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Hybrid magnetic elastomers prepared on the
basis of a SIEL-grade resin and their magnetic
and rheological properties

Abstract: Hybrid magnetic elastomers (HMEs) belong to a novel type of magneto-
controllable elastic materials capable of demonstrating extensive variations of their
parameters under the influence of magnetic fields. Like all cognate materials, HMEs
are based on deformable polymer filled with a mixed or modified powder. The
complex of properties possessed by the composite is a reflection of interactions
occurring between the polymer matrix and the particles also participating in in-
teractions among themselves. For example, introduction of magnetically hard
components into the formula results in the origination of a number of significantly
different behavioral features entirely unknown to magnetorheological composites
of the classic type. Optical observation of samples based on magnetically hard filler
gave the opportunity to establish that initial magnetization imparts magnetic mo-
ments to initially unmagnetized grains, as a result of which chain-like structures
continue to be a feature of the material even after external field removal. In addition,
applying a reverse field causes them to turn into the polymer as they rearrange into
new ring-like structures. Exploration of the relationship between the rheological
properties and magnetic field conducted on a rheometer using vibrational me-
chanical analysis showed an increase of the relative elastic modulus by more than
two orders of magnitude or by 3.8 MPa, whereas the loss factor exhibited steady
growth with the field up to a value of 0.7 being significantly higher than that
demonstrated by elastomers with no magnetically hard particles. At the same time,
measuring the electroconductivity of elastomers filled with a nickel-electroplated
carbonyl iron powder made it possible to observe that such composites demon-
strated an increase of variation of the resistivity of the composite influenced by
magnetic field in comparison to elastomers containing untreated iron particles. The
studies conducted indicate that this material exhibits both magnetorheological and
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magnetoresistive effect and does indeed have the potential for use in various types
of devices.

Keywords: hybrid, magnetoactive, magnetoresistivity, magnetorheological, ring-like
structures

1 Introduction
1.1 Background

This article is predominantly dedicated to a selective consideration of the magnetic and
elastic features of hybrid magnetic composites. At the same time, in light of the fact that
to a significant degree the “smart” status of the material is determined by the quality of
the polymer to be flexible under stress of physical force, it is of certain interest to
discuss its capability to conduct electric current depending on external magnetic field,
also known as magnetoresistivity. Unlike conventional electroconductive substances,
the family of composites being studied exhibits the capability of varying resistivity
within a range of several orders of magnitude when influenced by moderate magnetic
fields. Affected by a field, the particles tend to change their positions with respect to the
neighbors to form structures more or less ordered into chains capable of conducting
electric current. Owing to the fact that the intensity of this process depends on the
possibility of every particle to make sufficient moves, this brings up the question of
whether the polymer matrix can afford such deformations, which directly refers to its
elastic properties.

As has become apparent from the experimental results obtained over the last year,
these materials possess a significantly more extended set of specific features in com-
parison to classic magnetorheological elastomers (MRESs). In view of the difficulties of
studying the aforementioned properties in hybrid elastomers containing magnetically
hard and soft components simultaneously, it seemed wise to investigate the magne-
toresistivity phenomenon and magnetic/elastic features in pure form separately, which
assumed preparation of samples solely filled with particles of either type.

A material based on magnetically hard filler is expected to exhibit good damping
properties without the necessity to supply the overall unit with a bulky system of
permanent magnets or electromagnets. Despite the fact that such a device may not be
controlled externally, which will imminently result in a lower effectiveness, its
simplicity will be a compensation leading to extensive application. As was expected
initially, substances of this kind would possess a remnant magnetization and thus an
internal magnetic field resulting in enhanced damping performance. In addition, it was
established that under the influence of external magnetic fields, they exhibited an
asymmetry of their elastic features determined by the direction of initial magnetizing
[1-4]. All in all, these results found confirmation in Ref. [5].
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Another distinctive quality of the new materials is that their loss-factor magnitudes
were found to be noticeably higher in comparison to those of other MREs [6]. The new
elastomer was assumed to show a strong magnetostriction, positive or negative
depending on the directions of the initial magnetizing and external magnetic field
vectors, which, however, had no experimental validation. As was established in later
investigations, the phenomenon of rotation of magnetically hard particles embedded
in the polymer as the external magnetic field changes direction was the cause. Owing to
the fact that the samples were prepared on the basis of sufficiently soft silicone
matrices, the elastic properties of the polymer made it possible for the rotation to occur
in weak magnetic fields. This explains the fact that the samples practically always
demonstrated codirectionality between the remanence vector and the external field
independently of its direction. The interpretation of the rotation mechanism is brought
in Refs. [7-10].

