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Study of PDMS based magnetorheological elastomers

Abstract

The fabrication of conventional magnetorheological elastomers (MRE) is usually taken more than 1 day
because the conventional matrixes such as natural rubber and silicone rubber need long curing time to
become solid state. This study presents a rapid method for fabricating MRE within 90 minutes by using
poly(dimethylsiloxane) (PDMS) as the matrix thanks to the rapid curing of PDMS in high temperature. A
total of four PDMS based MRE samples were fabricated. Their mechanical and rheological properties
under both steady-state and dynamic loading conditions were tested with a parallel-plate rheometer.
Additionally, the microstructures of the PDMS based MREs were also observed by SEM and compared
with the silicone rubber based MRE.
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Abstract. The fabrication of conventional magnetorheological elastomers (MRE) is usually
taken more than 1 day because the conventional matrixes such as natural rubber and silicone
rubber need long curing time to become solid state. This study presents a rapid method for
fabricating MRE within 90 minutes by using poly(dimethylsiloxane) (PDMS) as the matrix
thanks to the rapid curing of PDMS in high temperature. A total of four PDMS based MRE
samples were fabricated. Their mechanical and rheological properties under both steady-state
and dynamic loading conditions were tested with a parallel-plate theometer. Additionally, the
microstructures of the PDMS based MREs were also observed by SEM and compared with the
silicone rubber based MRE.

1. Introduction

Magnetorheological elastomers (MREs) are a group of smart materials where polarized particles are
suspended in a non-magnetic solid or gel-like matrix [1]. These materials exhibit characteristics that
their moduli can be reversely controlled by an external magnetic field. MREs have recently found a
variety of applications, such as adaptive tuned vibration absorbers, dampers, sensors and so on [2-10].

MREs generally consist of three major components: magnetisable particles, matrix and additives.
Iron particles are generally used as the filler material to fabricate MREs. Both natural rubber and
silicone rubber are used as typical matrixes [11-12]. Additives are commonly used to adjust the
mechanical and chemical properties or electrical performance of MR fluids [13-14] as well as MR
elastomers [15]. Silicone oil is an additive to increase the gaps between the matrix molecules and to
decrease the gaps between the conglutination of molecules. Apart from increasing the plasticity and
fluidity of the matrix, the additives can average the distribution of internal stress in the materials,
which makes them ideal for fabricating MRE materials [16].

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
change its ductility. The silicon oil is selected on the basis of preliminary studies with different
elastomers.

PDMS is one example of silicon rubber. The PDMS has a low surface tension and is capable of
wetting most surfaces. The stability and chemical neutrality of the system also enables the adhesive to
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bond to the metals [17]. PDMS is the most widely used silicon-based organic polymer, and is
particularly known for its unique properties such as curing at low temperatures, rapid curing at high
temperature, deformation reversibility and, surface chemistry controllable by reasonably well-
developed techniques. PDMS is optically clear, and, in general, is considered to be inert, non-toxic and
non-flammable [18-20]. Previous studies have focused on the structural properties of PDMS [21] and
the kinetic properties under crystallization from solution [22].

In this investigation, PDMS is used as the matrix of MREs and studied the mechanical properties of
the new MREs. Carbonyl iron particles can easily blend into PDMS because of its liquid initial state,
meanwhile, the rapid curing of PMDS under certain temperature provides a quick method to fabricate
MRE:s.

2. Experimental

2.1. Materials and fabrication

The base and curing agent of PDMS, type Sylgard 184 (Dow Corning Pty. LTD) at weight ratio 10:1
were firstly mixed evenly to be used as the carrying matrix, and then added to the carbonyl iron
particles, type C3518 (Sigma-Aldrich Pty. LTD) and stirred sufficiently. The iron particles’ diameter
is between 3 pm and 5 um at normal distribution. The density of iron particles and PMDS are 7.86
g/em’ and 1.1 g/em’, respectively. The final mixtures were placed in a vacuum chamber to eliminate
bubbles in 30 min and were placed between two pieces of plastic paper and pressed to be membranes.
Some small cylinders with 1 mm thickness were used to ensure the thickness of MREs is 1 mm. Then
the mixture was left for curing in an oven at 100°C for 35 minutes and then cut by a punch to disks
with 20 mm diameter. The total time to fabricate the PDMS was no more than 100 min, which saves
lot of time than the conventional MREs made of natural rubber or silicone rubber that need more than
24 h to curing.

