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Abstract This study focuses on the magnetorheol-
ogy of graphite-based magnetorheological elastomers
(Gr MREs). By introducing graphite to conventional
MREs, the Gr MREs with various graphite weight
fractions are fabricated. Both steady-state and dynamic
tests were conducted to study rheological properties
of the samples. For dynamic tests, the effects of mag-
netic field, strain amplitude and frequency on both
storage modulus and loss modulus were measured.
The influence of graphite weight fraction on mechan-
ical performances of these samples was summarized.
Also, the microstructures of isotropic and anisotropic
Gr MREs were observed. In anisotropic MREs, the
graphite powders disperse in matrix randomly. The
graphite particles lead to an increment of initial me-
chanical properties and a decrement of the MR effect.
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Introduction

Magnetorheological elastomers (MREs) are smart ma-
terials where polarized particles are suspended in a
non-magnetic solid or gel-like matrix (Ginder et al.
2002). These materials exhibit characteristics that their
moduli can be reversely controlled by an external mag-
netic field. MREs have recently found a variety of ap-
plications, such as adaptive tuned vibration absorbers,
dampers, sensors and so on (Deng et al. 2006; Ni et al.
2009; Zhang and Li 2009; Kim et al. 2011; Xu et al. 2010;
Zhang et al. 2010; Chen et al. 2007; Li et al. 2009; Bica
2010).

MREs generally consist of three major components:
magnetizable particles, matrix and additives. Iron parti-
cles are generally used as the filler material to fabricate
MREs; this is because iron has one of the highest
saturation magnetisation values of metallic elements as
well as high permeability, low remnant magnetisation
and high saturation magnetisation. High permeability
and saturation magnetisation are thought to provide
high inter-particle attraction and thereby a high MR
effect. The effect of particle shape, size and volume
fraction on the overall MRE performances have been
intensively investigated. Lokander and Stenberg (2003)
measured the MR effect for isotropic nitrile rubber
MRE with varying sizes and content of iron particles.
The MR effect was larger for materials with ASC300
iron (particle size <60 μm) than for materials with
carbonyl iron (particle size 3.9–5.0 μm). Demchuk and
Kuzmin (2002) studied the effect that the size of the
filler particles on the shear storage modulus and loss
modulus of isotropic and aligned MR elastomers. They
found that without the field, the modulus for MRE
with larger particles (13 μm) was smaller than for fine
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Table 1 Components of Gr
MRE samples

Sample no. Graphite based MREs

1 2 3 4 5 6 7 8

Carbonyl iron 10 g 10 g 10 g 10 g 10 g 10 g 10 g 10 g
Silicone oil 3 g 3 g 3 g 3 g 3 g 3 g 3 g 3 g
Silicone rubber 3 g 3 g 3 g 3 g 3 g 3 g 3 g 3 g
Graphite 0 g 1 g 2 g 3 g 3.5 g 4 g 4.5 g 5 g
Graphite weight fraction (Gr %) 0% 5.88% 11.11% 15.79% 17.95% 20% 21.95% 23.81%

particles (3.5 μm). Under a magnetic field, the situation
was reversed. The field strength increased the modulus
of the MRE with larger particles exceeded the mod-
ulus of the MRE with fine particles significantly. The
optimal particle volume fraction for the largest relative
change in modulus at saturation was predicted to be
27% (Davis 1999). Shiga et al. (1995) measured the
increase in shear modulus as a function of the particle
volume fraction. For aligned MREs, the change in shear
modulus increases with an increasing particle volume
fraction. When the concentration of filler is higher than
30 vol.%, the mechanical properties of the composite
deteriorate rapidly and the stiffening of the material is
larger than the increase of the MR effect. Lokander
and Stenberg (2003) measured the tensile strength of
isotropic MR elastomers and found that the fracture
stress as a function of the content of iron was almost
constant when the iron contents were up to approxi-
mately 30% by volume. This optimal volume fraction
was also extended to fabricate new MR elastomers with
bimodal iron particles, where the two particles have
sizes of 50 and 5 μm, respectively. The experimental
results demonstrated that the bimodal particle-based
MREs have enhanced MR effect (Li and Zhang 2010)
compared with conventional MREs.

Both natural rubber and silicone rubber are used as
typical matrixes (Gong et al. 2005). Natural rubber is
an elastomer. The purified form of natural rubber is
the chemical polyisoprene which can also be produced
synthetically. Heat is normally required to vulcanise
silicone rubber. The silicone rubber and a vulcanising
silicon sealant (at room temperature) are mixed with
silicon oil to changing its ductility. The silicon oil is se-
lected on the basis of preliminary studies with different
elastomers. Polydimethylsiloxanes (PDMS) is one ex-
ample of silicon rubber. The PDMS have a low surface
tension and are capable of wetting most surfaces. The
stability and chemical neutrality of the system also
enables the adhesive to bond to the metals (De Buyl
2001).

