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Abstract. In this paper, magnetorheological elastomer (MRE) is fabricated with carbonyl iron
particle mixed with silicon rubber as the matrix. Sandwiched beam is fabricated from the MRE
sandwiched between two aluminum layers. Forced vibrations of the MRE cored sandwiched beam
have been studied. An experimental set up is fabricated to investigate the vibration responses of
MRE cored sandwich beam with and without magnetic field. The obtained experimental results
reveal that the natural frequencies and damping ratios of the MRE cored sandwiched beams are
significantly influenced by MRE and magnetic field. The stiffness and damping properties of the
beam change due to the change in rheological properties of the MRE under the magnetic field.
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1. Introduction

Magnetorheological (MR) materials are smart materials whose rheological properties such as
viscosity and shear modulus response rapidly to the external stimulus i.e. the magnetic field
intensities. Magnetorheological elastomers (MREs) typically consist of magnetically polarisable
particles in a non-magnetic elastomer such as synthetic or natural rubber. Particles inside the
non-magnetic elastomer can be distributed homogeneously or may be combined to form a chain
like columnar structures under the application of steady state magnetic field [1-3]. MREs are being
used in semi-active or active vibration devices for different applications. Some of the devices are
bushing withvariable stiffness suspension, tunable spring elements, adaptive tuned vibration
absorber, tunable automotive mounts and structures [4-6].

Various factors such as volume percentage, particle size, elastomer matrices as well as the
structural alignment of the particles under a magnetic field influence the rheological properties of
the MRE [7-9]. Maximum magnetorheological effect on the elastomers can be obtained when the
magnetic particle fill rate is around 30 % of the entire volume [8, 9]. Various matrix materials
such as natural rubber and thermoplastic elastomers and also new methods have been used to
fabricate new MREs [10, 11]. To enhance the mechanical performance of the MREs, Chen et al.
[10] used the carbon black along with iron particles in the non-magnetic elastomer.

Mostly, the works on mechanical performances of isotropic MREs considers the combinations
of different synthetic and natural rubbers and iron particles [12-14]. Zajac et al. [12] fabricated the
isotropic magnetorheological elastomers considering iron powder and the thermoplastic matrix as
the filling materials. The experimentally investigation of Rao et al. [13] shows the functional
behavior of magnetorheological gels under static and dynamic shear conditions in magnetic field
environment. Lu et al. [14] used the carbonyl iron (CI) particles with a poly (styrene-ethylene-
butylene-styrene) tri-block co-polymer which is used as the thermoplastic rubber matrix to
fabricate a novel smart thermoplastic magnetorheological elastomer composite.

For last few decades the MR materials have been used as core materials to obtain controllable
properties of sandwich beams under magnetic field [15-17]. It was shown that the vibration of a
sandwich beam can be minimized by embedding MR materials in the sandwich beam. In recent
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years, the development of MRE embedded sandwich beams was initiated. The flexural rigidities
of MRE cored sandwich beams are controlled with magnetic field due to field dependent shear
modulus of the MRE core. The dynamic flexural rigidity change of MRE embedded soft cored
sandwiched beams with conductive and nonconductive skins under the application of magnetic
field based on higher order theory was investigated by Zhou and Wang [18, 19]. Wei et al. [20]
experimentally obtained the natural frequencies and responses of the MRE cored sandwich beam
with magnetic field and excitation frequencies. The vibration characteristics of an MRE cored
sandwich beam subjected to non-homogeneous magnetic field were presented experimentally by
Hu et al. [21]. It was shown that the sandwiched beam has the capability to left shift the first
natural frequency when the magnetic field is increased in the activated regions. The dynamic
analysis of an MRE embedded viscoelastic cored sandwich beam subjected to periodic axial load
for various resonance cases have been investigated by Nayak et al. [22, 23]. However, it is
observed that the research on the experimental work of the effect of various system parameters of
sandwich beam such as skin thickness, core thickness and isotropic MREs with and without carbon
black on dynamic characteristics is still lacking.

