy can be dissipated by increasing the loss factor of the
MREs, which is good for suppressing the amplitude expansion.
In the vibration isolation frequency band of the system, a low
loss factor can lead to better vibration isolation effectiveness.
Thus, to obtain a desirable vibration effect, it is significant to
study the controllability of the MRE damping properties.
However, during the past decade, only a few works have been
reported on this point. Zhou2 indicated that the change of the
loss factor could be neglected under different applied magnetic
fields. Lokander et al. studied the influence of magnetic field on
the loss factors of MREs, and found that the change of the loss
factor was too small to be of any practical importance.13

Recently, we also observed that the influence of magnetic field
on the loss factor is small.24 Therefore, the development of

other methods to control the damping properties of the MREs
is highly desirable.
It is noted that the loss factor change of the MR gels25 is

bigger than that of the MREs2,13,24 with increasing magnetic
field. Usually, the molecular chains of the MRE matrix are
highly cross-linked, and the magnetic particles are restricted in
the hard matrix even under the applied magnetic field. When a
gel-like polymer is used as the matrix, the magnetic particles are
movable under the applied magnetic field. The rearranged
magnetic particles will result in the alteration of energy
dissipation of the materials. Thus, the damping properties of
polymer gels can be controlled by applying a magnetic field.
However, the shape of gels is variable and the stiffness is too
small, which is disadvantageous in practical application. To this
end, the introducing of soft material into the MRE matrix may
be one of the solutions, which can not only improve the
damping properties but also maintain the material strength.
Polycaprolactone (PCL) is a typical thermoplastic polymer,
which is a semicrystalline solid and a liquated soft material
when the temperatures are below and above the melting point,
respectively. Due to its low phase change temperature (about
55 °C), it has been widely applied in various areas, such as
shape memory polymers,26,27 modifying agents,28 and reversible
adhesives.29,30 Although PCL is a kind of biodegradable
material, the degradability of PCL should be carried out upon
enzyme catalysis in a phosphate buffer (pH 7.4) and more than
110 weeks are needed.31,32 PCL can maintain its shape well
after thermal treatment. If the PCL materials are blended into
the matrix, the damping properties of the MREs can be
controlled by both the temperature and the magnetic field. PCL

Received: February 6, 2012
Revised: April 15, 2012
Accepted: April 19, 2012
Published: April 19, 2012

Article

pubs.acs.org/IECR

© 2012 American Chemical Society 6395 dx.doi.org/10.1021/ie300317b | Ind. Eng. Chem. Res. 2012, 51, 6395−6403

pubs.acs.org/IECR


shows a high stability; thus the durability of the PCL-blended
MREs will not be reduced in an atmospheric environment. To
this end, the introduction of the phase change material into the
MR material endows them with many unique properties, which
will further enlarge their practical applications.
In this study, PCL was employed as the damping-controlling

additive in the cis-polybutadiene rubber (BR) based MREs. The
influences of mass ratios (BR/PCL), magnetic field, and
temperature on the dynamic mechanical properties were
systematically analyzed. The damping of this novel MRE was
studied, and a controllable mechanism was proposed. In
addition, the tensile strength, the modulus, and the MR effect
were also evaluated.

2. EXPERIMENTAL DETAILS
2.1. Preparation of Samples. The matrix material BR was

purchased from Shanghai Gao-Qiao Petrochemical Corp.,
China; PCL (type 800c) with an average molecular weight of
8.0 × 104 g/mol was manufactured by Shenzhen BrightChina
Industrial Co.,Ltd. The magnetic particles were carbonyl iron
particles (type CN) with an average diameter of 6 μm, bought
from BASF. In this study, four different mass ratio (BR/PCL)
matrixes, 100:0, 95:5, 90:10, and 80:20, were used to fabricate
the samples. Two groups of the samples were prepared: one
group with weight fractions of 60% carbonyl iron particles,
which were named as MRE samples, and the other group
without carbonyl iron particles, which were named as contrast
samples. For the samples with four different BR/PCL mass
ratio matrixes, the MRE samples were defined as nonblended
MRE, PCL-blended MRE (95−5), PCL-blended MRE (90−
10), and PCL-blended MRE (80−20), respectively, and the
contrast samples were also defined as nonblended contrast,
PCL-blended contrast (95−5), PCL-blended contrast (90−10),
and PCL-blended contrast (80−20), respectively.
The fabrication of the MREs consists of mixing, preforming

