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The microstructures and viscoelastic properties of anisotropic
magnetorheological elastomers are investigated. The measurement results
show that their mechanical properties are greatly dependent on the magnetic
flux density applied during preparation. A finite-column model is proposed to
describe the relationships between the microstructures and the viscoelastic
properties. The simulation results agree well with the experimental results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Magnetorheological elastomers (MREs) are a class of
smart materials whose mechanical properties (such as shear
modulus) can be controlled by an external magnetic field [1-5].
This is achieved via adding the micro-sized magnetizable
particles into a matrix. By curing the mixture in the presence of
a magnetic field, field-induced interactions between particles
promote them to form anisotropic ordered pre-configurations
such as chains or columns aligned along the field direction.
These structures help to improve the field-dependence of
MRESs’ mechanical properties when the MREs are exposed to
an applied magnetic field. Because of these special properties,
MREs have attracted increasing attention and have recently
gained broad application prospects. The field-dependent
mechanical properties of the MREs have been investigated
experimentally [6-8]. Several MRE based devices have been
reported [3, 9].

Some theoretical models have also been developed to
describe the behavior of MREs. Jolly et al [10] proposed
a dipole model based on the magnetic interactions between
two adjacent particles. Davis [11] calculated the field-induced
shear modulus by assuming that the particles form an infinite
chain in the matrix. Zhu et al [12] considered the interaction
between particle chains in MREs. These models have played

important roles in practical applications. However, most
of these researches have assumed that perfect infinite chain
structures are formed in MREs, which is not in good agreement
with experimental results.

This paper is aimed at finding the determining factor in
the formation of ordered microstructures in anisotropic MREs
and the relation between their microstructures and viscoelastic
properties. A finite-column model is proposed to explain the
experimental results.

2. Experimental details

2.1. Preparation of MRE materials

A group of MRE:s are prepared by curing a mixture of carbonyl
iron particles, natural rubber, and other additives under external
fields with magnetic flux densities of By = 0, 200, 400, 600,
800, and 1000 mT respectively. In order to observe the MREs’
microstructures clearly, a low volume fraction of iron particles
is used. To this end, the volume fractions of iron particles for
all samples are 11%. The carbonyl iron particles are provided
by BASF (German) and have an average diameter of 3.5 pm.
The natural rubber, plasticizer, and other additives are provided
by Hefei Wangyou Rubber Company of China.
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Figure 1. SEM images with 200 times magnification of MREs
prepared under magnetic flux density By of (a) 0 mT, (b) 200 mT,
(c) 400 mT, (d) 600 mT, (e) 800 mT, (f) 1000 mT.

The fabrication of MREs consists of three major
steps: mixing, forming pre-configuration and sulfuration.
The mixture is processed with conventional rubber-mixing
techniques. A Double-Roll Mill (Taihu Rubber Machinery.
Inc. China, Model XK-160) is used to mix the crosslinkers, the
processing aids, the carbonyl iron particles, and the plasticizer
with the natural rubber homogeneously. The mixture is then
compression-molded into a mold in a self-modified magnet
heat coupled device for pre-configuration and sulfuration.
During the pre-configuration stage, the heating system and the
magnetic field are both turned on. The particles are magnetized
and then form anisotropic structures. 30 min later, shutting
down the magnetic field, the temperature is raised to 153 °C.
Under these conditions, the sample is sulfurated for 15 min.
Then the MRE sample is prepared.

2.2. Observation of microstructure

To observe the microstructure, samples are cut into pieces
(with a surface area of 3 mm x 3 mm). Each piece’s surface
is coated with a thin layer of gold and then placed into an
environmental scanning electronic microscope (SEM, Philip of
Holland, Model of XT30 ESEM-MP). The microstructures of
samples are observed at an accelerating voltage of 20 kV.

2.3. Measurement of MREs’ viscoelastic property

A dynamic mechanical analyser (DMA) is the common
equipment for dynamic testing on viscoelastic materials.
To measure the MREs’ viscoelastic properties under an
external magnetic field, the DMA (Triton Technology Ltd UK,
Model Tritec 2000B) is modified by introducing a self-made
electromagnet which can generate a variable magnetic flux
density up to 1 T. This system applies a fixed oscillatory strain
to the specimen and measures the amplitude and phase of the
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Figure 2. SEM images with 1600 times magnification of MREs
prepared under magnetic flux density B of (a) 0 mT, (b) 200 mT,
(c) 400 mT, (d) 600 mT, (e) 800 mT, (f) 1000 mT.

output force. It can measure the MREs’ shear modulus and
loss factor at different magnetic fields, different frequencies,
and different dynamic stain amplitudes respectively.