X1,200 10um

X1,200 10um

20kV  X1,200 Tpm- 50 52 SEI
Figure 1. Microstructure of PDMS MREs (a) iron 60%, (b) iron 70%, (¢) iron 80%, (d)
iron 90%.
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In this study, 4 PDMS MRE samples were fabricated whose iron particles’ weight fraction (iron wt.
%) were 60%, 70%, 80% and 90%. All MRE samples were isotropic.

2.2. Microstructure observation

LV-SEM (JSM 6490LV SEM) was used to observe the microstructure of PDMS MREs. Figure 1
shows the surface imaging for all MRE samples’ microstructures and indicates that the carbonyl iron
particles disperse randomly in the PDMS matrix due to the isotropy of all samples. The sample having
higher iron weight fraction shows more iron particles in the same area.

2.3. Rheological measurement device

The shear-strain dependent rheology of the MREs was measured by a parallel-plate rheometer (MCR
301, Anton Paar, Germany). A Magneto Rheological Device (MRD 180, Anton Paar, Germany) was
used to generate magnetic filed in the test area and a temperature control device (Viscotherm VT2,
Anton Paar, Germany) was used to control the measuring sample to be at 25 °C. Steady-state shear
strain sweeps, dynamic strain sweeps, dynamic frequency sweeps and magnetic field intensity sweeps
were carried out using the PP-20 measuring geometry (20 mm diameter) with a gap of 1 mm. The
testing procedure for each measurement is illustrated below. Initially, the sample is sheared at a
constant shear rate of 100 s at zero field for half a minute to distribute the particles uniformly. Next,
the desired magnetic field is applied and maintained for more than 30 seconds so that the testing
sample forms a static structure. Then, steady shear, dynamic oscillatory shear modes and, magnetic
field intensity sweeps were employed to measure rheological properties of the samples under steady
and dynamic loading conditions.

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.

3. Results and discussion

3.1. Steady state
Under rotary shear the shear stress and strain of MREs under fields varying from 0~440 mT were

measured at 25°C and 5 rad/s angular frequency. The shear rate range is from 0.0005 to 5 s™'. The MR
effect was evaluated by measuring the shear strain—stress curve of the sample with and without a
magnetic field applied. Figure 2a—d shows 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.

As can be seen in the figure 2a-d, 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 exhibit obvious MR effects. In figure 2d, it can be seen that the curve at 0 mT, which is
the zero-field modulus of the 90 wt.% sample, shows a bigger slop of stress-strain curve compared
with the lower graphite concentration samples, which means 90 wt.% sample has a higher zero-field
modulus. When the strain is above the limitation, the shear stress reaches a saturation (maximum
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, they influence the static friction between the MRE sample and the upper plate, which
consequently result in overshoots, as shown in figures 2a-d.

Also from figure 2a-d, the shear stress shows a linear relationship with the shear strain when the
strain is within a range. This means that the MRE acts with linear viscoelastic properties when the
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strain is below a limitation. Table 1 summarizes the linear ranges of all samples at various magnetic
field intensities.
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Figure 2. Strain-stress curve versus magnetic field (a) iron 60%, (b) iron 70%, (c) iron 80%,
and (d) iron 90%.

Table 1. Linear range of all the samples at different magnetic fields.

Linear range

Samples

OmT 110mT  220mT  330mT  440mT
60% iron 150 127 127 123 120
70% iron 80 37 33 31 30
80% iron 40 10 9 9 8
90% iron 0.5 0.4 0.35 0.35 0.35

When the carbonyl iron weight fraction increases from 60% to 90%, the range of linearity
decreases from 120%-150% to 0.35%-0.5%. The higher iron particles sample has the lower linear
range. Meanwhile, the increasing magnetic field also contributes to the decreasing of the linear range.

