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Magnetorheological (MR) elastomers are a group of smart
materials whose modulus can be controlled by the appli-
cation of an external magnetic field. In this paper, MR
elastomers based on isobutylene–isoprene rubber were
prepared by the common manufacturing procedure of rub-
ber and the corresponding MR effect, mechanical proper-
ties, and thermal stability were investigated. The results
showed that MR effect varied with the volume content of
iron particles and a maximum of 20% in MR effect was
obtained at 15 vol% of iron particles. The relationship be-
tween MR effect and microstructure was discussed in de-
tail. Mechanical tests showed that iron particles could im-
prove the tensile strength and hardness. However,
compared with carbon black with the same volume con-
tent, the reinforcing effect was far worse. TG analysis
showed the thermal stability of isobutylene–isoprene rub-
ber was improved by incorporation of iron particles.
POLYM. ENG. SCI., 46:264–268, 2006. © 2006 Society of Plastics
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INTRODUCTION

Magnetorheological (MR) materials are a group of smart
materials whose rheological properties can be controlled by
the application of an external magnetic field. Up to now two
main kinds of MR materials have been reported, MR fluids

and MR elastomers. MR fluids are well-known smart ma-
terials, which exhibit Newtonian-like behavior in the ab-
sence of a magnetic field and become a weak viscoelastic
solid with a certain yield stress when applying a magnetic
field [1]. However, the settlement of magnetic particles has
been a serious problem that affects the performance of MR
fluids.

MR elastomers can be thought of as a new generation of
MR materials that has distinct properties from those of MR
fluids. They have controllable field-dependent modulus
while MR fluids have a field-dependent yield stress. The
obvious advantage of MR elastomers is that the particles are
not able to settle with time and then have stable MR per-
formance. MR elastomers also have a sensitive response to
magnetic fields and the time of response of MR elastomers
is less than 10 ms [2]. MR elastomers hold promise in adaptive
tuned vibration absorbers, stiffness tunable mounts, automo-
bile suspensions [2], and artificial muscles [3].

MR elastomers are mainly composed of magnetic parti-
cles and elastic polymer matrix. The magnetic particles used
are usually carbonyl iron particles and the reported polymer
matrix included soft silicone elastomers [4–6], poly (vinyl
alcohol) [7], gelatin [8], hard natural rubber [9], and RTV
polyurethane sealant [10]. In general, magnetic particles are
first embedded in the uncured polymer and then the mixture
is cured under a strong magnetic field. Thus, the magnetic
particles form special chainlike structure in the direction of
the magnetic field, which results in the controllable shear
modulus with the magnetic fields. This kind of MR elas-
tomers can be called anisotropic MR elastomers. Up to now,
the reported best relative effect for MR elastomers based on
silicon rubber can be up to 60% [11]; however, their me-
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chanical properties are poor. And that of the MR elastomers
based on natural rubber is about 30% and the absolute MR
effect is �0.7 MPa at a magnetic field of 0.8 T [9]. But the
typical needed magnetic field is very strong at about 8
� 106 A/m [5], which makes its manufacture complicated
and difficult to be broadly applied.

Recently, Lokander and Stenberg [12, 13] studied the
isotropic magnetorheological rubbers that are prepared
without applying magnetic fields. They found that isotropic
magnetorheological elastomers using large irregularly
shaped iron particles had a large absolute MR effect that is
about 0.4 MPa at 0.24 T. In the previous work, the new MR
elastomers based on PU/Si-rubber hybrid were studied [14].
The maximum increase in shear modulus of this kind of MR
elastomers can be up to 0.5 MPa at 0.2 T and the relative
MR effect is higher than that reported in the literature.

Isobutylene–isoprene rubber (IIR) has good thermal and
oxidative stability, chemical resistance, and high damping
and has been applied broadly, especially in vibration ab-
sorbers. To make practical MR elastomers useable for adap-
tive tuned vibration absorbers, in this paper, the isotropic
MR elastomers are prepared using IIR as the matrix. The
MR effect, mechanical properties, and thermal properties of
the MR elastomers are studied here in detail.

EXPERIMENTAL

Materials

The used spherical carbonyl iron particles are commercial
FTF-4 type with the size range of 3–5 �m bought from Hebao
Nanomaterial. IIR, carbon black (N660) and the other corre-
sponding additives were provided by Grandtour Tire (Anhui).

Sample Preparation

Magnetorheological (MR) elastomers based on isobuty-
lene–isoprene rubber (IIR) with different volume contents
of carbonyl iron particles were prepared by the common
manufacturing procedure of rubber. Carbonyl iron particles
were mixed into the rubber together with vulcanization
system in a two-roll mixer. Then the mixtures were vulca-
nized at 175°C for 10 min. To compare the mechanical
properties, a series of samples containing carbon black
instead of iron particles with the same volume content were
also prepared under the same conditions.