Studying the magnetorheological properties of hybrid magnetic elastomer (HME)
on an oscillating rheometer in the plane-plane system has been found to be chal-
lenging. The difficulties are connected to the fact that the sample suffers significant
deformation when subjected to magnetizing. The edges of a cylinder-shaped specimen
wind strongly and roll up turning the cylinder into an ellipsoid. Work with such
materials requires a special philosophy of measurement.

Soft matrices came useful in magnetoresistivity phenomenon studies. On the basis
of the comparative method of investigation, the polymer was filled with untreated
carbonyl iron particles and those subjected to electroplating with nickel. In light of the
fact that nickel is more electroconductive and corrosion-proof than pure iron, samples
with the nickel-electroplated magnetic filler were expected to show more extensive
field-induced resistivity variations as compared to those containing no nickel.
Measured at moderate magnetic fields using alternating current, the samples with
nickel-plated particles did demonstrate the effect. However, as was found out later, the
intensity of the phenomenon was not as strong as assumed initially. A possible reason
for this is that galvanic treatment causes some agglomeration among the particles
resulting in the formation of elongated grains. Embedded in polymer, such formations
may experience difficulties moving, in light of which the elastic features of the matrix
remain crucial.

1.2 Elastomeric materials

Initial attempts to prepare polymer-based magnetic composite materials were made
using various elastic substances. Among them were natural rubber [11, 12] and aqueous
gels prepared on the basis of polyvinyl alcohol and glutaraldehyde [13-16]. In his
research, T. Mitsumata used N-isopropylacrylamide and carrageenan [17-20]. Mean-
while, interest expressed toward natural and synthetic rubbers has been significantly
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more intense. In particular, M. Lokander has produced magnetorheological elastomers
on the basis of natural and nitrile rubbers containing acrylonitrile and polybutadiene-
rubber additives [21-23]. The most frequent use, at the same time, has been made of
polyurethane and silicone resins. The advantages of two-can urethane compositions
originate from the possibility to vary product elasticity in quite wide ranges and their
higher durability in comparison to other elastomers having close elastic properties.
Thus, 15 papers published by T. Mitsumata et al. have been dedicated to polyurethane
elastomers as the basic material in research [14, 24]. Composites with polyurethane
matrices have also been the object of study in the work conducted by A. Boczkowska
[25-27].

Despite that, silicone elastomer remains a material most extensively employed in
scientific investigations. In total, 70 to 80% of studies dedicated to magnetorheological
and magnetoactive elastomers have been done using silicones. Like urethanes, their
elastic properties may easily be preset in ranges even more extensive than those of the
former. The second advantage is the simplicity of control of polymerization rate per-
formed by temperature variation. Synthesis of a good sample of magnetic elastomer
requires a degassing procedure following mixture preparation and followed by thermal
treatment. This technology offers an easy possibility to obtain products with the
desired mechanical features giving silicone resins advantage over urethanes. Indeed,
in comparison to silicone, the rate of polymerization of urethane elastomer depends on
the micro-amounts of catalyst introduced into the mixture being prepared. After that,
there is only a limited time for the conduction of polymerization of the overall
composition including inconvenient and time-consuming vacuuming, which requires
certain knowledge and skills. At the same time, silicone is a commercial product and
control of its elasticity may be performed even by a researcher representing an area
other than polymer chemistry. Thus, according to the literature, polyaddition silicones
are the polymers most frequently used by scientists. Unlike cold-cure compositions,
their polymerization may quickly be initiated by simple heating. Their employment
allows the researcher to spend as much time as necessary on the preparation of a
sample with the desired formula and then quickly turn the semiproduct into polymer
by heating. Bulky specimens may be easily prepared by cooking in the microwave oven
[7]. Silicone elastomers of this type have been developed at Dow Corning (US Patent
3697473 (1973), US Patent 4322320, US Patent 4340709 (1983)) and Russian StateR-
esearch Institute for Chemical Technologies of Organoelement Compounds
(SIEL-grade resin, SU Patent 564315 (1975), SU Patent 639267 (1978), SU Patent 1086787
(1983)).

Most frequently, our samples have been fabricated on the basis of a SIEL-grade
resin polymerizing according to the polyaddition mechanism; the semifabricate is a
product of Russian State Research Institute for Chemical Technologies of Organo-
element Compounds.
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2 Synthesis and measurements

2.1 Synthesis of magnetic elastomers based on SIEL-grade
silicone resin

Owing to streamlined synthesis, a tailored elastomer is formed. The polyaddition re-
action, whose path is shown schematically further, features one of the basic poly-
merization mechanisms (Figure 1.1):

As may be seen from the diagram, no secondary output is formed as a result of the
polymerization, which allows to utilize such compositions not only as filmy or coating
ones, but also as potting compounds to be used in enclosed volumes of every shape.
Mold-cured silicone-based materials may have a range of physical states from gel-like
or elastomeric to glass-like. The advantage of these elastomers is in the wide operation
temperature interval extending from -90 to +350 °C. Depending on the task specifics,
silicone-based polyaddition compounds may solidify at moderate temperatures from
room temperature to 160 °C and over various time periods ranging from one day to
30 min; these materials are capable of polymerizing with the formation of layers of
different thicknesses. Owing to their good capability to cling to such surfaces as metal,
glass, or ceramics, these elastomers demonstrate high adhesion to NdFeB or Fe par-
ticles coated with hydride-containing silicones.