Additives are commonly used to adjust the mechan-
ical and chemical properties or electrical performance
of MR fluids (Park et al. 2009; Fang et al. 2009) as well
as MR elastomers (Zhang et al. 2008). Silicone oil is

an additive to increase the gaps between the matrix
molecules and to decrease the gaps between the con-
glutination of molecules. Apart from increasing the
plasticity and fluidity of the matrix, the additives can av-
erage the distribution of internal stress in the materials,
which makes them ideal for fabricating MRE materials
(Leblanc 2002). Graphite powder is a kind of additive
which can affect the magnetorheology and electrical
conductivity of MREs (Li et al. 2009; Bica 2009; Zou
et al. 2009). By introducing graphite microparticles into

Fig. 1 Microstructure of Gr MREs (Gr 0%) a anisotropic b
isotropic



Rheol Acta (2011) 50:825–836 827

the elastic matrix, MREs behave a lower electrical con-
ductive characteristic, which has a potential to work as a
sensing material for development of force and magnetic
field sensors (Li et al. 2009). However, the study of
magnetorheology of these materials is insufficient. In
particular, a few reports are found to investigate the
relationship between microstructures and the overall
MR performances. This work aims to address this
problem.

This paper is organized as follows. Followed by the
Introduction, the fabrication of both isotropic and anis-
tropic MRE samples were described. The SEM images
of these samples will be reported in Section “Micro-
structure observation”. Section “Experimental setup
and results steady-state and dynamic properties of
MREs” presents the characterization of both steady
and dynamic properties of these samples. The main
finding will be summarized in the conclusion section.

Fig. 2 Microstructure of Gr MREs (Gr 11.11%) a anisotropic b
isotropic

MRE fabrication

The materials used for the Graphite MR Elastomers
are: silicone rubber (Selleys Pty. LTD); silicone oil,
type 378364 (Sigma–Aldrich Pty. LTD); carbonyl iron
particles, type C3518 (Sigma–Aldrich Pty. LTD) and
graphite powder, type 282863 (Sigma–Aldrich Pty.
LTD). The particle sizes of graphite powder are about
20 μm, while the iron particles’ diameter is between 3
and 5 μm at normal distribution.

In this study, both isotropic and anistropic MRE
samples with different graphite weight fractions (Gr
wt.%) were fabricated. Table 1 shows the compositions
of all graphite MRE samples. All the samples contain
the same compositions of 10 g carbonyl iron particles,
3 g silicone rubber and 3 g silicone oil. The only differ-
ence is the graphite weight fraction, which is from 0%
to 23.81%. For each composition, two samples, namely

Fig. 3 Microstructure of Gr MREs (Gr 20%) a anisotropic b
isotropic
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isotropic and anisotropic, were fabricated for the study
of magnetorheological and structural properties.

The general procedure for fabricating an anisotropic
MR elastomer with natural rubber is similar to con-
ventional rubber. Normally, the ingredients are natural
rubber, zinc oxide, stearic acid, sulphur and iron par-
ticles. After all the ingredients are evenly mixed in a
mixing machine at a high temperature such as 120◦,
the mixture is packed in a mould and then cured
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Fig. 4 Strain-stress curve versus magnetic field (isotropic MRE)
a Gr 0% b 15.79% c Gr 23.81%)

under an magnetic field for a certain time. The sam-
ples are then left at the room temperature for more
than 24 h prior to testing. The chain formation re-
sults from the anisotropic magnetic forces among the
particles. The MREs fabricated with this method are
called anisotropic MREs (Li et al. 2009). For isotropic
MREs, carbonyl iron particles firstly immerse in sili-
cone oil then were mixed with silicone rubber. All the
ingredients in the beaker were mixed by using a stirrer
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Fig. 5 Strain-stress curve versus magnetic field (anisotropic
MRE) a Gr 0% b 15.79% c Gr 23.81%)
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Fig. 6 Linear ranges versus different samples a isotropic samples
b anisotropic samples

bar for about 5 min at room temperature. After all
ingredients were evenly mixed, the mixture was put
under a vacuum to remove air bubbles, and then cured
for 24 h at room temperature in an open sheet mould
without a magnetic field.

Microstructure observation

In this study, LV-SEM (JSM 6490LV SEM)
was used to observe microstructures of MRE samples.
Figures 1, 2 and 3 show the Surface imaging for MRE
microstructures.