Mechanical Measurements

Tensile tests were performed on a Universal testing ma-
chine (WD-5D, Changchun, China) with a crosshead speed
of 50 mm/min at 25°C. The average of five tests was
reported here.

The magnetorheological effect was evaluated by measur-
ing the dynamic shear modulus with and without an applied
magnetic field. The schematic equipment set-up and the
principle of the tests can be seen in [15].

The magnetic field was made by electromagnet, and the
magnetic induction through samples was kept at 0.24 T. The
samples tested were 30 � 10 � 2 mm3 and sandwiched
between a brass plate and an aluminum plate.

The morphologies of MR elastomers with different vol-
ume contents of carbonyl iron particles were observed using
an XL30 ESEM at an accelerating voltage of 10 kV. All the
samples were coated with a thin layer of gold before SEM
observations.

The electrical resistance of MR elastomers was measured
using plate electrode of ZC-36-type high resistance meter and
the corresponding resistivity was calculated according to the
instructions. For resistance measurements, the quadrate sam-
ples with dimensions of 10 � 10 � 2 mm3 were prepared.

The samples were analyzed by thermogravimetric anal-
ysis (TGA), using a Netzsch STA-409c thermal analyzer
under air flow from 25 to 600°C at the rate of 10°C/min.

RESULTS AND DISCUSSION

Magnetorheological Properties and Microstructure

Figure 1 shows the relative MR effect of MR elastomers
with different volume contents of iron particles. Here, the
relative MR effect meant the relative change of shear mod-
ulus of MR elastomers. It can be seen that the MR effect
increases in the beginning and decreases when the content
of iron particles is 15%.

It was considered that for isotropic MR elastomers, the
change of shear modulus was due to the deformation of MR
elastomers under magnetic fields. And the deformation was
the accumulative results of that of every part of matrix
resulted from the dragging of iron particles to the direction
of magnetic fields. When the content of iron particles was
less, the accumulative results were less which resulted in the
small MR effect. With the increase of iron particles, the MR
effect would improve accordingly. However, up to a certain
content of iron particles a network of iron particles formed
in the matrix. The modulus mainly depended on the network
and the potential of deformation under magnetic fields was
little with little content of IIR matrix and contributed little to
the change of modulus. So, the MR effect would decrease at
a certain content of iron particles.

Figure 2 shows the microstructure of MR elastomers
based on IIR with different contents of iron particles. It can
be seen that when the content of iron particles surpassed
15%, a network of iron particles had formed in the matrix.
To further prove the existence of the network of iron par-
ticles, the volume resistivity of MR elastomers with differ-
ent contents of iron particles was tested in Fig. 3. After 15
vol%, there was a rapid decrease of volume resistivity that
indicated the formation of a connected network throughout
the bulk of the rubber matrix. So, according to the assump-
tion mentioned earlier, the trend of MR effect changing with
the content of iron particles was understandable.
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Mechanical Properties

The mechanical properties including tensile strength,
hardness, and elasticity of MR elastomers with different

contents of iron particles were studied and compared with
the same content of carbon black. Figure 4 shows the
variation of tensile strength with different contents of fillers.

FIG. 1. MR effect of MR elastomers with different volume contents of
iron particles.

FIG. 2. Microstructure of MR elastomers with different contents of iron particles.

FIG. 3. Volume resistivity as a function of the volume content of iron
particles.
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It can be seen that the tensile strength of MR elastomers
increased with the increase of iron particles until the content
of 27%. However, their tensile strength was far smaller
compared with those with the same content of carbon black.
At 15 vol% of fillers, the tensile strength of IIR containing
carbon black was about four times of that of MR elastomers.
This might be due to the larger size of carbonyl iron parti-
cles and the weak interaction with the matrix for their polar
surface properties. The weak interaction with the matrix can
be seen from the microstructure in Fig. 2. The gaps between
iron particles and matrix can be seen clearly. So, it can be
concluded that if MR elastomers were to be put into appli-
cation, the reinforcement of the material should be consid-
ered.

Figure 5 shows the variation of elongation at break with
the content of filler. It can be seen that the elongation at
break of IIR filled with carbon black had a maximum at 15
vol%, but that of MR elastomers increased always with the

content of iron particles and the elongation was larger at the
same volume content. This further proved that the interac-
tion between iron particles and IIR matrix was weak and
could not prevent the movement of molecular chains.

Figure 6 shows the dependence of shore hardness on the
filler content. The curve reveals that the hardness increases
almost linearly with the content of fillers and the degree of
increase of hardness of MR elastomers is still smaller than
that of IIR containing carbon black.

Figure 7 shows the variation of elasticity with the content
of fillers. It can be seen that the elasticity of IIR is low and
it decreases with the content of fillers. And at the same
volume content, the value of elasticity of the MR elastomers
was almost the same with that of IIR elastomers containing
carbon black. It can be deduced that the elasticity mainly
depended on the content of IIR matrix and had less rela-
tionship with the size and properties of fillers.

