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Magnetorheological elastomers' mechanical property is greatly influenced by the microstructure
of magnetizable particles embedded in the rubber matrix. When synthesizing magnetorheological
elastomers, usually the mixture is cured in the presence of a magnetic field and particles are arranged
in chainlike or columnar structure after the crosslink, in order to get remarkable effect controlled by
the magnetic field. However curing under the magnetic field will face some problems, e.g. the
preparation will become not convenient.

In this paper magnetorheological elastomers are prepared in various volume fractions in the
absence of a magnetic field. Their dynamic viscoelastic properties are tested by a system designed
by ourselves. Their microstructures are observed by scan electronic microscope. Finally the inherent
relation is revealed between the magnetoviscoelasticity and the distribution of particles in the matrix
as well as the components of the mixture and the chemical technique. A kind of typical
microstructure is found to be relative to the magnetoviscoelasticity of magnetorheological elastomers
prepared in the absence of a magnetic field. This study also provides a guide when designing and
preparing this kind of smart materials.

1 Introduction

Since magnetorheological (MR) effect was discovered in 1948 [1], after a transitory
interest, MR materials have nearly been forgotten because of the lack of preparation
technology. Recently, with the development of preparation technology, their quick
response, good reversibility and controllable performance make them again to be a kind
of fascinating smart materials.

MR fluids (MRF) are a kind of colloidal suspension which can change its phase
between liquid and solid under the control of magnetic field. It is composed of oil with
low permeability and ferrous particles with micrometer size. When MR fluids are exposed
to a magnetic field, the ferrous particles are magnetized and attracted by each others to
form chains and columns furthermore in the direction of external magnetic field which
changes its phase to solid. When it is sheared under a stress above its yield stress, it will
show characteristics of liquid phase again and the yield stress is determined by the
external magnetic field. When the external field is withdrawn, it will recover its phase
from solid to liquid [2]. MRF’s unique characteristics make them to be widely used in

various devices, such as dampers, clutches, and brakes [3-5].

To make the materials to be more stable, MR elastomers (MRE) want to fix these
chainlike and columnar structures in the matrix. They contain micrometer size ferrous
particles, which are mixed into polymer media. Then the mixture is cured in the presence
of a magnetic field to remain the chainlike and columnar structures in the matrix. When
such kind of materials is exposed to an external magnetic field, the elastic modulus will
change with the intensity of applied field. These field-dependent characteristics make
MRE have promising applications, such as components having changeable modulus [6-8].
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However, to fabricate MRE under an external magnetic field limits greatly its
application in industry. Although some attempts have been tried to prepare MRE without
external field [9], the shear modulus only change about 10%, and the mechanism is also
not analyzed. Obviously the chainlike or columnar structures will not exist in the MRE
prepared without external magnetic field. So, what makes such kind of MRE still have the
field-dependent performance? And how can make their performance reach best state?
This paper tries to prepare MRE under nature condition without external magnetic field.
Their dynamic performances are measured by a system developed by ourselves. These
performances are also compared with their microstructures. The mechanism is found to
determine the performance of MRE prepared without external magnetic field. This
mechanism is relative to the composing of materials, and gives a guide to fabricate MRE
without external magnetic field.

2 Preparation of MR Elastomers and Experimental Setup

To prepare the MR elastomers, carbonyl iron particles with average diameter of
about 3um , 704 RTV silicon rubber and silicone oil are determined. After carbonyl iron
particles have been immersed in silicone oil, they are mixed with 704 RTV silicone
rubbers. Then the mixture is put into a vacuum case to remove the air bubbles inside it.
After cured about 24 hour in room temperature without magnetic field, MR elastomers
are prepared.
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Fig.1 Schematic of the performance testing setup
The setup to study MR elastomers’ mechanical performance is shown in Figure

(Fig.) 1. The dashed line shows the magnetic route. The magnetic intensity is controlled
by the electrical current intensity in the coil. The induced magnetic field is imposed in the
direction of sample’s thickness. The used sample is about 30mm in length, 10mm in
width and 6mm in thickness. Its upper and lower surfaces are adhered to two copper slabs
respectively. Then they are inserted into the gap of the magnetic route. Slab 2 is forced to
vibrate by an exciter, which is driven by a random signal source from a power amplifier
whose signal is provided by a HP35665A Dynamic Signal Analyzer. The frequency of the
source ranges from 50Hz to 1000Hz. The vibrations of the two slabs are monitored by
two same type of piezoelectric acceleration transducers. The two signals from the
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transducers are input into two same types of charge amplifiers. Then they are sent to the
HP35665A Dynamic Signal Analyzer for processing.

