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The magnetorheological plastomers strengthened by glass microspheres (GMRPs) were prepared for
acoustic materials with controllable properties and both the rheological properties and sound insulation
characteristics were investigated. The addition of glass microspheres can improve the sound insulation at
the whole frequency range. The increasing mass fraction of carbonyl iron powders and the magnetic field
significantly affected the sound insulation at first resonance frequency. Finally, a vibration transfer
method was established to predict the sound attenuation properties based on the mechanical properties
and the fitting curve matched the experimental results very well.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Acoustic materials attract increasing attention for solving the
noise problem in our daily life. Traditional acoustic materials are
generally fibrous, perforated or membranous. During the past dec-
ade, various new types acoustic materials such as foam composites
[1–3] and fibrous metals [4,5], have been constantly investigated
and they exhibited excellent acoustic properties. However, the
acoustic properties are un-tunable once the materials are prepared,
which usually limits their practical application. Magnetorheologi-
cal (MR) materials have been widely applied in vibration control
because of magnetic field dependent mechanical properties [6,7].
Most of the previous works were focused on investigating the mag-
netorheological mechanism and applications to vibration control
[8,9]. The researches indicated that the microstructure in the MR
materials were adjustable by applying the external magnetic field.
It was found that the controllable mechanical properties have sig-
nificant influence on the acoustic properties. Combining traditional
acoustic materials with the MR materials provides a new approach
to control the noise precisely. Because of tunable mechanical
behavior, the magnetorheological elastomers (MREs) and magne-
torheological fluids (MRFs) were considered as actively sound bar-
riers or acoustic metamaterial [10,11]. However, the MRF is easy to
be precipitated [12] and the MRE shows a small MR effect [13].
Therefore, in consideration of their unique MR effects, developing
high performance MR materials for practical acoustic application
is of special importance.

Herein, the glass microsphere was chosen to strengthen the
MRPs toward good acoustic characteristics. The rheological proper-
ties and sound insulation characteristics of the GMRPs were inves-
tigated. At the same time, a vibration transfer model was built to
establish the relationship between the modulus and the sound
insulation.
2. Experiments

The samples were prepared by mixing the polyurethane matrix
with additives, including carbonyl iron powders (CIPs, type CN,
6.0 lm, BASF AG, Germany) and glass microspheres (GMs,
150 lm, Langfang Nuosen glass products Co. Ltd, China). The poly-
urethane matrix was fabricated with toluene diisocyanate (TDI,
2,4-TDI at B80%, 2,6-TDI at B20%, Tokyo Chemical Industry Co.
Ltd, Japan) and polypropylene glycol (PPG-1000, Sinopec Group
Co. Ltd, China). The samples with different mass fractions of CIPs
and GMs were prepared (see Section 1 in the Supplementary data).

The mechanical properties of GMRPs under low shear rate were
measured by a plate-plate magneto-rheometer (Physica MCR 302,
Anton Paar Co., Austria). The samples were 1 mm in thickness,
20 mm in diameter and set between the rotor and the substratum
of the rheometer. The magnetic flux density ranged from 0 mT to
960 mT. The magnetic field sweeping tests were carried out with
a parallel plate under the shear rate and amplitude of 1 Hz and
0.1% at room temperature.
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Fig. 1. The scheme of the acoustic test system (a), the aluminum mold in the
magnetic field (b) and frequency spectrum of pink noise (c). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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The acoustic performance was carried out by an acoustic test
system (Fig. 1a). The samples were encapsulated in an aluminum
mold and the mold was designed to be 10 mm in thickness and
100 mm in diameter. The sound waves used in experimental tests
were pink noise (Fig. 1c), which was one of the most commonly
used acoustic waves in acoustic tests.
3. Results and discussion

The SEM images showed the surface topography of the material
(Fig. 2a) and the chain microstructure under the external magnetic
field (Fig. 2b). The magnetic field sweeping tests were conducted to
investigate the modulus of GMRPs with different mass fractions of
GMs and CIPs (Fig. 2c, d). Obviously, with increasing the magnetic

field density, the G
0
and G

0 0
increased rapidly at first and became
Fig. 2. The SEM images and characterizations of GMRPs the samples: the SEM images
insulation influenced by the components and magnetic field (e)–(h).
stabilized gradually. The initial storage modulus (G
0
0) was highly

dependent on the content of GMs. Differently, the samples with
higher mass fractions of CIPs performed stronger saturated storage
modulus. When the magnetic field density was weak, the magnetic

induce modulus of GMRPs was small and the G
0
was mainly pro-

vided by the glass microspheres. However, when the magnetic field
density was strong, the CIPs in the GMRPs were arranged in chains

(Fig. 2b). Then the G
0
was mainly influenced by magnetic induced

modulus.
The acoustic characteristics were studied by an acoustic test

system. Fig. 2(e)-(h) depicted the typical sound attenuation curves
of the sandwich structure made up by the GMRPs and the mold at
low frequencies. The typical sound attenuation curves perform a
dramatic drop and this frequency range was called the first reso-
nance frequency. The glass microspheres can effectively improve
the sound insulation performance and the sound attenuation vol-
ume of the sample with 20% GMs was significantly higher than that
of the sample without GMs (Fig. 2f).