Figure 1a and b shows the microstructure of isotropic
and anisotropic graphite MREs without graphite, re-
spectively. The carbonyl iron particles array in chains
in the anisotropic sample and disperse randomly in
the isotropic sample. According to Figs. 2a and 3a, in
the anisotropic Gr MREs, the carbonyl iron particles
array in chains and the graphite powders disperse in
the matrix randomly. The reason of this phenomenon
is that the magnetic field only affects the carbonyl iron
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Fig. 7 Peaks stresses versus different samples a isotropic samples
b anisotropic samples
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Fig. 8 Relative MR effects versus different samples a isotropic
samples b anisotropic samples

particles, but not the graphite. So by the magnetism, the
carbonyl iron particles move to chains along the same
direction as the magnetic field in the matrix.

By compare Figs. 1a, 2a and 3a, we can see that
the carbonyl iron chains in the sample without graphite
have the best lines performance. Further, the carbonyl
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Fig. 9 Storage and Loss Modulus versus strain amplitude sweep
(isotropic MRE Gr 0%) a Storage modulus vs. shear strain b Loss
modulus vs. shear strain
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iron chains in Fig. 2a are aligned better than those in
Fig. 3a. The reason is that when the mixture of carbonyl
iron, silicone rubber, silicone oil and graphite is cur-
ing under the magnetic field, the graphite powders
in graphite MREs affect the carbonyl iron particles’
movement. The more graphite in the mixture, the more
effects are applied on to the carbonyl iron chains, which
influence the magnetorheology of MREs.

Experimental setup and results steady-state
and dynamic properties of MREs

Experimental device

A rotational Rheometer (MCR 301, Anton Paar Com-
panies, Germany) and a Magneto Rheolgical Device
(MRD 180, Anton Paar Companies, Germany) were
used to measure the MREs’ mechanical properties.
The Magneto Rheolgical Device is equipped with an
electromagnetic kit which can generate a magnetic field
perpendicular to the direction of the shear flow. A
20-mm diameter parallel-plate measuring system with

1.00E+04

1.00E+05

1.00E+06

1.00E+07

0.01 0.1 1 10 100

Shear strain (%)

S
to

ra
g

e 
M

o
d

u
lu

s 
(P

a)

0mT

110mT

220mT

330mT

440mT

1.00E+04

1.00E+05

1.00E+06

0.01 0.1 1 10 100

Shear strain (%)

L
o

ss
 M

o
d

u
lu

s 
(P

a)

0mT

110mT

220mT

330mT

440mT

a

b

Fig. 10 Storage and Loss Modulus versus strain amplitude sweep
(isotropic MRE Gr 20%) a Storage modulus vs. shear strain b
Loss modulus vs. shear strain

1 mm gap was used. The samples were sandwiched
between a rotary disk and a base parallel. In this study,
a steady-state rotary shear and oscillatory shear were
both used for the experiments.

In this experiment, the magnetic flux density of the
sample of MRE (BMRE) in the measuring gap depends
not only on the current (I) applied to the samples
and the magnetic properties of MRE materials. As the
permeability of MRE samples varies little, an empirical
equation, BMRE = 220 I, was employed to predict the
flux density for different MRE samples, where the units
of BMRE and I are in mT and amp (A), respectively.

In the following test, the test current varies from
0 to 2 A with the increment 0.5 A, whose intensity
of magnetic field is 0 to 440 mT with the increment
110 mT.

Steady state

Under rotary shear the shear stress and shear strain
of MREs under fields varying from 0∼440 mT were
measured at room temperature and 5 rad/s angular
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Fig. 11 Storage and Loss Modulus versus strain amplitude sweep
(anisotropic MRE Gr 0%) a Storage modulus vs. shear strain b
Loss modulus vs. shear strain
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Fig. 12 Storage and Loss Modulus versus strain amplitude sweep
(anisotropic MRE Gr 20%) a Storage modulus vs. shear strain b
Loss modulus vs. shear strain

frequency. The shear rate range is from 0.0005 to 5. The
MR effect was evaluated by measuring the shear strain–
stress curve of the sample with and without a magnetic
field applied.

Figures 4a–c and 5a–c show the strain–stress curve
of different samples at five different magnetic field
intensities ranging from 0 to 440 mT. The slope of the
strain–stress curve is the shear modulus of the material.
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Fig. 13 Storage Modulus of different samples at 10% shear strain
a isotropic samples b anisotropic samples
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Fig. 14 Storage Modulus of different samples at 87.5% shear
strain a isotropic samples b anisotropic samples

As can be seen in the figures, all the samples’ shear
modulus show an increasing trend with magnetic field
before they reach magnetic saturation at high field
strength, which proves that all the MRE samples ex-
hibit obvious MR effects. In Fig. 4c, we can see that
the curve at 0 mT, which is the zero-field modulus
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of the 23.81 wt.% isotropic sample, shows a higher
zero-field modulus compared with the lower graphite
concentration samples.

