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Abstract. Electron and atomic force microscopy were used for the study of = magnetoactive filler

surface microstructure in a magnetorheological composite. The particles redistribution phenomena
of filler aggregates on the surface of elastomers under the action of a small external applied
constant magnetic field are visualized. A model is proposed for the interaction of a magnetoactive
filler with an elastomeric matrix of the composite, which explains the observed experimental
results.

1. Introduction

At present, a fundamentally new class of intelligent or “smart” materials — magnetoactive elastomers
with a giant magnetic response [1-15] is being intensively studied. These numerous studies have
revealed, for example, the properties of these composites, such as magneto-rheological, magneto-
deformation, magnetostrictive, magneto-electrorheological, magnetoresistive, piezoresistive,
magnetoresistive, magneto-optical, magnetodielectric, magnetoacoustic, piezoelectric effects, as well
as the shape memory effect. Such materials are characterized by the ability to control the oscillatory or
vibrational processes occurring in the studied samples when exposed to them by small magnetic fields.
Such magnetorheological dampers can be used in active vibration protection systems. For various
areas of engineering, great interest is the possibility of controlling the dynamic properties of such
materials by external influences. The elasticity and deformation of such rubber-like materials can be
controlled using permanent magnetic fields. This class of materials is characterized by a change in
dynamic properties, i.e. offset resonance characteristics in the region of higher frequencies with
increasing exposure to magnetic fields. It is shown that, depending on various types of loading, it is
possible to smoothly control the resonant frequencies of prototypes from 35 Hz to 150-170 Hz, i.e. it is
possible to change the resonant frequencies of magnetorheological elastomers by almost 5 times [16-
17]. Also installed are good dynamic impact characteristics of these materials. By adjusting the elastic-
rigid characteristics of the magnetically controlled supports, you can rebuild the damped product from
the resonant frequencies that occur during the operating modes of the products. Of great interest is the
study of changes in the internal microstructure of such materials occurring under such external
influences. In the development of joint studies of IPRIM and IMASH RAS and FSUE GNIIHTEOS in
this work, further study of the surface structure of an analogous magnetic composite using the
scanning electron (SEM) and atomic force (AFM) microscopy was carried out, which will allow a
better understanding of the observed unique effects characteristic of such magnetoactive elastomers.

2. Experimental technique and materials
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The magnetoactive materials studied in this work were synthesized according to the method
developed at the FSUE GNIIHTEOS. Magnetoactive elastomers were synthesized on the basis of
carbonyl iron powder P-20, previously reduced in hydrogen, and an elastic polymer matrix. Silicone
oligomer of the “SIEL” brand, manufactured by SSC RF GNIIHTEOS, was used as a polymer base.
The technology for producing a composite consisted of mixing the modified iron powder with the
liquid components of a silicone oligomer, casting the composition into molds of a given size, and
temperature polymerizing the silicone matrix. The iron powder was previously coated with a layer of
silicone oil from a solution of petroleum ether at the rate of 0.5% oil per powder. Thus, the effect of
wetting the surface of the magnetic component with silicone rubber was achieved. Silicone oligomer
brand “SIEL” is a two-component system: component A: (CH;) ;SiO {[(CHj3) ,SiO] a - - [CH; (H)
SiO] b} x — Si (CHj3) 3 and (CH, = CH) ;Si0O [CH; SiO] y - - Si (CH = CH,) 3, component B: (CH, =
CH) ;SiO [CH; SiO] y - - Si (CH = CH,) ;, reacting with the addition of a platinum catalyst. After
mixing all the components, the process of polymerization of oligomers begins, which consists in the
interaction of the vinyl groups with the hydride-containing component in the presence of a platinum
catalyst. To accelerate the polymerization, the composition was heated to 100—150 ° C. The
concentration of the magnetic component in the composite was 75 wt.%. The resulting samples have a
high elasticity with a Young's modulus of elasticity of the order of 50 kPa.

The surface structure of the composites was studied using Phenom XL scanning electron microscopes
(Phenom World BV, the Netherlands) and an EasyScan atomic force microscope (AFM) (Nanosurf,
Switzerland), which worked in semi-contact mode in air at room temperature [18]. The protection of
the AFM against external excitations with the help of a dynamic anti-vibration table TS-150 (Fabrik
am Weiher, Switzerland) was also used. Cantilevers SuperSharpSilicon (Nanosensors, Switzerland)
with a probe radius of about 2 nm were used. For visualization of filler particles in a rubber matrix, the
phase contrast mode was additionally used. Processing of the obtained AFM images was carried out
using the computer program SPIP (Image Metrology, Denmark). Changes in the surface topography of
composites under the influence of an external constant magnetic field were also investigated. The use
of a permanent magnet has various advantages in the practical use of such magnetic elastomers. In an
atmosphere with volatile organic substances, the use of electricity to drive an electromagnet is
problematic. The use of a magnetic field from permanent magnets can be effective also for various
power failures. We used a disc-shaped permanent neodymium NdFeB magnet 6 mm in diameter and 3
mm high. The magnetic field strength was approximately 200 mT at the center of the upper surface of
the magnet. The impact of the magnet on the composites under study was carried out in a specially
designed snap-in that allows you to perform AFM measurements at a fixed position of the samples,
eliminating the shift of the entire sample from the fixed position during the input and output of the
magnet during filming. In all experiments, the vertical distance from the magnet mounted in the
horizontal plane under the sample to the horizontal plane of the sample under study was about 1 cm.