The surface-modifying process is based on mixing a modifying agent and magnetic
powders in toluene, during which the modifying agent precipitates on the surfaces of
the grains forming a coating. Among other compounds, oligo-(methyl (or ethyl)
hydrogen)siloxanes [RSiHO], (R = CHs, C,Hs; n = 10-15) are considered to be most
effective. In a mixture with silicone oil, these silicones may be used for the creation of
more bulky coatings intended to provide regularly spaced distribution of particles
inside the silicone resin.

The hydrophobization mechanism of magnetic powders is based on the chemical
interaction of their surface hydroxyl-groups, forming as a result of reacting with
adsorbed water, with Si-H-bonds of the modifying agent leading to the addition of
silicone groups to the surface of a particle and formation of water molecules (Figure 1.2):

According to this principle, all hydroxyl groups become substituted with siloxane
groups, thus imparting wettability toward silicones to the surface of the magnetic
particle.
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Figure 1.1: Polyaddition reaction; R being CHs, C,Hs, CH,CH,CFs, or CgHs.
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Figure 1.2: Interaction of hydroxyl groups with Si—H-bonds.

A study of thermal aging processes occurring in the polymers has revealed their
heat stability retained over a long period of time, during which such basic parameters
of elastomeric compositions as durability and relative strain continue to meet an
adequate standard.

In view of the aforementioned properties, silicone elastomer is considered a
promising material to be used as elastic matrix in magnetic elastomers fabrication.

2.2 Magnetic properties of HME

The key feature among the magnetic properties of a composite containing both
magnetically hard and soft components is the newly discovered magnetization curve
demonstrating an overall resemblance with but having a more complicated shape than
that of a pure high-coercivity powder. Whereas an enhanced magnetic susceptibility
peak, whose occurrence is determined by the presence of the magnetically soft
component, most frequently being carbonyl iron, and another peak originating due to
the availability of the magnetically hard component are observed in the areas of zero-
field and filling-material demagnetizing force, respectively, increase of the magneti-
zation loop amplitude or fabrication of samples based on softer matrices first results in
the dying down of the “coercivity” peak followed by its shifting into the zero-field
vicinity. At this, a composite filled with magnetically hard particles demonstrates the
behavior rather characteristic of magnetically soft substances, owing to which most
investigations directed at the detection and identification of processes taking place
inside this magnetic elastomer were carried out on specimens prepared with no
magnetically soft component. Therefore, all observations were limited to the phe-
nomena demonstrated by magnetically hard particles.

In previous studies, attention was paid to the behavioral features of coercivity in
HME, which took very low magnitudes [7-9] and might even be shifted into the area of
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fields of opposite polarity [10]. These effects are determined by the rotation of
magnetically hard particles embedded in the polymer matrix. Magnetized, they start, at
one moment, exhibiting the tendency to restore codirectionality with the external field
after it changes its direction to opposite, rather that suffer interior polarity reversal
themselves. A description of this effect is brought in our previous publications [7-10].

At the same time, the remnant magnetization demonstrated by the samples also
tends to slide from high magnitudes, characteristic of magnetically hard filler, down to
zero in intensity. It was supposed that whereas the cause of the phenomenon of zero
magnetic flux on the surface of a magnetized specimen, which assumably had to
demonstrate quite to the contrary, was not apparent initially, the explanation of this
effect is based on the specifics of structuring of the magnetically hard filler inside the
polymer. When the external magnetic field weakens to 0, the magnetized particles
show the tendency to form ring-like structures to confine the flux lines. Depending on
the concentration of magnetic particles and their vicinities, the rings may contain
various numbers of members starting from three (Figure 2.1). It should be noted that
this assembling into circular formations is energetically favorable. The possibility of
their existence had been considered for magnetically soft particles dispersed in liquid
by S. Kantorovich in her theoretical work [28, 29] and by D. Borin and A. Zubarev in Ref.
[30]. In a special experiment these assumptions were confirmed.