FIG. 4. Tensile strength as a function of the content of CB (carbon black)
(1) and iron particles (2).

FIG. 5. Elongation at break as a function of the content of CB (1) and
iron particles (2).

FIG. 6. Shore A hardness as a function of the content of CB (1) and iron
particles (2).

FIG. 7. Elasticity as a function of content of CB (1) and iron particles (2).
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Thermal Properties

Thermal stability is an important factor which affects the
service life of rubber. The effect of iron particles on the
thermal properties of IIR was investigated by TG analysis
and the result can be seen in Fig. 8.

Figure 8 shows that the mass of pure iron particles was
kept constant within tested temperature in N2 atmosphere,
and so the mass loss of MR elastomers was entirely due to
the thermal degradation of IIR. The temperature at 5% mass
loss of IIR of MR elastomers with different contents of iron
particles and that of samples for comparison are listed in
Table 1. It can be seen that the temperature increases with
the sequence 5% CB � 5% Fe � 15% Fe, which indicates
that IIR containing iron particles had better thermal prop-
erties compared with IIR filled with carbon black and the
thermal stability was improved by increase of iron par-
ticles.

CONCLUSIONS

MR elastomers based on IIR rubber were prepared by the
common manufacturing procedure of rubber. The MR effect
varied with the content of iron particles and a maximum of
20% in MR effect at 15 vol% was obtained. The relationship
between MR effect and microstructure was discussed in
detail.

The mechanical properties including tensile strength,

hardness, and elasticity were also studied. The results
showed that tensile strength increased with the content of
iron particles; however, the tensile strength was far lower
than that of IIR filled with the same content of carbon black
due to their larger size and weak interaction with the matrix.
The hardness increased with the content of iron particles
and the elasticity decreased with the content of iron parti-
cles.

TGA measurements suggested that the thermal stability
of MR elastomers based on IIR can be improved by increas-
ing the content of iron particles.

ACKNOWLEDGMENTS

The authors would like to thank Dr. M. Gong and Mr. F.
Yu (Lab of Mechanical and Material Science of USTC) for
their attributions to the SEM photos.

REFERENCES

1. B.C. Munoz and M.R. Jolly, Performance of Plastics, Carl
Hanser Verlag, Munich, 553 (2001).

2. J.M. Ginder, M.E. Nichols, L.D. Elie, and S.M. Clark, Proc.
SPIE -Int. Soc. Opt. Eng., 3985, 418 (2000).

3. M. Farshad and M.L. Roux, Polym. Test., 24, 163 (2005).

4. T. Shiga, A. Okada, and T. Kurauchi, J. Appl. Polym. Sci., 58,
787 (1995).

5. M.R. Jolly, J.D. Carlson, B.C. Munoz, and T.A. Bullions, The
Magnetoviscoelastic response of elastomers composites con-
sisting of ferrous particles embedded in a polymer matrix,
J. Int. Mat. Sys. Struct., 7, 613 (1996).

6. G. Bossis, C. Abbo, S. Cutillas, and S.C. Lacis, in The
Proceeding of the 7th International Conference on ERF fluids
and MR Suspensions, Singapore, 18 (2000).

7. T. Mitsumata, K. Ikeda, J.P. Gong, Y. Osada, D. Szabo, and
M. Zrinyi, J. Appl. Phys., 85, 8451 (1999).

8. S.A. Demchuk and V.A. Kuz’min, J. Eng. Phys. Thermophys.,
75, 396 (2002).

9. J.M. Ginder, M.F. Nichols, L.D. Elie, and J.L. Tardiff, Proc.
SPIE-Int. Soc. Opt. Eng., 3675, 131 (1999).

10. Y. Shen, M.F. Golnaraghi, and G.R. Heppler, J. Int. Mat. Sys.
Struct., 15, 27 (2004).

11. G.Y. Zhou, Smart Mater. Struct., 12, 139 (2003).

12. M. Lokander and B. Stenberg, Polym. Test., 3, 245 (2002).

13. M. Lokander and B. Stenberg, Polym. Test., 22, 677 (2003).

14. Y. Hu, Y.L. Wang, X.L. Gong, X.Q. Gong, X.Z. Zhang, W.Q.
Jiang, P.Q. Zhang, and Z.Y. Chen, Polym. Test., 24, 324
(2005).

15. S. Fang, X.L. Gong, and X.Z. Zhang, J. Univ. Sci. Technol.
China, 34, 456 (2004).

FIG. 8. TG analysis of (a) pure Fe (b) MR elastomers with 15% vol Fe
(c) MR elastomers with 5% vol Fe (d) IIR filled with 5% vol CB.

TABLE 1. Temperature at 5% mass loss (°C).

Sample Temperature at 5% mass loss

5%CB 347.4
5%Fe 359.7
15% Fe 375.4
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