3. Experimental results

Figure 1 shows a SEM image of the surface of a synthesized magnetoactive elastomer. A fairly
uniform isotropic distribution of the filler aggregates (light particles) in the rubber matrix (dark
background) is determined. AFM surface images of this composite are shown in figure 2 (topography
on the left, phase contrast on the right). The top scan a) represents the topography of the composite,
which is under the action of magnetic field, and the bottom scan b) when the magnetic field from the
sample has been removed.
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Figure 1. SEM image of the magnetic elastomer surface structure.
Scan: 76.7 x 76.7 microns.
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b)
Figure 2. AFM images of the surface structure of a magnetoactive elastomer
(topography on the left, phase contrast on the right)
a) in a magnetic field (top scan); b) without magnetic field (bottom scan).
Scans 12.3 x 12.3 microns.

The analysis of the images made it possible to determine the size distribution of micro and
nanoparticles of aggregates of the filler in an elastomeric matrix with an average value of nano and
microaggregates of the order of 0.5-5 um (figures 1-2). The distance between the aggregates of the
filler is about 10 microns. Additionally, the phenomena of restructuring the aggregate particles of the
filler on the surface of the composites under the action of an external applied constant magnetic field
of about 0.2 tesla were directly visualized (figure 2a). In a specially designed system, a magnetic field
of a disk-shaped neodymium magnet was applied from the underside of the sample under study
parallel to the microscope probe, and AFM surface scanning was performed from the top. This
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allowed the introduction and removal of the magnetic field acting on the sample under study, without
disturbing the position of the analyzed surface under the AFM probe. The microstructure of the filler
particles was completely restored after removing the magnet effect to its original state. The lateral
displacements determined by AFM on the surface of composites of aggregates of the filler under the
influence of a magnetic field were about 2 um (figure 2a, b).

4. The discussion of the results

The microstructure of the filler particles in the composition of the elastomeric matrix, especially in
rubbers with a small Young's modulus, significantly affects the properties of magnetoactive
composites. Here the interaction of the elastic and magnetic subsystems of the magnetoactive
composite is essential. The redistribution of the magnetic filler observed in the AFM together with the
elastomer matrix can be represented graphically in figure 3.

Al |@ e o
o0 o
e
o © 0° o o
o () (o)
O
P02 o o | | o 3
o 0 o g - o o O H+0
O Q o O o
()
0 454 @O o 0 o
L 3

Figure 3. Redistribution of isotropic superparamagnetic iron filler on the background of an
elastomeric matrix in the absence (left) and when an external magnetic field H is applied (right).

Here, on the left is the initial distribution of the isotropic superparamagnetic iron filler on the
background of the elastomer matrix in the absence of an external magnetic field H, and on the right,
when an external magnetic field is applied. Due to the smallness of the Young's modulus of the
elastomer matrix during interaction of iron magnetic moments with a superimposed magnetic field, the
sample is compressed in a direction parallel to the field and stretched accordingly in the perpendicular
direction, which is directly visualized by AFM images. We can offer the following explanation for the
occurring interactions leading to the observed magnetorheological effects. When a composite is
formed, the electrons of carbonyl iron atoms, which act as electron donors, interact with silicon ions Si
4+ of the main siloxane chain, which serves as electron acceptors. This forms the interfacial polymer —
filler layer, which provides the interconnection of the elastic and magnetic subsystems of the
composite. The arising superparamagnetic state of iron atoms is due to the appearance of two energy-
equivalent ionic oxidation states Fe 2+ and Fe 3+ with a fast electronic exchange between them. When
an external magnetic field is applied, the degeneracy of these states is lifted with stabilization of a
certain electronic configuration, which is accompanied by the appearance of a stable magnetic moment
of iron ions, and, consequently, the magnetic moment stabilization of the filler single aggregate. Then
immediately a cooperative exchange interaction of all magnetic moments in these iron aggregates in
the composite arises due to their super-exchange spin interaction with the siloxane segments (Si - O -
Si) of the silicone matrix. In turn, this leads to the observed unique effects characteristic of such
magnetic elastomers.

5. Conclusion

The use of the SEM and AFM methods made it possible to determine the microstructure of magnetic
active filler on the surface of the magnetorheological composite. With the help of AFM was directly
visualized the phenomenon of redistribution of particles of aggregates of the filler on the surface of
elastomers under the action of a small external applied constant magnetic field. These restructuring of
the aggregates of the magnetoactive filler in the rubber matrix, due to the strong interaction of the
elastic and magnetic subsystems of the composite, are presented as the reason for the appearance of
huge magnetorheological and magnetostrictive effects in the synthesized samples of magnetoactive
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elastomers. A model is proposed for the interaction of a magnetoactive filler with an elastomeric
matrix of the composite, which explains the observed experimental results.
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