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A B S T R A C T

Temperature is one of the biggest influencing factors affecting the performance of polymer composites. The
study on the temperature-dependent mechanical properties of magnetorheological (MR) elastomers is very ne-
cessary for its practical application. In this work, the dynamic and static mechanical properties of anisotropic MR
elastomers were investigated under different temperatures. The results showed that both the initial modulus and
the magnetic-induced modulus of MR elastomers decreased with increasing temperature. The variation of
magnetic-induced modulus with temperature indicated the temperature-dependent rotation of particle chain
inside the MR elastomers. The expression of magnetic-induced modulus as a function of the magnetic field and
initial modulus was obtained by the theoretical analysis of the temperature-dependent rotation. It was found that
when the magnetic field was constant, the reciprocal of the magnetic-induced modulus was linearly related to
the reciprocal of the initial modulus at the corresponding temperature, which agreed well with the experimental
result.

1. Introduction

Magnetorheological (MR) elastomers are one of MR materials family
whose properties can be controlled quickly and reversibly by external
magnetic fields [1–3]. MR elastomers are generally prepared by dis-
persing magnetic particles in non-magnetic elastomer matrix [4–9].
Compared with MR fluids, the solid matrix of MR elastomers can ef-
fectively overcome the problem in the applications of MR fluids, such as
particle sedimentation, sealing issues, environmental contamination
[10,11]. In addition, because of its large modulus changes and fast
response time, the MR elastomers have attracted broad attention in
semi-active vibration control [12–15], such as vibration isolator
[16–19] and absorbers [20–22].

The matrixes of MR elastomers are typically a polymer such as si-
licone rubber [5,23–25], natural rubber [26–28], polyurethane [29,30],
polydimethylsiloxane (PDMS) [6,31,32], and the temperature is one of
the most influential factors affecting the performance of polymer ma-
terials. The devices based on MR elastomers often work in a wide range
of temperatures. Therefore, it is important to study the effect of tem-
perature on the mechanical properties of MR elastomers. Until now,

there are a few research on the temperature-dependent performance of
MR elastomers. Zhang et al. [33] evaluated the mechanical properties of
MR elastomers based on a mixed rubber matrix (cis-polybutadiene
rubber and natural rubber). The results revealed that the temperature-
dependent moduli exhibited different characteristics for MR elastomers
with different rubber matrices. Lejon et al. [34] conducted a measure-
ment to study the influence of temperature, dynamic strain amplitude,
magnetic field strength and frequency on the dynamic shear modulus of
magnetosensitive (MS) elastomers. The measurements indicated that
the temperature was the most influential on the parameters especially
when the temperature reached the transition phase of the material.
Wan et al. [35] found that the transition temperature of the MR elas-
tomers appeared at about 50 °C, and the storage modulus initially de-
creased with the increase of temperature, reaching its minimum value
at 50 °C and then started to increase with further increasing tempera-
ture.

However, previous studies on the temperature-dependent perfor-
mance of MR elastomers are mainly concerned with the effect of tem-
perature on the properties of the polymer matrix, and little attention is
paid to the effect of temperature on the magneto-mechanical properties.
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The change in modulus under an external magnetic field is the most
distinctive rheological property of MR elastomers [12]. More im-
portantly, the magneto-mechanical properties of MR elastomers are
closely related to the arrangement of internal particles [1,36], and its
changes can directly reflect the differences in the microscopic ar-
rangement of internal particles. Therefore, to fully understand the
temperature-dependent performance of MR elastomers, it is necessary
to investigate the influence of temperature on the magneto-mechanical
performance, which is helpful for their practical application and me-
chanism analysis.