configuration, and curing, three major steps. First, 100 phr
matrix materials (BR and PCL) were mixed homogeneously
using a two-roll mill (Taihu Rubber Machinery Inc., China,
Model XK-160) at room temperature. Then, the iron particles
(60 wt %) and some additives (100 phr naphthenic oil, 5 phr
ZnO, 1 phr stearic acid, 2 phr diaminodiphenylmethane, 5 phr
sulfur, and 1 phr N-cyclohexyl-2-benzothiazolesulfenamide)
were put into the matrix. For the preforming configuration, the
mixture was put into a mold under an external magnetic field of
1300 mT at 130 °C for 10 min. The external magnetic field was
generated by a self-developed magnet−heat couple device.33

Finally, the samples were vulcanized on a flat vulcanizer (Bolon
Precision Testing Machines Co., China, Model BL-6170-B) at
160 °C for 15 min under a pressure of approximately 13 MPa.
The fabrication process of the contrast samples is similar to the
above process except for adding the iron particles.
2.2. Thermal Properties of Samples. The melting and

crystallization processes of the samples were studied by
differential scanning calorimetry (DSC Q2000). All operations
were performed under a nitrogen atmosphere. The sample was
heated from 0 to 120 °C at a heating rate of 10 °C/min, held
for 5 min to erase the previous thermal history, and cooled to 0
°C at a cooling rate of 10 °C/min. Then, the heating and
cooling processes were operated again.
2.3. Observation of Microstructure. The microstructures

of the samples were observed by using an environmental
scanning electron microscope (SEM; Philips of Holland, Model
XL-30 ESEM). These samples were cut into flakes and coated

with a thin layer of gold prior to the SEM observation. The
accelerating voltage was set at 15 kV.

2.4. Testing of the Tensile Strength. The tensile strength
of the samples was tested by using an electronic tensile machine
(Jiangdu Jingcheng Test Instruments Factory, China, Model
JPL-2500) at room temperature. Each sample was cut into a
dumbbell, with a thickness of 2 mm and a middle width of 6
mm. The stretching rate was 500 mm/min.

2.5. Measurement of Dynamic Properties. The dynamic
mechanical performances of these samples were measured by
using a rheometer (Physica MCR 301, Anton Paar). A sample
was set between the rotating disk and the base. When the
rotating disk rotated, the sample was in a shear deformed mode,
and there was no sliding between the rotating disk and the
sample. The magnetic field strength, which was parallel with the
thickness direction of the sample, was adjusted by controlling
the current values supplied to the electromagnetic coil.
In the experiment, the samples had dimensions of 10 mm

radius and 1 mm thickness, in which the particle chains were
distributed along the thickness direction. The samples were
tested under different temperatures (25, 30, 40, 50, 60, 70, 80,
and 90 °C), which were controlled by a fluid circulator with
water. Three testing types were used to measure the dynamic
properties of the samples under different temperatures. The
conditions for these types are listed as follows:

(a) Magnetic field dependence testing: The frequency was
10 Hz, the shear strain amplitude was 0.5%, and the
magnetic field was swept from 0 to 1000 mT.

(b) Shear strain amplitude dependence testing: The
frequency was 10 Hz, the magnetic fields were 0 mT
and 500 mT, respectively, and the shear strain amplitude
was swept from 0.1 to 1.5%.

(c) Frequency dependence testing: The shear strain
amplitude was 0.5%, fields were 0 mT and 500 mT,
respectively, and the frequency was swept from 1 to
20 Hz.