Typical magnetization curves recorded for two samples prepared on the basis of
matrices with different rigidities (Figure 2.2) are presented further. Containing
magnetically hard filler of the same type at equal concentrations of 25 vol%, the
specimens were obtained with shear moduli of 140 and 210 kPa, as was determined
using a Thermo Scientific Haake MARS III rheometer. The essential behavioral
dissimilarities they demonstrate are obvious: as may be noticed, whereas the rigid
elastomer produces a wide hysteresis loop, that of the soft specimen is significantly
narrower. In addition, the ascending curve pierces the zero-field area very close to
the origin. It may, in particular, be seen from Figure 2.2 (b), which depicts the
central section of the magnetization hysteresis loop recorded for a soft HME sample
(G’ = 140 kPa) containing plate-like NdFeB particles.

Meanwhile, a more profound comprehension of the mechanisms of the processes
occurring inside the composite under the influence of different magnetic fields may be

‘ Figure 2.1: Ring-like structures
formation phenomenon.
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Figure 2.2: a) Magnetization hysteresis loops recorded for two magnetic elastomers filled with
NdFeB particles and based on a rigid (G’ = 210 kPa, lines 1and 2) and soft (G’ = 140 kPa; lines 3 and 4)
matrix; b) central section of the magnetization hysteresis loop corresponding to the most significant
structural rearrangement occurring inside a soft HME sample. The path of magnetization variation
with magnetic field is shown by the arrows. The initial magnetization state corresponds to point 0.
The numbered points correspond to the structures shown in Figure 2.3.

obtained by means of a qualitative experiment. Figure 2.3 (a—f) present photographic
images of different arrangements of particles contained in a monolayer of the soft
magnetic elastomer placed in different external conditions.
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Figure 2.3: Structures formed by magnetized YMM-Q-grade NdFeB-alloy particles: a) in a magnetic field
of 9000 Oe (point 1); b) at zero field reduced down to from 9000 Oe (point 2); c) in a reverse field of

800 Oe (point 3); d) in a reverse field of 1550 Oe (point 4); ) in a reverse field of 800 Oe reduced down to
from a reverse field of 1550 Oe (point 5); f) at zero field reduced down to from a nonzero reverse field
(point 6). Ring-like structures and the preferred orientation direction of the particles at zero field are
denoted by dashed lines.
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2.2.1 Plate-like particles

The experiments, the results of which are presented further, were carried out with a
monolayer specimen based on a soft matrix filled with plate-like YMM-Q-grade NdFeB--
alloy particles with a coercivity of 250 mT. Before being studied in magnetic fields of
different intensities and polarities, a nonmagnetic sample was subjected to magnetizing at
1.7 T, by which an internal structure was created. The images presented in Figure 2.3 (a—f)
show the specifics of structural changes determined by the exterior influence com-
plemented by the elastic forces of the polymer. The ordinal numbers of the images
correspond to the numbered points on the magnetization curves presented in Figure 2.2.

Exhibiting a pronounced orientation in a field codirectional with initial magneti-
zation (a), the chains partly lose ordering at zero field as a result of the tendency of the
elastic forces of the polymer to destroy them (b). As the reverse magnetic field becomes
stronger, the chains formed previously continue to break. Showing little change in
weak reverse magnetic fields (c), the particles start turning over in growing field to
restore codirectionality with its force lines becoming building material for a structure
forming anew. Finally, exhaust of the potential for turning is observed, indicative of
that all the particles are now engaged. On further increasing the reverse magnetic field,
the chains demonstrate some elongation and straightening along the force lines (d). On
the other hand, decreasing the reverse magnetic field causes destruction of the chains
by the elastic forces of the polymer matrix (e). As the reverse field weakens to 0, ring-
like structures are formed, whereas the particles themselves and the previously built
chains demonstrate a tendency to gain an orientation other than being colinear with
the vector of the previously applied field (f). Thus, remnant magnetization is the factor
preventing the destruction of the chains, which results in the formation of intermediate
arrays. The polymer matrix remains strained inside owing to the deformations caused
by the interacting magnetic particles it contains. The most illustrative video depicting
structural rearrangements inside an initially magnetized sample being placed in a
reverse magnetic field is available at Ref. [31].

2.3 Measuring technique of the rheological properties of HME

The rheological properties of NdFeB-based HME samples were studied on a Thermo
Scientific HAAKE MARS III rheometer supplied with a magnetic measuring cell
(Figure 3.1 (a)) consisting of a coil and a yoke. The cell is capable of generating mag-
netic fields ranging from 0 to 500 mT and was calibrated by means of measuring the
field inside it in the area where the specimen was supposed to be placed later, as a
function of the electric current feeding the coil. It should be noted, however, that
estimated at a level of 95% in the space immediately adjacent to the upper face of the
stem of the yoke, the homogeneity of the magnetic field decreases with distance along
the vertical axis dropping to 90% at 2 mm away from the surface. Therefore, whereas
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the greater heights of the specimen can provide a more pronounced rheological
response, one always has to remember that such tests are limited by the necessity to
strike a happy medium between the size of the sample and field uniformity.