In this study, the MR elastomers based on carbonyl iron particles
and polydimethylsiloxane (PDMS) were prepared. The shear modulus
of MR elastomers was investigated under different temperatures and
different magnetic fields. The detailed mechanism was discussed and
the comparison between the theory and experiment was conducted. A
two-stage stress relaxation experiment at different temperature was
conducted to further demonstrate the temperature-dependent rotation
of particle chain inside the matrix

2. Material and methods

The MR elastomers were prepared from three raw materials: car-
bonyl iron (CI) particles, polydimethylsiloxane (PDMS) and curing
agent. The CI particles (Type CN) have an average diameter of 6 μm,
which are provided by BASF Co., Germany. The PDMS (Type Sylgard
184) and matching curing agent are provided by Dow Corning GmbH,
USA. The preparation process of anisotropic MR elastomer samples
mainly comprised three steps: Firstly, the three raw materials were
uniformly mixed in a certain ratio. The mass fraction of carbonyl iron
(CI) particles in this experiment was 70 wt% (volume fraction of 25 vol
%). Secondly, this homogeneous mixture was placed in a vacuum
chamber for 10 min to remove air bubbles inside the mixture. Finally,
the mixture was cured at 90 °C for 20min. At the same time of curing, a
magnetic field of 1.5 T along the thickness direction of the sample was
applied so that the carbonyl iron (CI) particles can form a chain-like
structure inside anisotropic MR elastomers.

The magnetic properties of the MR elastomers at room temperature
were measured by Hysteresis Measurement of Soft and Hard Magnetic
Materials (HyMDC Metis, Leuven, Belgium). The shear modulus of MR
elastomers at different temperatures and magnetic fields was measured
by a plate-plate magneto-rheometer [37] (Physica MCR 302, Anton
Paar, Austria). The sizes of the MR elastomer samples were approxi-
mately 20mm in diameter and 1mm in thickness. The applied test
magnetic fields were parallel to the thickness direction of the sample,
that is, the direction of the internal particle chain. The measurement of
shear modulus was conducted at shear oscillation amplitude of 1%,
frequency of 1 Hz, normal force of 10 N. The time interval of each test
point was set to 10 s.

3. Results and discussion

3.1. The microstructure of MR elastomers

The microstructures of MR elastomer sample were observed by
scanning electron microscopy (SEM) with an accelerating voltage of
15 kV. Fig. 1 presented SEM images of anisotropic MR elastomer with
70 wt% CI particles at different magnifications. The white round spots
were the CI particles and the black background was the elastomer
matrix. Because the samples were prepared under applying an external
magnetic field, the CI particles showed obvious chain-like structure
along the direction of the pre-structure magnetic field. It was noticed
that the distance between adjacent particles on the same chain was very
small.

3.2. The magnetic properties of CI particles in the MR elastomers

Fig. 2 showed the hysteresis loop of CI particles in the prepared MR
elastomer sample at room temperature. It can be seen that CI particles
exhibited a typical soft magnetic property, with a low coercive force,
residual magnetization, and high saturation magnetization. For further
quantitative analysis, the Langevin function,

= = −M aL bH a bH bH( ) [coth( ) 1/( )], was used to approximate the
magnetization of particles (M) under different magnetic fields (H ),
where a and b were fitting parameters. The fitted curve was shown by
the blue line in Fig. 2, and its expression was given by:

= −M H H2000[coth(0.023 ) 1/(0.023 )] (1)

3.3. The temperature dependence of magnetic-induced modulus

Fig. 3a presented the shear storage modulus of MR elastomers as a
function of the magnetic field at different temperatures. The results
showed that the shear modulus of MR elastomers increased with in-
creasing of the magnetic field and tended to be saturated at the high
magnetic field. The property that modulus can be controlled by an
external magnetic field is one of the typical properties of MR elasto-
mers. On the other hand, as the temperature increased, the overall
shear modulus was continuously decreasing. This can be seen more
clearly from the initial storage modulus at different temperatures
shown in Fig. 3c. As the temperature rose from 20 °C to 50 °C, the initial
modulus dropped from 165.0 kPa to 78.8 kPa. This phenomenon can be
explained by the temperature dependent rheological property of the MR
elastomer matrix. The matrix of the MR elastomer is generally a high
molecular polymer, such as silicone rubber, natural rubber, or PDMS
used in this experiment. As the temperature increases, the increasing
molecular chain thermal motion in the polymer will gradually over-
come the interaction between the molecules. This will cause relative
movement between the molecular chains, resulting in a continuous
decrease in the overall modulus of the polymer.