3. RESULTS AND DISCUSSION
The carbonyl iron particles were mixed into the rubber matrix,
and they were well dispersed in the rubber homogenously.
Then, the composite was preconfigurated and the iron particles
could form chainlike structures within the rubber matrix under
application of a magnetic field. After vulcanization, the MRE
sample with allied magnetic particle chains (Figure 1) was

Figure 1. Micrograph of the MRE sample. The red arrow represents
the direction of the particle chains which is parallel with the applied
magnetic field.
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prepared. For most of the previously reported MREs, the
change of loss factor was small. To enlarge the controllability,
PCL was employed as the temperature-controllable component
to vary the damping properties of the MREs. Here, several
samples with different BR/PCL mass ratio matrixes were
prepared, their microstructures were observed, and the dynamic
properties were also characterized.
3.1. Microstructure and Tensile Strength. SEM micro-

graphs of the samples are shown in Figure 2, where parts a and

b correspond to the nonblended contrast and the nonblended
MRE, respectively, parts c and e correspond to the PCL-
blended contrast (80−20), and parts d and f correspond to the
PCL-blended MRE (80−20). From Figure 2b,d,f, the particle
chains in the matrix can be observed. Figure 2a,b shows the
micrographs of the nonblended samples, and the smooth cross
section can be seen. When the PCL is added into the BR
matrix, the PCL shows the long threadlike structures in the
matrix, and the pit and protrusion in the cross section of the
PCL-blended samples can be clearly observed (Figure 2c−f).
The influence of temperature on the characteristic of the

PCL matrix was studied. Figure 3 shows the phase change of
the PCL by using differential scanning calorimetry (DSC).
DSC curves of pure PCL and of the nonblended contrast, PCL-
blended contrast (80−20), and PCL-blended MRE (80−20)
are given in Figure 3. During the cooling process, all the other
samples except for the nonblended contrast have an exothermic
peak located around 26 °C, which is the crystallization point of
PCL. Thus, PCL is in a semicrystalline solid state at room
temperature. Furthermore, in comparison to the nonblended
contrast, the other samples have an endothermic peak during
the heating process. This indicates that the PCL in pure PCL,
PCL-blended contrast (80−20), and PCL-blended MRE (80−
20) has melted and the melting points are 56.59, 54.43, and
52.75 °C, respectively. For the PCL-blended MRE, the melting
point of PCL is low and can be carried out easily in practical
application. Slight shifts of the endothermic and exothermic
peaks are found, which indicates that BR/PCL blend systems

are immiscible.34,35 The compatibility between PCL and BR is
poor when PCL is in a semicrystalline solid state; thus PCL can
be pulled out from the BR matrix. As a result, the pit and
protrusion can be formed in the cross section of sample (Figure
2c−f).
The effect of PCL content on the tensile strength of the

MRE samples was also studied (Figure 4). With increasing

PCL, the tensile strength decreases and then increases. For the
poor compatibility between BR and PCL, the tensile strength
decreases when PCL is added. However, network structures of
PCL in the BR matrix might be formed when the PCL content
increases gradually. Thus, the tensile strength shows an
increased tendency when the PCL content is above 5 phr.

3.2. Loss Factor. 3.2.1. Loss Factor under Different
Temperatures and Magnetic Field Strengths. The loss factors
of the samples under different temperatures are shown in
Figure 5. All tests were conducted at a frequency of 10 Hz,
constant shear strain amplitude of 0.5%, and constant magnetic
field strength of 0 mT. It can be seen that the loss factors of the
nonblended samples (nonblended contrast and nonblended
MRE) decrease gradually with increasing temperature, which is
the characteristic of a cross-linked polymer. When PCL is
added into the BR matrix, the loss factor suddenly increases at
60 °C. The movement of PCL molecular chains sharply
increases when PCL transforms from a semicrystalline solid to a
liquated soft material; the energy dissipation suddenly increases

Figure 2. SEM images of the samples: (a) nonblended contrast; (b)
nonblended MRE; (c, e) PCL-blended contrast (80−20); (d, f) PCL-
blended MRE (80−20).

Figure 3. DSC curves of pure PCL as well as the nonblended contrast,
PCL-blended contrast (80−20), and PCL-blended MRE (80−20).

Figure 4. Tensile strength of MRE samples with different PCL
contents.