MR elastomers with the lower slab are regarded as a system with a single degree of
freedom whose complex stiffness is k_(1+in), where k,, 17 are stiffness and loss factor
respectively. And it can be stated that k. = G4/h, where A4 is the area of the sample’s
shear surface, % is the thickness and G is the shear modulus of MR elastomer. The
mechanical parameters of MR elastomers can be obtained from the ratio (i.e. transfer
function) of the response signal (i.e. the lower transducer) to the excitation one (i.e. the
upper transducer) in the frequency domain. The transfer function can be expressed as

T(W)= K;r(l_”]) ' (1)
-Mw +K,(1+in)
where M is the effective mass and @ is the angle frequency. Based on equation (1), the
mechanical parameters of MR elastomers can be calculated by the data obtained from
HP35665A.

To observe the microstructure, a slice of the sample is placed into an environmental
scan electronic microscope (SEM). The microscope is XT30 ESEM-TMP, which is made
by Philip of Holland. It can observe and analyze samples with their primitive state even
containing water or oil. It provides us the intuitionistic images of the samples that
illustrate the microstructure of particles in the MR elastomers.

3 Experimental Results

To study the mechanism of MR effect and the best composition of MR elastomers,
many kinds of MR elastomers with different percentages of carbonyl iron particles,
silicone oil and silicone rubber are prepared. Some of them are shown in table (Tab.) 1.
Among them, No.7 and No.3 are the same sample. They are list on both of series 1
(sample 1-4) and series 2 (sample 5-8) in order to compare the samples conveniently.

Table 1 The composing of the samples (weight percentage)

Sample Percentage of Percentage  Percentage Sample Percentage of Percentage  Percentage

No. carbonyl iron of of silicone No. carbonyl iron of of silicone
particles silicone oil rubber particles silicone oil rubber
1 60% 0% 40% 5 20% 20% 60%
2 60% 10% 30% 6 40% 20% 40%
3 60% 20% 20% 7 60% 20% 20%
4 60% 30% 10% 8 70% 20% 10%

Firstly, the sample series 1 is investigated. Their weight percentages of carbony! iron
particles are fixed as 60% and weight percentages of silicone oil are 0%, 10%, 20% and
30%, respectively, the residual percentage is silicone rubber. Their shear moduli (versus
frequency) when they are at nature state and are exposed to a magnetic field of 200 mT
are shown in Fig. 2. The absolute variations of moduli between the two states do not
change with frequency. The original and the variation of moduli nearby the frequency of
formant are list in Tab. 2.

From Fig. 2 and Tab. 2, it can be found that for samples with fixed percentage of
carbonyl iron particles, the shear modulus of MR elastomers exposed to no magnetic field
decreases when the percentage of silicone oil increases. When the percentage of silicone
oil reaches 20% the modulus has maximum variation of about 26%.
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Fig.2 Variation of shear modulus with frequency (B=0 and B=200mT) ---sample series 1
Table 2 Variation of shear modulus of sample series 1

Sample No. 1 2 3 4
Go 0.85MPa 0.75MPa 0.53MPa 0.15MPa
AG 0.06MPa 0.08MPa 0.14MPa 0.03MPa
AG/Gy 7% 11% 26% 20%

Their microstructure images obtained by SEM are shown in Fig. 3. When there is no
silicone oil (sample 1), the particles disperse randomly in the matrix. When there is 20%
percentage of silicone oil (sample 3), the particles in the sample can attach each other and
self-assemble a partial microstructure like “grape” because of the help of the additive
(silicone oil). This kind of microstructure is mainly composed of carbonyl iron particles
with silicone oil between their gaps. They are dispersed in the silicone rubber. When the
sample is exposed to a magnetic field, the particles in the microstructure are magnetized
and move slightly to form more regular structure in the help of the lubrication of silicone
oil, which results in high MR effect. When the percentage of silicone oil is larger or
smaller than 20%, the samples have smaller MR effect than the sample with 20% silicone
oil. This accords to the results of Fig. 3. Fig. 3(b) shows that the microstructures in
sample 2 are not as good as those in sample 3. Fig. 3(d) shows that the matrix of sample
4 no longer has rubber's fine construction because it contains too much silicone oil.
Therefore, 20% silicone oil gives the best condition to form the self-assembled
microstructure and to move slightly when they are exposed to a magnetic field.