In this work, the silicon rubber based isotropic MRE is fabricated. The MRE embedded
sandwich beams with aluminum skins have been fabricated. A set up has been made incorporating
permanent magnetic field with provision for varying the air gap between the magnet and specimen
so as to change the magnetic field. The forced vibration analysis of the MRE embedded sandwich
beam is done to study the dynamic behaviors.

2. Preparation of MRE and sandwich beams

To fabricate isotropic MREs, three material components, including particles, matrix and
additives are used. The particles used are carbonyl iron powder (BASF, Germany) obtained from
supplier Vimal Intertrade Private Limited. The particle is fine, hard powder (mechanically) with
size distributions viz. d10 = 1.5 pm, d50 =5 pum and d90 = 10 pm. The vulcanized (RTV) silicone
(at room temperature), catalyst (CAT-13219, Shin-Etsu Chemical Co. Ltd.) are supplied by
Swastika Constant Care, Kolkata.

During fabrication of MRE, first the carbonyl iron powders are homogeneously mixed along
with RTV and catalyst. Then the mixture is stirred for approximately 45 minutes till even
dispersion is achieved. The mixture is kept in the vacuum chamber to remove air bubbles. Then
the mixture is poured into aluminum moulds. After the air bubbles are completely removed from
the mixture, the mixture is then poured into the aluminum mould. The RTV silicone is mixed to
liquid catalyst for which the ratio is 10:1. The compositions of the MRE sample are presented in
Table 1.

Table 1. The composition of each MRE prepared
Composition (V %)
Carbonyl iron powder | RTV silicone and catalyst mixture
40 60

The sandwich beam is fabricated with aluminum skins and MRE core. The thickness of
fabricated MRE used in the sandwich beam is 1.8 mm. Also, the thickness of aluminum skin used
for the skin is 1.28 mm. Due to low damping characteristics and relatively high stiffness of the
aluminum compared to that of MRE, the aluminum is chosen for the skin material. The length and
width of the sandwich beams are 245 mm and 20 mm respectively.

3. Experimentation

To study the forced vibration of the sandwich beam with and without magnetic field an
experimental set up is fabricated as shown in Fig. 1. In this experiment, the MRE sandwich beam
was clamped to a fixed platform using a cantilever configuration. The experimental set up is
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integrated with permanent magnets, sensor, shaker, PC driven ACE dynamic signal analyzer and
signal analysis equipments. The instruments used in the experiment include Bruel and Kjaer made
PULSE Lab Shop, Rotational Laser Vibrometer, shaker and amplifier. A magnetic field is
generated by permanent magnets over the test sandwich beam. The magnetic field is applied in
the vertical direction i.e. perpendicular to the surface of the skins. In this experiment the maximum
field intensity generated by the permanent magnets is 1000 G. Changing the air gap between the
sandwich beam and the permanent magnets varies the magnetic field. The tip of the shaker is
connected to the sandwich beam at the actuation location of 80 mm from the fixed end of the beam.
The laser point is located at the tip of the sandwich beam.

The shaker is driven by the voltage signal from the power amplifier. This voltage signal is
generated by acquisition system output through PULSE Lab Shop. The laser sensor is used to
measure vibration displacement at a single location, and this sensor could sense the velocity from
0 to 200 mm/s/V. The software, PULSE Lab Shop is used for obtaining and analyzing the acquired
analogue signals from laser sensor through data acquisition. The Tesla gauge provided by
Scientific Equipment and Services is used to measure the amplitude of strength of magnetic field.

To excite the sandwich beam, different options were employed such as impact hammer and
shaker. In each case, even though the applied forces are different, and the sandwich beam vibrated
at different amplitudes, the beam vibrated at the same natural frequency. In a modal test the shaker
is used to excite the sandwich beam.

The experimental procedure is summarized as follows; first the free vibration of the sandwich
beam was studied. Then the forced vibration was studied. The PULSE Lab Shop is set using a
swept sine actuation at a range of 0-300 Hz with 1 Hz increment. The voltage amplitude of the
excitation signal is set at 200 mV. The signal output from the computer is send to the shaker
through the amplifier. Shaker provides the external vibration over the test sandwich beam. The
laser sensor acquires the vibration data for the test sandwich beam, which are then sent to the
computer through controller and data acquisition system.