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie300317b | Ind. Eng. Chem. Res. 2012, 51, 6395−64036397



at 60 °C. With increasing temperature, the energy dissipation
increases. In the above analysis, the loss factor increases
gradually when the temperature is above 60 °C for the PCL-
blended contrast (Figure 5a). For the PCL-blended MRE, the
loss factor suddenly increases at 60 °C and then decreases
gradually with increasing temperature (Figure 5b). The
particles in the PCL matrix can obstruct the movement of
PCL molecular chains, and the energy dissipation is reduced.
Compared with PCL-blended contrast, the obstruction of the
particles is the main reason attributed to the decrease of the
loss factor when the temperature is above 60 °C. Consequently,
the damping properties are changed remarkably by the added
PCL under different temperatures.
Additionally, the effect of PCL content on the loss factor

under different temperatures was also investigated. When the
temperature is below 60 °C, the loss factor decreases and then
increases with increasing PCL for the contrast samples (Figure
5a), while the loss factor increases with increasing PCL for the
MRE samples (Figure 5b). The movement of the PCL
molecular chains is smaller than that of the BR molecular
chains under the shear stress when PCL is in the semicrystalline
solid state. Therefore, for the contrast samples, the loss factor
decreases with increasing PCL when the PCL content is low.
However, due to the poor compatibility, the interfacial sliding
between PCL and BR increases with increasing PCL and this
leads to increasing of the loss factor (Figure 5a). For the MRE
samples, the interfacial sliding between PCL and the particles is
enhanced when PCL is in the semicrystalline solid state. In this
case, the interfacial friction plays a key role in increasing the
loss factor (Figure 5b). Moreover, when the temperature rises
to 60 °C, PCL is in a liquated soft material state and the friction
between PCL molecular chains increases. Therefore, the loss
factor of the samples increases with increasing PCL when the
temperature is above 60 °C.

The magnetic field strength dependency of the loss factor is
shown in Figure 6. The tests were conducted at a frequency of
10 Hz and constant shear strain amplitude of 0.5%. It can be
seen that the loss factors of the MRE samples show a tendency
of increase plus decrease with increasing magnetic field. This
phenomenon has been reported in our previous work.24,36 The
change of loss factor is slight under different magnetic fields at
room temperature (Figure 6a). When the temperature rises to
60 °C, it is noted that the change of loss factor of the PCL-
blended MRE is larger than that of the nonblended MRE under
different magnetic field strengths, which increases with
increasing PCL (Figure 6b). The absolute change of loss factor
under different magnetic fields is defined as ΔLoss = Lossmax −
Lossmin, in which Lossmax and Lossmin are the maximum value
and minimum value of the loss factor under different magnetic
fields, respectively. In Figure 6b, ΔLoss of the nonblended
MRE and the PCL-blended MRE (80−20) are respectively
0.012 and 0.025. ΔLoss of the PCL-blended MRE (80−20)
increases 108% in comparison with that of the nonblended
MRE. In practical application, Sun et al.37 observed that the
vibration reduction effect of vibration absorbers increased
obviously when the damping ratio reduced 0.005. As a result,
the damping properties of the MREs can be controlled by
tuning the magnetic fields and the controllability of the
damping properties of the PCL-blended MRE is enhanced
obviously.

3.2.2. Mechanism. The mechanism of the temperature-
dependent and magnetic-field-dependent mechanical properties
was discussed. A sketch of the microscopic particle chain
structures of the MRE samples was obtained (Figure 7). Parts a
and b of Figure 7 show the microscopic structures of the
nonblended MRE, corresponding to before and after the
preforming configuration, respectively. The particle chain
structures of the nonblended MRE are locked into the matrix,

Figure 5. Loss factors of samples under different temperatures: (a) contrast samples; (b) MRE samples.

Figure 6. Loss factors of MRE samples under different magnetic field strengths: (a) testing at 25 °C; (b) testing at 60 °C.
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which cannot be changed under the testing magnetic field
(Figure 7b). Figure 7a′−e′ shows the microscopic structures of
the PCL-blended MRE, where part a′ is before the preforming
configuration and parts b′ and c′ are after the preforming
configuration, corresponding to the two states when the
temperature is below and above the PCL melting point,