1308 X. L. Gong, X. Z. Zhang & P. Q. Zhang

((,) Sample 3 (d) Sample 4

Fig.3 Microstructures of sample series 1
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Fig.4 Variation of shear modulus with frequency (B=0 and B=200mT) ---sample series 2
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Then, let’s investigate the sample series 2. Their weight percentages of silicone oil
are fixed as 20% and weight percentages of carbonyl iron particles are 20%, 40%, 60%
and 70%, respectively, the residual percentage is silicone rubber. Their shear moduli
(versus frequency) when they are at nature state and are exposed to a magnetic field of
200 mT are shown in Fig. 4. The variations of moduli between the two states are list in
Tab. 3. Their microstructures are shown in Fig. 5.

Table 3 Variation of shear modulus of sample series 1

Sample No. 5 6 7 8
Go 0.29MPa 0.3MPa 0.53MPa 0.33MPa
AG 0.01MPa 0.03MPa 0.14MPa 0.17MPa

26% 51%

(d) Sample 8

Fig.5 Microstructures of sample series 2

It is similar to the sample series 1 that the absolute variations of moduli do not
change with frequency. MR effect increases while the percentage of carbonyl iron
particles increases, except that the variation of modulus of sample 4 changes differently
with different frequency. When the percentage of carbonyl iron particles is 20% (sample
5), it is difficult to find the self-assembled microstructure in the sample. When the
percentage of carbonyl iron particles reaches 40% (sample 6) the self-assembled
microstructure can be seen clearly. When the percentage of carbonyl iron particles is 60%
(sample 7) particles form the most beautiful self-assembled microstructures. In sample 8,
the percentage of silicone rubber is lack because there is too much carbonyl iron particles.
The lack of rubber makes the sample become too floppy to keep the toughness of rubber.
So the best percentage of carbonyl iron particle is about 60%.
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4 Conclusions

MR elastomers are fabricated under nature condition without external magnetic field.
Their performances and the microstructures are also studied. It has been found that the
construction in such MR elastomers is no longer chains or columns of particles. By the
help of additive, such as silicone oil, the particles form a kind of self-assembled
microstructure in MR elastomers. This kind of microstructures is composed by particles
and additive, they are dispersed randomly in the matrix. When this kind of MR elastomers
is exposed to a magnetic field, the particles in the microstructure are magnetized and
move slightly by the lubrication of additive to form regular construction, which results in
great MR effect. The key technique to improve the performance of MR elastomers
prepared without magnetic field is how to form the partial self-assembled microstructure.
Experiments show that when preparing such MR elastomers by using carbonyl iron
particles, silicone rubber and silicone oil, the MR elastomers have best MR effect when
their percentages are 60%, 20% and 20%, respectively.

Further work will be done to validate this kind of microstructure, to observe the
formation process of the microstructure and to observe the shift of particles in the
structures when they are exposed to a magnet field.

5 Acknowledgments

This study is granted by BRIJH Project of Chinese Academy of Sciences and
Specialized Research Fund for the Doctoral Program of Higher Education
(No0.20030358014). The authors wish to thank Mr. F. Yu and Dr. M. Gong for their
contributions to the SEM photos.

References

1. Rabinow J., The magnetic fluid clutch. AIEE Transactions. 67 (1948) pp.1308-1315.

2. Carlson J.D. and Jolly M.R., MR fluid, Foam and elastomer devices. Mechatronics. 10

(2000) pp.555-569.

3. Carlson J.D., et al., Controllable brake. US Patent (1998) 5,842,547.

4. Carlson 1.D., et al., Magnetorheological fluid dampers. US Patent (1994) 5,277,281.

5. Spencer B.F., Dyke S.J., Sain M.K. and Carlson J.D., Phenomenological model for
magnetorheological dampers. Journal of Engineering Mechanics. 123 (1997) pp.230-
238.

6.Shiga T., Okada A. and Kurauchi T., Magnetoviscoelastic behavior of composite gels.
Journal of Applied Polymer Science. 58 (1995) pp. 787-792.

7.Jolly M.R. and Carlson J.D., et al., The magnetoviscoelastic response of elastomer
composites consisting of ferrous particles embedded in a polymer matrix. Journal of
Intelligent Material Systems and Structures. 7 (1996) pp.613-622.

8.Ginder J M., Nichols M.E., et al., Controllable-stiffness components based on
magnetorheological elastomers. Proceedings of SPIE. 3985 (2000) pp.418-425.

9.Lokander M. and Stenberg B., Performance of isotropic magnetorheological rubber
materials. Polymer Testing. 22 (2003) pp.245-251.