In the experiments, the range of the external magnetic field
is 0-600 mT, the driving frequency is fixed as 1 Hz, and the
dynamic strain amplitude is set as 0.3%. The experiments are
carried out at room temperature.

3. Results

3.1. Microstructure

Some MREs are prepared under different magnetic flux
densities of By, = 0, 200, 400, 600, 800, and 1000 mT
respectively. Figures 1 and 2 show the SEM images of these
MRESs. Figures 1 and 2 have magnifications of 200 and 1600
times respectively. The white spots are the iron particles
and the black background is the matrix. In images (a), the
particles show random distribution. The corresponding MRE
is prepared without magnetic field, so there is no magnetic
interaction between particles in preparation. The effect of
Brownian motion makes the particles arrange themselves in
a random distribution. In images (b), the particles form
short and thin columns, and the space between the columns
is small. From images (b)-(f), with an increment of By,
the thickness of the columns and the space between them are
increased. It can be found that the configuration of particles
is determined by the magnetic flux density applied during the
preparation. During preparation, when the magnetic field is
applied, the particles are magnetized and attracted to each
other. They begin to move and form the column structures
after the magnetic force overcomes the matrix resistance. With
the increase of B, the interaction between the particles is
increased. More particles aggregate with each other, so the
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columns become longer and thicker. This leads to an increase
in the volume of the columns, so the space between the
columns is increased accordingly.

3.2. Viscoelastic properties

When MREs are exposed to an external magnetic field, their
shear modulus can be divided into two parts: one is the
natural shear modulus (G, initial modulus without field) and
the other is the field-induced modulus (AG, caused by the
external magnetic field). Here, the natural shear modulus of
each sample is about 1.3 MPa. There is little influence of
the configuration of particles on the natural shear modulus
because the volume fraction of iron particles is on a low level.
Figure 3 shows the field-induced shear modulus of the MREs
prepared in magnetic flux densities By of 0, 200, 400, 600,
800, 1000 mT. The field-induced shear modulus of each sample
shows an increasing trend with increased magnetic flux density
applied. This is because the increment of shear modulus comes
from the attraction of magnetized particles. The stronger the
applied magnetic field is, the stronger the attraction is, and the
harder the MRE is. After certain magnetic fields, the particles
are nearly saturated, and the actions between magnetizable
particles cannot vary with the applied magnetic flux density.
The field-induced modulus thus reaches the maximum (A Gg,
the saturated field-induced modulus). It can also be seen
from figure 3 that the modulus of the 200 mT sample is
still increasing under the high field. It implies that the high
field has some influence on the degree of order of particles
in that sample. The particles tend to form a more ordered
configuration which leads to an increase of the saturated field-
induced modulus of the 200 mT sample. By comparing results
of these six samples, it is also found that the sample prepared
under a strong magnetic flux density By, has a high field-
induced modulus. For example, the saturated field-induced
modulus of MRE prepared in By of 1000 mT is 0.36 MPa
while another prepared at a zero-field is only 0.03 MPa.

4. A finite-column model

It is shown in figures 1 and 2 that for a certain MRE, the
particle columns have a finite length and the same thickness,
and the spaces between adjacent columns are also nearly the

Figure 4. A sketch of MREs’ finite-column model. MREs are
prepared under (a), (b) zero field, (c), (d) low field and (e), () strong
field respectively. (a), (c), and (e) are viewed in a direction parallel to
the particle column, and (b), (d), and (f) are viewed in a direction
perpendicular to the particle column.

same. A physical model, shown in figure 4, is proposed to
describe these experimental results. It sketches the structures
of MREs prepared under zero field, low field, and strong field,
respectively. Images (a), (c), and (e) are viewed in a direction
parallel to the particle column, and (b), (d), and (f) are in a
direction perpendicular to the particle column. The circles
represent the particles and the white background represents
the matrix. In these images, the columns’ thickness (nd, n
is the number of the aggregated particles, d is the particles’
diameter), the columns’ total length (3" k;), and the spaces
between the columns (m) are all increased with the magnetic
field applied during preparation. Based on figures 1 and 2,
the following three points are assumed. Firstly, the MRE can
be divided into several blocks with the same volume (by the
dimensions of m x m x L). Secondly, several quadrate columns
with the same thickness (nd) and random length are contained
in each block. Thirdly, particles in all the blocks have the same
volume per cent.