respectively. Parts d′ and e′ of Figure 7 are the enlarged views of
the distribution of particles in the PCL matrix, which
correspond to parts b′ and c′. For the PCL-blended MRE, the
particle chain structures in the matrix cannot be changed under
the testing magnetic field when the temperature is below the
PCL melting point (Figure 7b′,d′). While the temperature is
above the PCL melting point (Figure 7c′,e′), the particles in the
PCL matrix can move easier and form perfect chain structures
under the testing magnetic field, because PCL is in a liquated
soft material.
The chain structures of the nonblended MRE are tightly

locked within the matrix, and they cannot be changed under the
testing magnetic field. For the PCL-blended MRE, the particle
chain structures also cannot be moved under the testing
magnetic field when the temperature is below the PCL melting
point. Therefore, the change of loss factor of the MRE samples
is slight under different magnetic field strengths at room
temperature (Figure 6a). When the temperature is above the
melting point, PCL transforms from the solid state to the
liquated soft state. The particles can change their locations very
easily. If the testing magnetic field is applied, the particles
rearrange their positions and form more perfect chain
structures. In that case, the interaction between the particles
increases and the effect of particle obstruction is enhanced
when the magnetic field strength is increased. Thus, the friction
between the matrix molecular chains is reduced. The loss factor
of the PCL-blended MRE reduces more than that of the
nonblended MRE when the magnetic field strength is above
300 mT (Figure 6b). Therefore, the controllability of the
damping properties of MREs is enhanced by added PCL.

3.2.3. Effect of Shear Strain Amplitude and Frequency on
the Loss Factor. Under different temperatures and different
magnetic field strengths (0 and 500 mT), the effects of shear
strain amplitude and frequency on the loss factor were
investigated (Figures 8 and 9). Figure 8 illustrates the shear

Figure 7. Sketch of the microscopic particle chain structures of the
MRE samples: (a, b) microscopic structures of nonblended MRE,
corresponding to before and after the preforming configuration,
respectively; (a′−e′) microscopic structures of PCL-blended MRE,
where (a′) is before the preforming configuration, (b′) and (c′) are
after the preforming configuration, respectively, corresponding to the
two states when the temperature is below and above PCL melting
point, and (d′) and (e′) are the enlarged views of the distribution of
particles in the PCL matrix, respectively corresponding to (b′) and
(c′). H and H′ correspond to the preforming and testing magnetic
fields, respectively.

Figure 8. Loss factor of MRE samples under different shear strain amplitudes: (a, c) nonblended MRE; (b, d) PCL-blended MRE (80−20).
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strain amplitude dependency of the loss factor under different
temperatures. The loss factor increases with increasing shear
strain amplitude. It is noted that the strain-induced increases of
nonblended MRE and PCL-blended MRE (80−20) in loss
factor under different temperatures are different. For the
nonblended MRE, the tendency of strain-induced increases in
loss factor decreases slightly with increasing temperature
(Figure 8a,c). However, the tendencies are definitely different
for the PCL-blended MRE (80−20), when the temperatures
are below and above the PCL melting point. The loss factor of
the samples increases with increasing shear strain amplitude
when the temperature is below the PCL melting point. As soon
as the temperature is above the PCL melting point, the loss
factor increases indistinctly with increasing shear strain
amplitude. The compatibility between BR and PCL as well as
between PCL and the particles is poor when the temperature is
below the PCL melting point (Figure 2c−f). Thus the
interfacial friction increases obviously when more interfacial
areas are presented with increasing shear strain amplitude. If
the temperature is above the PCL melting point, the
deformation of the PCL matrix (liquated soft state) can catch
up with the deformation of the BR matrix under the shear
stress; thus the interfacial friction between BR and PCL can be
ignored. In addition, the interfacial friction between PCL and
the particles is constant almost under different shear strain
amplitudes. Thus, the increases of the loss factor are indistinct
with increasing shear strain amplitude when the temperature is
above the PCL melting point. Comparing with Figure 8a,c and
Figure 8b,d, it is noted that the tendencies of shear strain
amplitude dependence of the loss factor are similar under
different magnetic field strengths.
The frequency dependence of the loss factor is shown in