As follows from Figure 3.1 (b), the specimen in the initial (I) state before being
subjected to the magnetizing procedure bears against the rotor and base-plate surfaces

axis of rheometer

measuring geometry
(plate-plate)

N —

. specimen

coil

Figure 3.1: a) Magnetic measuring cell, a cross-sectional view (the device was designed by the Chair
of Magnetofluiddynamics, Measuring and Automation Technology, TU Dresden?); b) HME sample in
the rheometer: (1) before being magnetized; (Il) in a magnetized state; and (Ill) glued to the surfaces of
the rotor and base plate and magnetized. 1, 2, and 3 are the rotor, sample, and base, respectively.

1 The authors thank Prof. Stefan Odenbach for providing laboratory facilities of the Chair of Magne-
tofluiddynamics, Measuring and Automation Technology at TU Dresden.
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quite fully. However, after getting magnetized in the vertical direction (II), the elas-
tomer shows a significant remanence, which results in strong attraction forces between
the opposite poles of the sample causing its distortion into an ellipsoid. After that, even
the application of strong compression forces along the vertical axis cannot restore the
fullness of contact between the sample and the upper and lower surfaces. It is
important to note that the standard technique of measurement using rheometers as-
sumes sample compression by means of two planes from above and from below. At
this, the rheological features of the material change significantly making all attempts to
compare samples from different research groups meaningless, because of unaccept-
ably high variations of compression from sample to sample and its relationship with
the elasticity of a concrete specimen.

Gluing the sample to the surfaces of the rotor and base plate (III) makes it possible to
minimize this irregularity and by that leave the sample undistorted, as a result of which
measurement begins practically at zero compression. Caused by zero specimen sliding
against the surfaces, the experimental indeterminacy is thus brought to a negligible
level. In view of this, all the rheological measurements carried out within the frames of
this project were performed on cylinder-shaped samples being 14 and 4 mm in diameter
and height, respectively, and glued in according to the aforementioned method.

2.4 Electric conductivity improvement by means of electroplating
iron powders with nickel

Electroplating of carbonyl iron particles was carried out according to the technology
described in Ref. [32]. The procedure was conducted in a plastic container in an
ethylene-glycol-based electrolyte composed by dissolving commercial nickel chloride
in the solvent at concentrations ranging from 60 to 300 g/L. Despite the fact that
galvanic operations are most frequently performed in aqueous solutions, selection of
the glycol over water was determined by the capability of this solvent to wet even
lyophobic surfaces. In addition, ethylene-glycol-based electrolytes allow high electric
currents and remain efficient at temperatures close to boiling.

With the anode featuring a graphite bar immersed in the liquid and the cathode
being a thin stainless-steel rod dipped into the bulk of powder, the process was started
at ambient temperature. The powder being electroplated was held in contact with the
cathode while simultaneously shuffled by a magnetic field created by a rotating con-
stant magnet. During the process, as a result of the application of electric currents as
strong as 1-2 A, the temperature of the electrolyte quickly increased to 60-80 °C. After
such treatment for 1 h on average, the powders were decanted and washed with
distilled water followed by rinsing with aqueous ammonia, then water again, and
finally with isopropyl alcohol to be dried out at 60-70 °C in the oven.

Preliminary examination of the product recovered was performed by observation
for the presence of hard agglomerates and impurities, after which their quality was
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evaluated by measuring their conducting properties. The measurements were done by
placing small amounts of powder into a Teflon die between the face planes of two
cylindrical-shaped rods being the upper and lower contacts, after which the readings of
the ohmmeter (R) were recorded. At this, the assemblage was loaded with a 1.5 kg
weight installed on top of the upper contact, which, at a 5 mm inner diameter of the die,
corresponded to a pressure of 7.5 kgf/cm? applied axially. Aimed at being 3 mm in
height, the amount of sample was controlled with a Vernier caliper. The necessity to
know the geometrical parameters was dictated by the advantage of determining the
more fundamental characteristics: the resistivities (p) of the products were calculated
according to the formula:
nd’
p=RT: 5
with R, d, and I being the resistance of the sample, inner diameter of the die, and height
of the sample, respectively. Samples of magnetic elastomer filled with electroplated
powders were fabricated according to the technology described earlier. However,
unlike samples produced for rheological tests, these specimens were polymerized in a
polyurethane mold with a certain thickness (h) and diameter (D) of the cutout, pressed
between two copper plates being the contacts.