From the above presumption, it is known that particles in
each block have the same volume per cent as that in the whole
MRE (¢). So in each block, the relationship between these
parameters can be written as:

D ki/L =6¢/[x(nd/m)’] 8]

where the numerical values of m/nd can be obtained from the
SEM images (shown in figures 1 and 2). But in each SEM
image, the thickness of the columns and the spaces between
them are not uniform. So the law of averages is used. We
draw three lines (not shown in the images) to divide each
image in figures 1 and 2 into four equal parts. These lines
thread the matrix and are perpendicular to the column axes.
By adding the length of particle-columns across the three lines
in the corresponding images in figures 1 and 2, the value of
> nd is obtained. Using the same method, by adding the
length of the matrix across the three lines, the value of ) m
is obtained. Then the average value of nd/m is accounted for

3



Q2

L Chen et al

Table 1. The average values of nd/m and Y_ k; /L of MREs
prepared in different magnetic fields.

By (mT)
0 200 400 600 800 1000
nd/m 084 0.68 0.62 059 056 0.55
Xk;/L 029 045 055 0.60 0.67 0.71

as Y nd/> m. The average values of nd/m and > k;/L of
MRES prepared in different magnetic fields are list in table 1.

The results of ) k; /L show a rising trend with By which
agreed well with that indicated in figures 1 and 2. If the length
of the columns is infinite, Y k;/L will approach 1. In this
case, a very strong magnetic field must be applied during the
preparation.

When a shear strain is applied on the electrorheological
fluids (ERF), the ERF’s dielectric is changed which leads to
an electrical field-induced shear stress. The electrical field-
induced shear stress can be expressed as [13]

| 0Kt ,
- - E 2
=780 o @

where E is the applied electrical field strength, K.g is the
effective dielectric constant of the ERF in the direction of
the applied field. According to the electromagnetism [14],
the electricity and magnetism always have the corresponding
physical law. So a similar phenomenon will be happened
in the MRE. The MRE’s magnetic susceptibility is changed
which leads to a magnetic field-induced shear stress. the
corresponding magnetic field-induced shear stress can be
expressed as

1 Xz 12
= —— H 3
T 2“’0 90 0 ( )
where
Xzz = X| cos’ 0 + XL sin® 0 4

and H) is the applied magnetic field strength, . is the MRE’s
effective magnetic susceptibility in the direction of the applied
field, 6 is the shear strain. x. can be analysed into xj
and x, which are parallel and perpendicular to the particle
column respectively. The effective magnetic permeability of
the composite can be predicted by Wiener bounds [15, 16]; if
the elements of composites are in a series arrangement, then
the effective magnetic permeability will reach a minimum,
but when the elements of the composites are in a parallel
connection, the effective magnetic permeability will reach a
maximum. They can be expressed as:

Meff,max = @l + (I— (b),u«ﬁ (5)

Meff,min = Mattp/ldng + (1 — d)uugl (6)

where 11, and g are the relative permeabilities of elements of
o and B respectively, and ¢ is the volume fraction of element
«. In our model, each block has the same magnetic property
as the whole MRE sample. So the permeability of one block
(shown in figure 5(a)) is investigated next.

The block can be regarded as a combination of some
particle-units and a matrix which is assembled in a series
arrangement and parallel connection repeated several times.
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Figure 5. Sketch of the (a) block, (b) basic particle-unit, and
(c) section parallel to the axes of the particle column in the block.

il

The basic particle-unit (shown in figure 5(b)) is a cube
inscribed by a particle. This inscribed figure is not in an
ordered arrangement (such as series and parallel), but is an
isotropic structure. So its effective magnetic permeability 1,
is not suitable to be calculated by the Wiener bound as in
equations (5) and (6), and a more general Maxwell Garnett
mixing rule [17] is used:

Hpu = MUm + zfﬂm(ﬂp - Mm)/[:u'p + Um — f(,up — Um)]

(N
where (r, and p, are the effective magnetic permeability of the
matrix and particles respectively, and f is a particle’s volume
percentage in a cube particle-unit. In this particle-unit, we have
f = (4/3)mR?*/(2R)? = m/6. Figure 5(c) shows the section
parallel to the axes of the particle column in the block. Region
V, is the particle columns, and regions V, and V3 are the
surrounding matrix. So we can obtain the effective magnetic
permeability of the block by the Wiener bound. In the direction
parallel to the particle column, regions V; and V, are on the
parallel connection, and the permeability can be expressed by:

12 = o, 4o, = (0d /M)y + [1 = (nd /m)* T, (8)

Regions Vi, and V3 are in a series arrangement, so the
permeability of the block parallel to the column axes can be
expressed by:

K= M2k /[(Z ki/L) o + (1 — Zki/L) ulz] o

Using the same methods, the permeability of the block
perpendicular to the column axes can be expressed by:

o= (/L) e+ (1= D ki/L) pm (10)

where
fa = (0 m)jay + (1 = nd fm)py an

where
= fputn /[ )t + (1= nd ). (12)
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Figure 6. Saturated field-induced shear modulus of MREs prepared
under different magnetic flux densities.

From equations (1) to (11), the field-induced shear modulus
can be calculated as:

G=1/0=u — /,LJ_)H()z sin® cos 6/6. (13)

5. Discussions

In the finite-column model, there are three undetermined
parameters of m/nd, Hy, and 6 respectively. Therefore, the
model can calculate the field-induced shear modulus of MREs
prepared in different fields and performed on different external
fields and strains.

In our experiment, the average values of nd/m of MREs
prepared in different magnetic fields are list in table 1. 6
is set at 0.003 in the dynamic testing. When the field-
induced modulus reaches a maximum (AG;), the external
magnetic flux density By is 600 mT. The corresponding
external magnetic field strength Hy is 0.48 MA m~". Then w,
and upy, are about 1000 and 1 respectively. The saturated field-
induced shear modulus is calculated by introducing the above
parameters. The calculated results are shown and compared
to the experimental results in figure 6. We can see that the two
results are consistent with each other. The finite-column model
seems suitable to calculate the field-induced shear modulus of
the MREs with different microstructures.

Some theoretical models have been developed to describe
the behavior of MREs. Jolly et al [10] set up a dipole model
based on the magnetic interactions between two adjacent
particles.  The saturated field-induced shear modulus is
deduced as:

Gy =¢J]/2upioh’.

Davis [11] assumed that the particles form an infinite chain
in the matrix. The saturated field-induced shear modulus is
calculated by

(14)

Gp = 3puoM?2d®/5h>. (15)

In the two models above, / is the space between two adjacent
particles in a chain. If A reaches the minimal value, it will
be equal to the diameter of the particle (d). Then the shear
modulus will reach the maximum. Inducing the value of
constants ¢ and d in this paper into equations (14) and (15), we
can find that G; = 0.11 MPa and Gp = 0.19 MPa. Compared

to the experimental data in figure 6, the results of these two
models are close to the data of MREs prepared in low fields.
In fact, the particles in MREs prepared in low fields form a
chain structure, while these models are both based on the chain
structure assumption. So these models are not suitable for
MRESs prepared in high fields or with the column structure.
However, in order to get the high MR effect, the MREs are
often prepared in high fields. In this case, the finite-column
model is important for predicting the performance of MREs
because of its wide applicability.

In the semi-empirical equations developed by Jolly et al
and Davis, they both contain an undetermined parameter /.
Actually, the particles in MREs hardly form the head-to-tail
structure. Therefore, the value of h is difficult to confirm
even when the SEM images are obtained. In the finite-column
model, the undetermined parameter nd /m is easily confirmed
by the law of averages. This method can make the model
approach a satisfactory precision.

6. Conclusions

A group of MREs are prepared in different magnetic fields.
Their microstructures are observed by an environmental
scanning electronic microscope (SEM). The results show that
the microstructures are greatly affected by the magnetic flux
density during the preparation (Bpe). With the increment
of By, the length and thickness of the particle columns are
increased. The MRESs’ viscoelastic properties are also tested by
a mechanical-magnetic coupling dynamic mechanical analyser
(DMA). The results show that the field-dependence of MREs’
viscoelastic properties increase with the applied magnetic flux
densities during testing. The increment is also determined by
Bp.. MRESs prepared under high magnetic fields have a large
field-induced shear modulus and high MR effect.

A finite-column model is proposed to calculate the field-
induced shear modulus from the observation of microstruc-
tures. The semi-empirical simulation shows that it agrees well
with the experimental results. It is suitable for MREs which
are prepared in different magnetic fields and with different mi-
crostructures.
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