3.2. Dynamic tests result

In order to obtain the dynamic mechanical behaviour of MRE, both strain amplitude sweep tests and
angular frequency 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 MREs. Same as the steady
state tests, five different magnetic field intensities, 0, 110, 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.
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3.2.1. Strain amplitude sweep. In the strain sweep test, the storage and loss moduli were tested by
varying strain from 0.1% to 100% at different magnetic fields and room temperature. Figure 3a-d
shows the changing of storage modulus at the strain amplitude sweep.
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Figure 3. Storage modulus versus strain amplitude sweep (a) iron 60%, (b) iron 70%, (c) iron
80%, and (d) iron 90%.

In figure 3a-d, the overall trend of storage modulus is decreasing with the strain amplitude. It goes
down smoothly within a critical shear strain and begins to drop significantly over the critical value and
to go crossing with loss modulus, with which we can say that within the critical shear strain, the
storage modulus shows approximately a linear relationship with the shear strain. Take sample
containing 80% iron as an example, within 10% strain, its storage modulus versus strain as linear.
These linear ranges are quite similar to the data in Table 1.

3.2.2. Angular frequency sweep. In this test, the strain is set at 1%. According to the experimental
equipments, the angular frequency was varied from 1 to 100 s™ at different magnetic fields of 0, 110,
220, 330 and 440 mT. The figure 4a-d show the storage and loss moduli curves of the MRE samples
under frequency sweep and at 25°C.
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Figure 4. Storage and loss moduli versus angular frequency sweep (a) iron 60%, (b) iron 70%,
(c) iron 80%, and (d) iron 90%.

From the figures above, we can see that in the log—log scale, the storage and loss moduli of all the
samples are both increasing linearly with the growth of 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.
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Figure 5. Storage modulus vs. angular frequency sweep (a) 0 mT and (b) 440 mT.

The effect of the iron weight fraction on the MR effect was shown in figure 5a-d. It can be seen

from these figures that 60% iron sample has the lowest storage modulus, but the other three samples
show very similar storage modulus at both low and high magnetic fields. This means that in PDMS
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matrix, iron particles contribute to the MRE samples’ initial stiffness before a critical weight fraction
value between 60% and 70%, after which the stiffness of PMDS dominates in MREs’ initial stiffness.

3.3. Magnetic field intensity sweep

The strain and angular frequency are set at 1% and 1 rad/s respectively, in this test. Magnetic field
intensity is increasing from 0 mT to 440 mT linearly. This test is mainly used to figure out the relative
MR effect (G'max/G'o) of each sample. G’y denotes the MRE samples’ zero-field storage modulus, G'jax
denotes the saturated field-induced modulus, and G',,,x/G’y denotes the relative MR effect. Figure 6a-b
shows the storage modulus curves of the MRE samples versus magnetic field intensity at 25°C.
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Figure 6. Storage and loss moduli vs. magnetic field intensity of different samples (a) Storage
modulus and (b) Loss modulus.

From figure 6a we can see that the relative MR effect is 1.27, 1.30, 1.74 and 1.81 for 60%, 70%,
80% and 90% samples, respectively. The sample with higher iron particles concentration has higher
relative MR effect. Also figure 6a shows the similar value of 70%, 80% and 90% sample, which
proves that the mechanical properties of PMDS dominates in MREs’ stiffness.

4. Conclusion

Four isotropic PDMS based MRE sample with 60%-90% iron particles weight fractions were
fabricated in this study. The fabrication time for PDMS MREs is less than 100 min which is much
shorter than the time needed for conventional MREs based on natural rubber or silicone rubber. LV
SEM was used to observe their microstructures. This observation shows that iron particles disperse
randomly in the isotropic samples.

The magnetic field intensity sweep, steady state and dynamic tests such as strain amplitude sweep
and angular frequency sweep were used to test the magnetorheology of PDMS MREs. Because of the
strong mechanical properties of PDMS, the storage and loss moduli are both changed less than the
conventional MREs. The steady state tests showed that the increase of iron particles in the sample
would diminish the viscoelastic linear range of MREs. The dynamic and magnetic field intensity
sweep test proved that the samples with higher iron weight fraction show higher initial storage and
loss moduli and also higher MR effects.
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