Besides purely chemical investigations, the goals of this study assumed developing a
better understanding of the relationship between the chemical formula of the magnetic
filler and physical parameters of the overall composite. For this, the physical-
measurement part of research was carried out on the basis of comparison of samples
containing the products of electroplating with those solely filled with untreated carbonyl
iron particles. All prepared isotropic, the specimens were subjected to the determination of
their resistances (R) and capacitances (C) at different magnetic fields and various fre-
quencies assigned by means of an E20-7 LCR-meter in the parallel-mode setting. The data
recorded in the field and frequency ranges 0-420 mT and 1-50 kHz, respectively, were
processed into a series of frequency-reliant dependences of resistivity (p) and permittivity
(€) on external magnetic field (Egs. (1) and (2), respectively). Ratios of resistivity and
permittivity values determined at the strongest field and at zero magnetic field were used
as measures of the effectiveness of the elastomers (Egs. (3) and (4), respectively):

4Ch

£= 2

nD%, @

n, = P=0 3)
pmin

ns — Smax (4)
€B~0

with D = 18.0 mm and h = 1.5 mm, C and &, being the capacitance of the sample and
electric permittivity of free space equal to 8.854¢107'2 F/m, respectively.
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3 Discussion
3.1 Structuring mechanism

As is evident from the observations presented earlier, the overall mechanism of
structuring is determined by a few factors. On the one hand, external magnetic field,
opposing the interior resistance of the material, tends to order magnetic particles along
its vector. On the other hand, interactions occurring inside the composite feature a
combination of two competing phenomena being the elastic resistance of the polymer
and dipole interactions among magnetic particles. In addition, whereas the response of
pure polymer is solely based on physical movements in the matrix and remains
indifferent toward field influence, interplay among the particles exhibits a strong field
dependence. At the same time, the vector of the strongest magnetic field ever applied to
the material introduces the overriding factor. Indeed, a freshly prepared HME sample
features unstrained polymerized resin filled with nonmagnetic powder and imposition
of a magnetic field imparts magnetic moments to the particles. Interactions among the
newly created magnetic dipoles immediately result in their multiple moves straining
the polymer. Enhanced by the primary external field, magnetic interactions remain
sufficiently intensive to hold the particles assembled into straight chains. Meanwhile,
after turning the field off, magnetic forces pulling the particles together decrease in
intensity, thus subjecting the chains to the influence of elastic forces tending to
diminish interior tension and return the grains into their initial positions. However, as
has been shown earlier, removal of the field is followed by only a partial destruction of
the pattern. Owing to the strong remanence possessed by high-coercivity materials,
magnetized particles continue to participate in dipole interactions remaining con-
nected to each other. In addition, despite the reduction of their degree of order, the
chains retain the direction, in which the primary structure was formed.

Abrupt switching to a magnetic field of opposite polarity creates a situation when
its vector is contradirectional to the magnetic moments of the particles. In order to
restore codirectionality, they might exhibit two different types of behavior depending
on the elastic properties of the polymer: while tightly embedded in a rigid matrix, the
grains demonstrate the classic mechanism of internal rearrangement, first changing
their state to nonmagnetic, then to opposite polarity; soft matrices allow the particles to
turn inside. Increasing the oppositely directed magnetic field does not lead to the
formation of as well-ordered chains, however. Such an asymmetry may be explained by
noticeably stronger elastic forces affecting the order of the internal chain-like structure
being formed by turned-over particles as compared to when structuring requires no
rotation and therefore doing additional work against the restoring forces of the
polymer.

The most interesting case of structuring is observed when the reversal magnetic
field is gradually reduced to O. As the field-induced magnetic forces holing the particles
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gathered in chains weaken, their tendency to turn back becomes more pronounced. As
a result, at moderate fields, the chains are subjected to significant distortions making
the impression that the system tends to rearrange the buildups in the way perpen-
dicular to the influence vector. At the same time, magnetic interactions complemented
by elastic forces are directed at diminishing the overall system energy. Driven by their
remnant magnetization, particles assemble into rings confining circular magnetic
field. It should be noticed that the ascending branch of the magnetization hysteresis
loop lies close to the zero point, which corresponds to the low coercivity and remnant
magnetization magnitudes related to it. In addition to that, it is possible to conclude
that the asymmetry of the magnetization loop originates from the initial magnetizing-
field memory phenomenon based on the existence of the easy magnetization direction
possessed by every particle.