Also from Figs. 4 and 5, the shear stress shows a
linear relationship with the shear strain when the strain
is within a range. This means the MRE acts with lin-
ear viscoelastic properties when the strain is below a
limitation. For conventional MREs, the limitation is
around 50% shear strain (Li et al. 2010), which was
much higher than that of MR fluids (Li et al. 2002,
2003). When the graphite weight fraction increases
from 0% to 15.79%, the range of linearity decreases
from 50% to around 10%. For the samples with higher
graphite weight fraction as 23.81%, the linearity ranges
are only 6% and 4% for isotropic and anisotropic
samples, respectively. When the strain is above the
limitation, the shear stress reaches a saturation (max-
imum value) and decrease steadily. This might be due
to the sliding effect. Additionally, other factors, such
as the sample surface roughness and the normal force,
could contribute to the resultant stress. In particular,
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Fig. 16 Storage Modulus versus magnetic field at 10% shear
strain a isotropic samples b anisotropic samples

they influence the static friction between the MRE
sample and the upper plate, which consequently result
in overshoots, as shown in Figs. 4 and 5.

Figure 6 summarized the linear ranges of different
samples at various magnetic field intensities. For the
isotropic and anisotropic samples with same compo-
sitions, the isotropic samples always have the bigger
linearity ranges and steady shear stress than those
of anisotropic samples except for the data at 0 mT
magnetic field because that without applied magnetic
filed, the isotropic and anisotropic samples show similar
linearity ranges.

For each curve, the slope equals to the ratio of peak
shear stress to the relevant shear strain. By analyzing
the slope and of the curves, it is easy to see that the
more graphite in the material, the less growth of slopes
when the magnetic field increase from 0 to 440 mT.
This is because of the contributions of graphite powders
to the stiffness of the samples. The graphite increases
the initial stiffness of graphite MREs; thus, the stiffness
change from the MR effect cannot be as the same as the
conventional MREs. Figure 7 shows the peaks stresses
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Fig. 17 Storage and Loss Modulus versus angular frequency
sweep (isotropic MRE Gr 0%) a Storage modulus vs. shear strain
b Loss modulus vs. shear strain
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of different samples at 220, 330 and 440 mT magnetic
field.

The relative MR effect (�Gmax/G0) of these samples
is shown in Fig. 8. Here, G0 denotes the MRE samples’
zero-field modulus, �Gmax denotes the saturated field-
induced modulus, and �Gmax/G0 denotes the relative
MR effect. It can be seen from Fig. 8 that G0 is en-
hanced with the increase in graphite powders content.
This result indicates that graphite powders can modify
particle properties and, consequently, influenced the
MR effect. The MR effects correspond well with the
microstructures of graphite MREs.

Dynamic tests result

In order to obtain the dynamic mechanical behaviour
of MRE, both angular frequency sweep tests and strain
amplitude sweep tests were used. Five sets of data
were collected for different amplitudes of oscillation,
according to the various magnetic field inputs to the
samples of MR elastomers. Same as the steady state
tests, five different magnetic field intensities, 0, 110,
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Fig. 18 Storage and Loss Modulus versus angular frequency
sweep (isotropic MRE Gr 20%) a Storage modulus vs. shear
strain b Loss modulus vs. shear strain

220, 330 and 440 mT, were used in this experiment. The
amplitude of shear strain in angular frequency sweep
tests is set at 1% and the input frequency was 5 Hz in
the strain amplitude sweep tests.

Strain amplitude sweep

In the strain sweep test, the storage and loss moduli
were tested by varying strain from 0.01% to 100%
at different magnetic fields and room temperature.
Figures 9, 10, 11 and 12 show the changing of stor-
age modulus and loss moduli at the strain amplitude
sweep.

In Figs. 9, 10, 11 and 12, the overall trend of storage
modulus is decreasing with the strain amplitude. It goes
down smoothly within 10% shear strain and begins to
drop significantly over 10% shear strain, with which
we can say that within 10% shear strain, the storage
modulus and loss modulus both show approximately
a linear relationship with the shear strain. Except for
isotropic MREs without graphite, the Loss modulus has
almost the same trend of storage modulus. This means
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Fig. 19 Storage and Loss Modulus versus angular frequency
sweep (anisotropic MRE Gr 0%) a Storage modulus vs. shear
strain b Loss modulus vs. shear strain
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at the high shear strain, the storage and loss moduli are
much smaller than that at low shear strain.