The mass fraction of CIPs and the magnetic field intensity only
affected the first resonance frequency and they had little influence
on the other frequency range. With increasing the mass fraction of
CIPs, the first resonance frequency moved to higher frequency and
the sound attenuation volume at the first resonance frequency
decreased (Fig. 2e). The magnetic field can increase the first reso-
nance frequency and the sound attenuation volume at the first res-
onance frequency (Fig. 2g, h).

In order to well understand the sound insulation of GMRPs, a
model based on vibration transfer was developed. We investigated
the transmission of sound indirectly through analyzing the vibra-
tion transfer. When the sound arrived at the surface of the mold,
the mold was excited. After the vibration passed through the mold
and the sample, the other side of the mold vibrated to produce a
new sound field. The sound field generated by vibration of a circu-
lar plate can be expressed as (Fig. 3a):

p ¼ 2q0c0u0sin
k
2
ðR� zÞei½xt� k

2ð Þ Rþzð Þþp=2� ð1Þ

where p is the sound pressure on the circular normal axis, q0 is the
air density, c0 is the sound speed in air, u0 is the velocity amplitude
of the mold surface, k is the wave vector.

Considering the actual parameters, k ¼ x=c0 < 1 and a ¼ 0:05,
we can draw a conclusion that k R� zð Þ < ka � 1. Then, the expres-
sion of p can be simplified as:
of samples (a), (b), the storage and loss modulus of GMRPs (c), (d) and the sound



Fig. 3. Schematic diagram of each parameter in the formula (a) and the two-element model used for representing the viscoelasticity interface (b) and the comparison of
experimental results and theoretical analysis of samples with 20% GMs (c), (d).
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p ¼ aq0u0xei½xt� k
2ð Þ Rþzð Þþp=2� ð2Þ

The displacements of two sides of the mold, x1 and x2 are set to
be x1 ¼ A1eixt and x2 ¼ A2eixt . The sound pressure p can be further
simplified to be:

p ¼ aq0x
2 A2j jei½xt� k

2ð Þ Rþzð Þþp=2� ¼ pme
i½xt� k

2ð Þ Rþzð Þþp=2� ð3Þ
The coefficient of the expression is the sound pressure ampli-

tude pm ¼ aq0x2 A2j j. As a sine excitation, F is set to be F0eixt and
F0 is the amplitude of the incentive force. According to the defini-
tion of the transmission loss (Section 2 in the Supplementary data),
we can derive its expression:

TL ¼ 20lg
pi

pt

� �
¼ 20lg

pq0x2a3 A2j j
F0

� �
ð4Þ

Assume that the GMRPs are always in close contact with the
mold wall and their elastic coefficient and viscous coefficient are
ke and ce. The sound come from the right side of the mold provided
an incentive force F to the mold through the vibrating air. Accord-
ing to the model in the Fig. 3b, the equation can be expressed as
follows:

m0 €x1 þ k1x1 þ ke x1 � x2ð Þ þ c1 _x1 þ ceð _x1 � _x2Þ ¼ F0eixt

m0 €x2 þ k2x2 þ ke x2 � x1ð Þ þ c2 _x2 þ ce _x2 � _x1ð Þ ¼ 0

(
ð5Þ

where m0 is the mass of the aluminum layer. We can derive the
expression of A2 by solving the equation:

A2

F0
¼ ½ k2 þ ixc2 �m0x2� �
þ k2 þ ke �m0x2 þ ixc2 þ ixce
� �

k1 �m0x2 þ ixc1
� �

ke þ ixce
��1 ð6Þ

In this expression, the elastic coefficient and viscous coefficient
of columnar samples can be approximately expressed as a simple
function of the storage modulus and loss modulus as follows:

ke ¼ pG
0
r2=d ð7Þ
ce ¼ pG
0 0
r2=ðxdÞ ð8Þ

Fig. 3(c, d) shows the calculation results and the trend of the fit-
ting curve matches the experimental result very well. Therefore,
this vibration transfer model is competent to predict the sound
insulation characteristics of GMRPs.

The sandwich structure had its inherent frequency. Resonance
occurred when the acoustic frequency and the inherent fre-
quency converged. At the resonance frequency, a large amount
of sound energy was converted into kinetic energy and most
sound waves penetrated through the samples which decreased
the sound insulation. Therefore, the sound attenuation curves
performed a dramatic drop at around 200 Hz. The inherent fre-
quency was usually proportional to the square root of the ratio
of the elastic coefficient to the mass, which can be expressed
as follows:

xn /
ffiffiffiffiffi
k
m

r
ð9Þ

With the increasing magnetic field, CIPs in the matrix were

rearranged into a chain structure. Thus, the G
0
increased dramati-

cally which augmented the elastic coefficient. As a result, the

inherent frequency moved to the high frequency part. The G
0 0
also

increased with magnetic field which augmented the viscous resis-
tance of the materials. More sound energy was consumed during
sonic transmission and then the sound attenuation properties were
improved (Section 3 in the Supplementary data).

4. Conclusions

In this work, glass microspheres strengthened magnetorheolog-
ical plastomers were developed to improve the sound attenuation
properties of the MRPs. Both the mass fractions of CIPs and glass
microspheres affected the mechanical properties and adjusted
the sound insulation properties of magnetorheological plastomers.
Under applying the magnetic field, the GMRPs show tunable atten-
uation frequencies, thus they are able to replace traditional sound
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insulation materials where the active control is needed. A vibration
analysis model was developed to predicting the sound attenuation
properties and the theoretical results matched the experimental
results well. Therefore, the GMRPs possess broad potential in
acoustic materials with active controllability.
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