3.2 Rheological properties of HME

Determination of the rheological properties of HME was one of the purposes of the
research. Meanwhile, owing to the complexity of the structuring mechanism, using the
direct approach in their study was inefficient. As has been mentioned earlier, simpli-
fication of data interpretation suggested that all the experimental specimens be
fabricated with magnetically hard particles only. At the same time, it was of interest to
investigate the influence of particle size on the rheological behavior of the material. In
order to do that, a commercial magnetic NdFeB-alloy powder with grains of sizes
ranging up to 250 pum was sieved into three fractions. Thus, three elastomer samples
containing particles smaller than 40 pm, those falling in the range 40-80 pm, and
grains bigger than 80 um, were fabricated. The fourth sample filled with unfractionated
polydisperse powder was synthesized for comparative purposes.

The relationship between shear modulus and deformation exhibited by the sample
based on the smallest particles influenced by various magnetic fields is shown in
Figure 3.2. As is possible to notice, the curves are of a standard shape and resemble
those demonstrated by MRE containing magnetically soft particles. At deformations
not exceeding 0.01%, the shear modulus attains saturation and no longer exhibits the
tendency to grow. Increasing deformation from 0.01 to 10% results in lower shear
modulus magnitudes. At the same time, at stronger magnetic fields, the dependence of
the shear modulus on deformation is pronounced more noticeably. Whereas at zero
field, the shear modulus decreases by a factor of 3.3, which corresponds to a decrease
from 25.4 kPa observed at a 0.01% deformation to 7.5 kPa observed at a 10% defor-
mation, at 490 mT the modulus changes by a factor of 35 decreasing from 3849 to
108 kPa. A similar relationship between the elasticity of filled elastomers and defor-
mation, also known as the Payne effect, had been observed in samples filled with
magnetically soft particles during testing on a rheometer in in-plane shear mode [33]
and in stretch mode [34].
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Comparison of the rheological behaviors demonstrated by the sample containing
the finest fraction of particles and one filled with medium-size (40-80 pm) particles
makes it possible to see that the latter exhibits a similar relationship with deformation.

The lines lie very close to each other. On the one hand, it makes sense that the curve
corresponding to the finest-filler sample runs slightly above that of its counterpart. On
the other hand, the other sample might demonstrate a stronger elasticity increase when
influenced by a magnetic field. However, the fact that this does not happen gives
grounds for the conclusion that a high magnetorheological effect may indeed be
observed with small particles only. At small deformations occurring in magnetic field,
the elastic modulus increases by a factor of 150 or by in increment of 3.8 MPa, whereas
at a 10% deformation the modulus increases by a factor of 15, which corresponds to an
increment of 120 kPa.

A comparative diagram for the loss factors demonstrated by the two samples as
functions of deformation is brought in Figure 3.4.

Dependences of loss factor on deformation, grain size, and external magnetic field
are tangly. At zero field, deformation increasing from 0.01 to 10% is followed by a small
increase of the loss factor by 0.1. At the same time, magnetic field causes more sig-
nificant incremental changes. It is interesting to note that its maximum value is
observed at deformations ranging from 0.1 to 1%. In addition, samples filled with
bigger (40-80 pm) particles show even higher loss-factor values.

The sample containing the biggest (>80 um) particles shows results similar to those
produced by the other two samples brought in Figure 3.2 and 3.3. However, the initial
elastic modulus of this specimen equals 190 kPa, which is one order of magnitude
greater in comparison with the other specimens. As a result, the sample demonstrates a

10000

—— 0{1)
—m— 50mT(2)
-~ 100 mT (3)
—< 145mT{4)
-~ 190 mT{(5)
—e— 270 mT(6)

—==- 340 mT{(7)

—— 400 mT(8)
——- 450 mT{(9)

—e— 490 mT (10)

Figure 3.2: HME sample containing the smallest (<40 pm) particles. Shear modulus (G’) as a function
of deformation at different magnetic fields.
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Figure 3.3: HME samples containing the smallest (<40 pm) and medium-size (40-80 pm) particles.
Comparison of their shear moduli (G’) as functions of deformation at zero magnetic field and 490 mT.

very close absolute MR effect equal to 3.1 MPa, whereas at a deformation of 0.01% its
relative magnitude turns out to be only 16 (Figure 3.5).

Finally, determination of the rheological parameters of the specimen containing
unfractionated polydisperse particles was carried out for a better understanding of the
tendencies demonstrated by the three samples considered previously and the de-
pendences of their properties on filler dispersity. The proximity of its elastic modulus
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Figure 3.4: HME samples containing the smallest (<40 pm) and medium-size (40-80 pm) particles.
Comparison of their loss factors as functions of deformation at zero magnetic field and 490 mT.
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Figure 3.5: HME sample containing the largest (80 pm) particles. Absolute and relative MR effect in
relationship with external magnetic field.

being 28 kPa to those of the three samples gives such a possibility. A comparative
diagram for the sample filled with unfractionated particles and that containing the
finest fraction is presented in Figure 3.6.