Figures 13 and 14 shows the storage modulus of
different samples at 0, 220 and 440 mT magnetic field.
The data are collected at 10% and 87.5% shear strain,
respectively. As can be seen in Fig. 13, the storage
modulus of all samples shows an increasing trend with
graphite weight fraction at 10% shear strain which is in
the linear range for most of samples. In Fig. 14, it turns
to a diminishing trend with graphite weight fraction at
87.5% shear strain which is out of the linear range. This
means in the linear range of shear strain, the samples
with higher graphite weight faction have the bigger
storage modulus.

Figures 15 and 16 show the storage modulus versus
magnetic field at 0.1% and 10% shear strain, respec-
tively. The two shear strains are the beginning and end
of linear range.

In Figs. 15 and 16 we can see that the storage mod-
ulus shows an increasing trend with the intensity of
magnetic field. The ratio of storage modulus at 440 mT
to that at 0 mT is the MR effect. The MR effect of
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Fig. 20 Storage and Loss Modulus versus angular frequency
sweep (anisotropic MRE Gr 20%) a Storage modulus vs. shear
strain b Loss modulus vs. shear strain

isotropic MREs with 0% graphite is around 4.5, when
the graphite weight fraction increases to 15.79% and
23.81%, the MR effect decreases to around 2.8 and 2.8,
respectively, which are all a little bigger than those in
the angular frequency sweep. For anisotropic samples,
the MR effects of 0%, 20% and 23.81% Gr MREs are
4.8, 3.2 and 2.2, respectively. This proves that again,
with the growth of graphite weight fraction, the MR
effect decreases.

Angular frequency sweep

In this test, the strain is set at 1%. According to the
experimental equipments, the angular frequency was
varied from 6 to 100 1/s at different magnetic fields
of 0, 110, 220, 330 and 440 mT. The Figs. 17, 18,
19, and 20 show the storage and loss moduli curves
of the MRE samples at frequency sweep and room
temperature.

From the figures above, we can see that in the log–
log scale, the storage and loss moduli of all the sam-
ples are both increasing linearly with the growth of
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Fig. 21 Storage Modulus versus angular frequency sweep (with-
out magnetic field) a isotropic b anisotropic
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Fig. 22 Storage Modulus versus angular frequency sweep (with
440 mT magnetic field) a isotropic b anisotropic

angular frequency. This means that at a higher angular
frequency, the samples have bigger storage and loss
moduli. This logarithmically linear relationship of the
storage and loss moduli to the angular frequency can be
used to predict the storage and loss moduli at a certain
frequency. The effect of the graphite weight fraction on
the MR effect was shown in Figs. 21 and 22. It can be
seen from these figures that with higher graphite weight
faction, the samples have a bigger storage modulus.
This also proves that the graphite powder contributes
to the initial stiffness of MRE samples.

The ratio of storage modulus at 440 mT to the
storage modulus at 0 mT is the MR effect. The ratio
of isotropic conventional MREs is around 4, when
the graphite weight fraction increases to 15.79% and
23.81%, the MR effect are around 2.6 and 2.1, respec-
tively. For anisotropic samples, the MR effects of con-
ventional MREs, 20% and 23.81% Gr MREs are 5.2,
2.4 and 2.0, respectively. This means with the growth of
graphite weight fraction, the MR effect decreases. This
phenomenon is caused by the contribution of graphite
powder to the samples’ stiffness, because of which, the
MR effect can only have less effects on the Gr MRE
samples than conventional MREs.

Conclusion

Both isotropic and anisotropic Gr MREs with various
graphite weight fractions were fabricated in this study.
LA SEM was used to observe their microstructures.
This observation shows that the graphite powders effect
the forming of carbonyl iron chains. The sample with
less graphite shows better-aligned carbonyl iron chains
which affects the magnetorheology of MREs. Also by
connecting two iron chains in parallel and connecting
the disconnected iron chains the graphite contributes
to the conductivity of MREs.

The steady state and dynamic tests such as strain am-
plitude sweep and angular frequency sweep were used
to test the magnetorheology of Gr MREs. With the
help of graphite in MREs, the Storage and Loss Moduli
are both changed. The steady state tests showed that
the graphite decreases or even diminish the viscoelastic
linear range of MREs. The dynamic test proved that
the samples with higher graphite weight fraction show
higher initial storage and loss moduli and lower MR
effects. The effect of graphite on the sensing capabil-
ities of MR elastomers will be reported somewhere
else.
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