Figure 9. An increased tendency of loss factor with increasing
frequency can be seen. When the temperature is above the PCL
melting point, the loss factor of PCL-blended MRE (80−20)
increases slowly with increasing frequency, which is different

from the nonblended MRE. Because PCL is in the molten state
when the temperature is above the PCL melting point, there is
more energy dissipation for the viscosity at low frequency.
Under different magnetic field strengths (0 and 500 mT), the
tendencies of loss factor with increasing frequency are similar.
Additionally, under different shear strain amplitudes and

frequencies, the relative effect of loss factor was studied (Table
1). The relative effect of loss factor is defined as ReLoss (%) =
(Loss500 − Loss0)/Loss0, where Loss0 and Loss500 are the loss
factors under 0 and 500 mT magnetic field strengths,
respectively. It can be observed that the ReLoss (%) increases

Figure 9. Loss factor of MRE samples under different frequencies: (a, c) nonblended MRE; (b, d) PCL-blended MRE (80−20).

Table 1. Relative Effects of Loss Factor of Samples under
Different Shear Strain Amplitudes and under Different
Frequencies

(a) Under Different Shear Strain Amplitudes

ReLoss (%)

nonblended MRE
PCL-blended MRE

(80−20)

shear strain amplitude (%) 25 °C 60 °C 25 °C 60 °C

0.1 −0.49 2.10 0.71 −5.04
0.5 0.71 2.44 4.41 −3.27
1.0 4.46 5.58 8.11 −1.90
1.5 5.03 5.64 8.70 0.97

(b) Under Different Frequencies

ReLoss (%)

nonblended MRE
PCL-blended MRE

(80−20)

freq (Hz) 25 °C 60 °C 25 °C 60 °C

1 5 4.3 2.66 −1.38
5 1.22 3.13 2.92 −2.09
10 0.71 2.99 2.77 −3.27
20 −0.11 0.56 2.12 −3.7
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with increasing shear strain amplitude (Table 1a), while it
decreases with increasing frequency (Table 1b). The magnetic
interaction force between the particles is enhanced when a
magnetic field (500 mT) is applied. This interaction can
increase slipping friction under the shear stress and obstruct the
movement of rubber molecule chains. The slipping friction
between the matrix and the particles increases with increasing
shear strain amplitude. Thus, the slipping friction energy
dissipation plays a key role in the strain-induced increase in
ReLoss (%). However, the tangled molecule chains of the matrix
increase with increasing frequency. This results in the increase
of the obstruction effect of the particles. Therefore, the
obstruction of particles plays an important role in the
frequency-induced decrease in ReLoss (%). It is also noted
that the ReLoss (%) of the samples under different shear strain
amplitudes and frequencies is very small.
3.3. Storage Modulus and Loss Modulus. The effect of

temperature on the modulus properties of the samples was
studied, as shown in Figure 10. The tests were conducted at a
frequency of 10 Hz, constant shear strain amplitude of 0.5%,
and constant magnetic field strength of 0 mT. Figure 10a shows
the storage modulus of the samples under different temper-
atures. It can be seen that the storage modulus decreases with
increasing temperature, which is a common characteristic of
polymers. The storage modulus of the PCL-blended contrast
(80−20) and PCL-blended MRE (80−20) decreases sharply at
60 °C because PCL is in the molten state. Comparing with the
contrast samples and the MRE samples, the temperature-
induced decrease in storage modulus of the MRE samples is
larger. It is related to the reduced effect of particle
reinforcement. Figure 10b shows the loss modulus of the
samples under different temperatures. The loss modulus of the
nonblended contrast and nonblended MRE decreases with

increasing temperature. The higher the temperature is, the
shorter the relaxation time of polymer molecule chains is. The
content of the tangled BR molecular chains reduces with
increasing temperature, and the BR molecular chains friction is
reduced. Therefore, the loss modulus decreases with increasing
temperature. For the PCL-blended contrast (80−20), the loss
modulus increases gradually when the temperature is above the
PCL melting point. This is because the friction between the
PCL molecular chains increases. The particles in the PCL-
blended MRE (80−20) can obstruct the movement of matrix
molecular chains, which plays an important role in reducing the
loss modulus. Thus the loss modulus of the PCL-blended MRE
(80−20) decreases when the temperature is above the PCL
melting point.