Fig. 3b showed the magnetic-induced modulus as the function of the
magnetic field at different temperatures. The magnetic-induced mod-
ulus is defined as the modulus of MR elastomers under a certain mag-
netic field minus the initial modulus under a zero magnetic field. Si-
milar to the change in initial modulus, the magnetic-induced modulus
also decreased with increasing temperature. When the temperature was
20 °C, the maximum magnetic-induced modulus was 99.5 kPa. When
the temperature was raised to 50 °C, the maximum magnetic-induced
modulus was reduced to 41.2 kPa. Fig. 3d showed the temperature
dependence of the magnetic-induced modulus under different magnetic
fields. In addition to the maximum magnetic-induced modulus, the
magnetic-induced modulus at any certain magnetic field would de-
crease with increasing temperature. Moreover, the larger the external
magnetic field, the greater the decrease in the magnetic-induced mod-
ulus as temperature increased. When the magnetic field was 70 kA/m,
the magnetic-induced modulus decreased from 19.0 kPa to 8.7 kPa as
the temperature rose from 20 °C to 50 °C, and the modulus decreased by
10.3 kPa. While the magnetic field rose to 490 kA/m, the magnetic
modulus decreased from 97.2 kPa to 40.4 kPa, and the modulus de-
creased by 56.8 kPa, which was much higher than that at the magnetic
field of 70 kA/m.

According to particle interaction-based models of MR elastomers
[1,36,38], the magnetic-induced modulus is mainly determined by the
magnetic properties of internal magnetic particles (such as the satura-
tion magnetization) and the microstructure of the particles (such as the
distance between the particles), but not related to the elastomer matrix.
The internal particles of MR elastomers are generally considered to be
immobilized in the matrix, and there is no particles movement relative
to the matrix. This is one of the characteristics of MR elastomers
compared with other MR materials. The previous particle interaction-
based models are often based on this assumption so that only the
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magnetic interaction between the particles is analyzed and the particles
movement relative to the matrix is neglected. This assumption is rea-
sonable when the modulus of MR elastomers is high. However, when
the elastomer matrix exhibits a low modulus and the external magnetic
field is relatively high, the particles’ movement relative to the matrix
cannot be ignored. The particle’s movement has been reported in the
previous studies on the magnetic properties of MR elastomers [39–41].
These studies showed that the particles were able to change their po-
sition within the MR elastomers under the influence of magnetic forces,
resulting in a change of its magnetic properties. As shown in Fig. 3c, the
temperature could cause a large change in the modulus of the polymer
matrix. Therefore, it is necessary to consider the particles’ movement
within the polymer matrix when studying the effect of temperature on
the performance of MR elastomers.

The MR elastomers generally work in a shear mode, and the sche-
matic diagram of rotation of particles chains inside the matrix is shown
in Fig. 4. When the magnetic field is zero ( =H 0), there is no interac-
tion force between the particles, and the particle chains will move along
with the matrix and rotate the same angle. After the magnetic field is

Fig. 1. SEM images of anisotropic MR elastomer with 70wt% CI particles at (a) 150× magnification and (b) 1000× magnification. The red arrows indicated the
direction of the particle chains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Magnetic hysteresis loop of CI particles in the MR elastomer sample.