— Laser senser

— Magnet holder
1

Shaker

Tesla gauge
Fig. 1. Experimental set-up

The input signal is processed in PULSE Lab Shop software in the computer. The outputs viz.
natural frequencies, vibration response and vibration amplitudes are presented in the results for
analysis.

4. Results and discussion

The response of the vibration frequency of a structure subjected to an external dynamic force
depends on the distribution of mass as well as the stiffness of structural elements. Likewise, the
vibration magnitude is controlled by the damping behaviors of structure. Hence, the vibration
behaviors of the magnetorheological elastomer embedded sandwich beams under different
magnetic field amplitudes were studied with the help of their resonant natural frequencies.

Fig. 2 shows the vibration response of the sandwich beam with MRE core for the first three
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modes. In this test, the distances between the magnetic poles are varied to apply the required
magnetic field intensities. The frequencies obtained from the experiment are presented in the
Tables 2. It is observed that the modal frequencies of the sandwiched-beam increased as the
magnetic field are increased. This shows that the trend of a frequency is towards right shift.
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Fig. 2. Vibration responses of MRE cored sandwiched-beam (1.28 mm skin and 1.8 mm skin thickness)
under different magnetic field: a) mode 1, b) mode 2, ¢) mode 3

The frequencies of sandwich beam with different MRE core are presented in Table 2. It can
be observed that the modal frequencies of sandwich beam increase with an increase in magnetic
field. It is due to the rise in shear modulus of the MRE in magnetic field condition.

Table 2. Modal frequencies obtained from experiment and its comparison with the frequencies obtained
from analytical and FE methods for the initial three modes of a sandwiched-beam under different
magnetic field. (Beam of 1.28 mm skin and 1.8 mm core and MRE without carbon black)

0G 600 G 1000 G
Mode 1 | Mode2 | Mode 3 | Mode 1 | Mode2 | Mode 3 | Mode 1 | Mode 2 | Mode 3
20.50 98.00 | 261.00 | 22.00 102.00 | 265.00 | 23.00 105.00 | 269.00

Fig. 3 shows the time responses for forced vibration of MRE cored sandwiched-beam to an
impulse applied at free end in the absence and presence of a magnetic field (600 G).

4

Velocity (mm/s)
w

Velocity (mm/s)

5
4
3
2
1
0
1

)

0.5 1 1.5 2
Time (s) Time (s)
a) b)
Fig. 3. Vibration responses of MRE (without carbon black) cored sandwich beam (1.28 mm skin
thickness and 1.8 mm core thickness): a) without magnetic field, b) with magnetic field of 600 G
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The data shows that the damping of the beam increases significantly with an applied magnetic
field. The decay rate of the response in the plots of forced vibration in terms of damping ratio ()
can be explained as follows:

5= )
n xn+1,

_ 2

(= &
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where §, x, n corresponds to log decrement, vibration amplitude and number of cycles
respectively. In case of sandwiched-beam with MRE core, the damping ratio equals 0.0031
without magnetic field and is increased to 0.0055 for a magnetic field of 600 G. It results a 43.64 %
increase in damping ratio.

5. Conclusions

The isotropic silicon rubber based MRE is fabricated. For the vibration analysis the MRE
embedded sandwich beam with aluminum skins has been fabricated. A set up has been also
fabricated incorporating permanent magnetic field with provision for varying the air gap between
the magnet and specimen so as to change the magnetic field. The magnetic field in the static
condition has been applied here.

From this experimental study of MRE cored sandwiched-beam it has been observed that the
natural frequency is found to be increased with an increase in magnetic field. The rise in magnetic
field increases the shear modulus of the MRE causing the shifting of natural frequency due to the
change in stiffness of the system. The logarithmic decrement method has been used for finding
the damping of the system including the magnetic field effect. The damping ratio is found to be
increased from 0.0031 to 0.0055 for MRE embedded sandwich beam.
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