3.4. Magneto-Induced Modulus and MR Effect. The
magneto-induced modulus and the relative MR effect of the
MRE samples under different temperatures was also inves-
tigated (Figure 11). The tests were conducted at a frequency of
10 Hz and constant shear strain amplitude of 0.5%. The
magnetic field was swept from 0 to 1000 mT. As shown in
Figure 11a, the magneto-induced modulus decreases with
increasing temperature. The magneto-induced modulus is
defined as ΔGm = G′max − G′0, in which G′0 is the initial
storage modulus and G′max is the storage modulus when the
particles are in magnetic saturation. For the initial storage
modulus G′0, different initial values were used for different
temperatures. With increasing temperature, the saturation
magnetization strength of the particles decreases38 and the
matrix softens gradually. The reduced saturation magnetization
strength of the particles will reduce the magneto-induced
modulus of the samples. In addition, the effect of the particle
reinforcement decreases for the softening of the matrix; it can
be seen obviously that the magneto-induced modulus of the

Figure 10. Performances of contrast samples and MRE samples under different temperatures: (a) shear storage modulus; (b) loss modulus.

Figure 11. Magneto-induced modulus and relative MR effects of MRE samples under different temperatures.
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PCL-blended MRE decreases sharply at 60 °C. During the
preforming process, PCL is in the molten state and the particles
can form chain structures more easily in the PCL matrix than in
the BR matrix. Also, the stiffness of the unmelted PCL is larger
than that of BR, which can enhance the effect of the particle
reinforcement. Therefore, the magneto-induced modulus of the
MRE samples increases with increasing PCL when the
temperature is below the PCL melting point. All the analysis
shows that the matrix modulus plays an important role in the
magneto-induced moduli of MREs. For the same sample, the
lower the matrix modulus is, the lower the magneto-induced
modulus is, when the temperature increases gradually. Under
application of a magnetic field, the decrement of the particle
reinforcement effect for the matrix with lower modulus is larger.
However, for the samples with different matrixes, not only the
matrix modulus but also the particle distribution and the
characteristic of the matrix play key roles in the magneto-
induced modulus.
Figure 11b shows the relative MR effect, which is defined as

RMe (%) = ΔGm/G′0 of the MRE samples under different
temperatures. The relative MR effect of nonblended MRE
shows an increased and gradually stabilized tendency. In
comparison to the nonblended MRE, the relative MR effect of
PCL-blended MRE decreases sharply at 60 °C. This is because
the temperature-induced decrease of the initial storage modulus
G′0 is lower than that of magneto-induced modulus at 60 °C
(Figures 10a and 11a). When the temperature is below 60 °C,
the temperature-induced decrease of the initial storage modulus
is larger than that of the magneto-induced modulus. Thus the
relative MR effect shows an increased tendency. The initial
storage modulus and the magneto-induced modulus all
decrease slightly with increasing temperature when it is above
60 °C. Therefore, the relative MR effect shows a gradually
stabilized tendency. As a result, the controllability of the
modulus properties and the MR effect of MREs are also
enhanced by added PCL.

4. CONCLUSION
Novel MRE materials with different BR/PCL mass ratio
matrixes were prepared, and their microstructures and dynamic
properties were studied. Under different temperatures,
magnetic fields, shear strain amplitudes, and frequencies, the
effects of the PCL matrix on the loss factor and other dynamic
properties were experimentally investigated. PCL belongs to a
class of temperature-controllable materials which can transform
from semicrystalline solid to liquated soft material by increasing
the temperature above the melting point. The analysis results
indicated that the damping properties were highly dependent
on the PCL ratio, the temperature, and the magnetic field. Both
the strain amplitude and frequency showed large influences on
the loss factors. As soon as the temperatures increased above
the PCL melting point, the strain-induced and frequency-
induced loss factors changed a little. When the temperatures
were below the PCL melting point, great changes took place in
the strain-induced and frequency-induced loss factors. The
influence of magnetic field on the loss factor was enhanced
when PCL was in a liquated soft state. Thus, the MRE damping
properties can be controlled by adding PCL. Furthermore, the
changes of magneto-induced modulus and MR effect of the
MRE samples increased with increasing PCL under different
temperatures. This work provides a facile method to control the
damping properties of the MRE materials, which will lead to
them being widely applied in practical applications.
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