Fig. 3. The magnetic field dependence of (a) shear storage modulus and (b) magnetic-induced modulus at different temperatures. The temperature dependence of (c)
initial storage modulus and (d) magnetic-induced modulus under different magnetic fields.
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applied ( >H 0), the particles are rapidly magnetized, and the magnetic
interaction between the particles will cause the particle chains to turn
to the external magnetic field. This rotation of the particle chains is
hindered by the matrix and finally stopped at a certain equilibrium
angle. This hindrance of the matrix can be characterized by the mag-
nitude of its modulus. The higher the temperature, the smaller the
hindrance of the polymer matrix, and the greater the rotation angle
( θΔ ) of the particle chains. The increase of θΔ with increasing tem-
perature results in a greater reduction in the magnetic-induced modulus
(Fig. 3d).

3.4. Mechanism

To better illustrate the effect of temperature on the magnetic-in-
duced modulus of MR elastomers, the rotation angle of the particle
chains at different initial moduli can be obtained by analyzing the
magnetic interaction between the particles and the interaction between
the particle chains and the matrix. As shown in Fig. 5, it is assumed that
the diameter and magnetic moment of individual particles is the same
as d and m, respectively. The distance between the particles is the same

as r. θ0 is the angle between the particle chain and the direction of the
external magnetic field before rotation of particle chains, and θ is the
equilibrium angle after rotation. α is the angle between the moment
and the particle chains at the equilibrium position.

For the particle chain containing N particles, the total magnetic
dipole interaction energy E, and the relationship between θ and α are
given by [42]:

= −E
μ Nm
πr

α
0.6

(1 3cos )0
2

3
2

(2)

−
=

α
θ α

H
M

sin 2
sin( ) 0.3 (3)

where μ0 is the vacuum permeability, H is the external magnetic field
strength, and M is the magnetization of the individual particles. When
the shear strain is small, ≈ − ≈ −α α θ α θ αsin 2 2 , sin( ) , Eq. (3) can be
rewritten as

=
+

=α
M H

θ K θ1
0.6 / 1

· ·χ (4)

The torque on the particle chain (Tp) caused by the magnetic in-
teraction between the particles (the negative sign represents the
counterclockwise direction):

= −
∂

∂
= − ≈ − = −T E

α
μ Nm
πr

α
μ Nm
πr

α K K θ
1.8

sin2
3.6

· ·p m χ
0

2

3
0

2

3 (5)

which shows that the particle chain is rotated to the direction of the
external magnetic field by Tp. With the rotation of the particle chain
(that is, decreasing of θ), Tp decreased gradually.

On the other hand, the torque (clockwise) that hinders the rotation
of the particle chain is given by:

= − = −T G θ θ S D λG V θ θ( )· · ( )m m 0 0 0 (6)

where S and D are the thickness and bottom area of the MR elastomer
sample, respectively, V=D∙S, is the volume of the sample, and

=λ G G/m 0, is the ratio of the matrix modulus (Gm) to the initial mod-
ulus of MR elastomer (G0), generally >λ 1. The mechanical equili-
brium, + =T T 0m p , gives the relationship between θ and θ0:

− − =λG V θ θ K K θ( ) · 0m χ0 0 (7)

=
+

=
+

θ λG V
λG V K K

θ
K K λG V

θ· 1
1 /

·
m χ m χ

0

0
0

0
0

(8)

which indicates that θ decreases with the decrease of G0 when the
magnetic field is constant. In other words, the rotation angle

= −θ θ θΔ ( 0 ) will become larger as G0 decreases.
The increase in shear stress ( τΔ in Fig. 4) caused by torque on the

particle chains (TP) is:

= =τ T
S D

T
V

Δ
·
P P

(9)

Thus, the magnetic-induced modulus ( GΔ ) is given by:

= = =
+

G τ
θ

T
Vθ

λK K G
λG V K K

Δ Δ P m χ

m χ0 0

0

0 (10)

= +
G λG K K V
1

Δ
1 1

· /χ m0 (11)

According to the relationship between magnetic moment and
magnetization, =m M V· P, where =V πd1/6P

3 is the volume of in-
dividual particles, the parameters K V/m in Eq. (11) can be expressed as:

= = =

=

K
V

μ Nm
πr V

μ N MV
πr V

μ M NV
V

V
πr

μ M C
n

3.6 3.6 ( )
0.6 · ·

1/6·
0.6

m p P P0
2

3
0

2

3 0
2

3

0
2

3 (12)

where =C NV V/P is the volume fraction of the particles, and =n r d/ is

Fig. 4. Schematic diagram of the rotation of particles chains in the shear mode.

Fig. 5. Schematic diagram of the angles associated with the rotation of the
particle chain. Red arrows represent the magnetic moment of individual par-
ticles. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the ratio of the distance between the particles to the diameter of the
particles, and generally n > 1.

In summary, the magnetic-induced modulus of MR elastomers as the
function of the initial modulus and the magnetic field strength can be
given by (4), (11) and (12) as follows:

= +
+

G λ G
n M H

μ M C
1

Δ
1 · 1 · 0.6 / 1

0.60

3

0
2 (13)

The relationship between M and H is determined by the magneti-
zation properties of the particles as shown in Eq. (1). It can be seen from
Eq. (13) that when the temperature is constant (that is, G0 is constant),

G1/Δ is linearly related to + −M H μ M C(0.6 / 1)(0.6 )0
2 1, and the slope is

n3. When the magnetic field strength is constant, G1/Δ is linearly related
to G1/ 0, and the slope is λ1/ . Both linear correlations can be confirmed
by experimental data, as shown in Fig. 6.

3.5. The time dependence of shear stress at different temperatures

In order to show the temperature-dependent rotation of particle
chain inside the matrix more clearly, a two-stage shear relaxation ex-
periment (Fig. 7a) was carried out. The first stage of the experiment
( ≤ <t s0 300 ) was a shear stress relaxation experiment of MR elasto-
mers at zero magnetic field: a constant shear strain, =γ 1%0 , was ap-
plied at =t 0. Because there was no magnetic field interaction, the
shear stress in the first stage (τ1) was equal to the relaxation stress of the
matrix (τm1), that is, =τ t τ t( ) ( )m1 1 . The second stage of the experiment
( ≥t s300 ) was the shear stress relaxation experiment under a step
magnetic field: the shear strain was kept constant at =γ 1%0 and a step
magnetic field, =H kA m525 / , was applied at =t s300 . The shear
stress in the second stage (τ2) consists of relaxation stress of the matrix
(τm2) and magnetic-induced shear stress ( τΔ ). Because the shear strain
was kept the same in the two stages, τm2 is considered to have the same
expression with τm1, that is, = =τ t τ t τ t( ) ( ) ( )m m m2 1 .

Fig. 7b presented the time dependence of shear stress at different
temperatures in the two-stage shear relaxation experiment. In the first
stage ( ≤ <t s0 300 ), the change of τ1 with time exhibited the typical
stress relaxation behavior of viscoelastic materials: under constant
shear strain, the shear stress of the materials decreased with time and
tended to a certain constant value. Viscoelasticity is one of the main
mechanical characteristics of the polymer matrix. Moreover, τ1 at higher
temperature was overall smaller than that at lower temperature, in-
dicating that the relaxation modulus of MR elastomers decreased with
increasing temperature. It agreed well with the trend of the initial
storage modulus with temperature (Fig. 3c).

In the second stage ( ≥t s300 ), the magnetic-induced shear stress
( τΔ ) at different temperatures could be obtained by

= −τ t τ t τ tΔ ( ) ( ) ( )m2 (14)

τ t( )m in the second stage could be predicted from the fitted Prony

series of τ t( )1 . The Prony series is a commonly used fitting function in
the viscoelastic analysis. It can be expressed as:

∑= +
=

−τ t A A e( )
n

N

n
t t

0
1

/ n

(15)

where An and tn are the amplitude and the characteristic time of the n-
th series item, respectively. As shown in Fig. 7b, taking the temperature
of 20 °C as an example, τm20 was the fitted relaxation stress of the matrix
by the Prony series (N=4), and τΔ 20 was the magnetic-induced shear
stress in the second stage. The τΔ at other temperatures could be ob-
tained in the same way.

Fig. 8 showed the time dependence of the magnetic-induced shear
stress ( τΔ ) at three different temperatures. It can be seen that τΔ rose
rapidly after applying the magnetic field. It was attributed to the rapid
magnetization of the soft magnetic particles under the magnetic field.
After a rapid rise, τΔ gradually decreased with time. This could reflect
the rotation of the particle chain inside the matrix. From Eq. (5), driven
by the torque on the particle chain (Tp) caused by the magnetic inter-
action between the particles, the particle chain was rotated to the di-
rection of the external magnetic field as shown in Fig. 4. With the ro-
tation of the particle chain (that is, decreasing of θ), Tp decreased
gradually, resulting in the decrease in τΔ over time. Moreover, Fig. 8
showed that τΔ at the higher temperature was generally smaller. It
could be explained by the lower modulus of matrix at higher tem-
perature. A lower modulus of polymer matrix represented the smaller
hindrance to the rotation of particle chain, resulting in the larger ro-
tation angle ( θΔ ) and smaller equilibrium angle (θ) of the particle
chain. From Eqs. (8) and (9), τΔ would be smaller because of the
smaller θ at higher temperature.

Furthermore, it could be predicted from Fig. 8 that τΔ would gra-
dually stabilize and tend to a certain value, which corresponded to the
equilibrium position of the particle chain’s rotation. Because of the
viscoelastic properties of the polymer matrix, the process that τΔ
reached the steady state in the second stage was not instantaneous, but
time-dependent. The time-dependent τΔ indicated that it took time for
the particle chain to move to the equilibrium position after applying an
external magnetic field. It should be noted from Fig. 8 that τΔ at higher
temperatures reached the steady state more quickly. This was because
the increase in temperature accelerated the rate of molecular motion of
polymer matrix, resulting in a shorter time for one equilibrium state of
the molecule to another equilibrium state. In the measurement of the
storage modulus at different magnetic fields and temperatures, the test
point interval was set to s10 so the intermediate process of particles
movement was ignored in the previous analysis, and only the equili-
brium state was considered. Nevertheless, when the MR elastomers are
subjected to a fast changing magnetic field, further studies on this time-
related particle movement are also necessary in the future research.

Fig. 6. (a) Linear correlation between G1/Δ and G1/ 0 under different magnetic field. (b) Linear correlation between G1/Δ and +M H μ M C(0.6 / 1)/(0.6 )0
2 at different

temperatures. The solid points represent experimental data, and the straight lines are linear fitting curves.
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4. Conclusions

In this study, the influence of temperature on the magneto-

mechanical properties of MR elastomers was investigated. The results
showed that both the initial modulus and magnetic-induced modulus
decreased with increasing temperature. As the temperature rose from
20 °C to 50 °C, the initial modulus decreased from 165.0 kPa to
78.8 kPa, and the maximum magnetic-induced modulus decreased from
99.5 kPa to 41.2 kPa. The decrease in the magnetic-induced modulus
was caused by the rotation of the particle chains inside the elastomer
matrix.

By analyzing the magnetic interaction between the particles and the
action of the particle chain and the matrix, the relationship between the
magnetic-induced modulus and the initial modulus at the corre-
sponding temperature was obtained. The expression showed that the
reciprocal of the magnetic-induced modulus was linearly related to the
reciprocal of the initial modulus when the applied magnetic field was
constant. This relationship was proved by the experimental results. The
two-stage stress relaxation experiments at different temperatures were
conducted. The changes of shear stress over time further demonstrated
the temperature-dependent rotation of particle chain inside the matrix.
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Fig. 7. (a) The two-stage shear relaxation experiment. (b) The time dependence of shear stress at different temperatures in the two-stage experiment.

Fig. 8. The time dependence of magnetic-induced shear stress ( τΔ ) at different
temperature.
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