Meanwhile, comparison of the sample containing the smallest particles with those
based on less-disperse powders unveiled very similar behavioral features in spite of the
fact that the former shows a stronger magnetization and thus is expected to undergo a
stronger structuring in magnetic fields. At the same time, the cumulative influence of
such factors as high concentration of the filler, big size of its particles, and their plate-
like shapes may evidently be the cause of steric difficulties experienced by the grains
attempting to line up along the magnetic field force lines.

It is necessary to note that whereas iron powders become saturated at 500 mT,
NdFeB-alloy particles require a 1-2 T field to attain saturation. As may be noticed
from the following drawing, the magnetization and MR effect do not level out at
500 mT and continue to grow, which is also seen well on the magnetization curves
(Figure 3.7). A detailed description of these magnetic features is given in Ref. [16].
Most strongly the MR effect appears at small deformations. For instance, G’ increases
by a factor of 120 at a deformation of 0.01% and by a factor of 30 at a deformation of
1% (Figure 3.8).

As may be seen from Figure 3.7, owing to the fact that the magnetization and
remnant magnetization magnitudes demonstrate monotonous growth over the entire
interval of fields ranging up to 1500 mT, the rheological studies carried out at fields not
exceeding 500 mT cannot unveil the complete potential of the composite material.
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Figure 3.6: HME samples containing the smallest (<40 pm) particles and unfractionated filler
(0-250 pm). Comparison of their shear moduli (G’) as functions of deformation at four magnitudes of
external magnetic field.

The loss factor is an important index for MRE. Its magnitude is proportional to the
capability of the material to dissipate energy and absorb vibrations. Comparison of
specimens fabricated on the basis of particles with different sizes makes it possible to
conclude that this parameter grows with external magnetic field strength and grain
size.
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Figure 3.7: Magnetization and remnant magnetization as functions of external magnetic field.
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Figure 3.8: HME sample with polydisperse filler (0-250 pm). Absolute and relative MR effect as a
function of magnetic field at different deformations.

3.3 Electrical properties of fillers and magnetic elastomers on
their basis

Accumulation of experimental results has offered a possibility to draw primary con-
clusions as well as do a step forward. On the one hand, carbonyl iron powders taken
from different sources and having quite high resistivities become significantly more
conductive after treatment. On the other hand, whereas ethylene-glycol-based elec-
troplating has proven itself to be productive, we have not yet been able to make it fully
controllable. All uncertainties evidently come from secondary chemical processes
requiring additional study. So far, it has been noticed that the resistivities of the
recovered products show a degree of variation; however, the set of factors having a
direct effect of the merit of nickel-plated powders remain unknown. While nickel
chloride concentration and high electric current most probably have a positive influ-
ence on the product quality, there is no clear understanding of such factors as the
presence of Fe*" cations in the electrolyte and its pH or freshly preparedness. Mean-
while, the range, within which most of the results have fallen, extends from 6.5 to
131.0 mQ-m being orders of magnitude narrower as compared to the spread of values
demonstrated by the resistivities of untreated carbonyl iron powders. For example,
whereas a commercial carbonyl iron powder containing spherical grains being 3-8 pm
in size exhibited a resistivity of 6.50-10° Q-m, the product of its three-step grinding
demonstrated a magnitude of 1.31 Q-m. As is indicated by our experimental observa-
tions, the conductive properties of the initial material have a positive effect on the
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degree of conductivity improvement. In the example brought just earlier, this corre-
lation may be explained by the fact that the grinding results in peeling an oxidized
layer off the grains being treated. Thus, demonstrating a better conductivity before
electroplating, such powders more stably and vigorously participate in the target
electrochemical process. As has been established by means of the X-ray excited optical
luminescence method, in most cases concentrations of metal nickel deposited on the
iron particles fall within the limits of an interval extending from 1 to 4 wt.%. Powders
with better initial conductive properties correspond to higher nickel contents in the
products, however.

The products of electroplating feature fluffy powders with color tones slightly
darker than that of untreated carbonyl iron and contain no visible agglomerates. At the
same time, although the overall method does prevent massive particle agglomeration
manifesting itself as the formation of small stones, remnant magnetization turns up to
be the factor responsible for the aggregation of particles into elongated gatherings
(Figure 4.1).

As may be seen from the photographic images, the electroplated powder consists
of agglomerates 50-100 pm long and 20-30 pm wide, which is noticeably more
massive in comparison to the initial 3-8 pm spherical particles.

A powder containing 1 wt.% of metal nickel and exhibiting a resistivity of 45.5 mQ-m
obtained from a carbonyl iron powder with an initial resistivity of 25-27 Q-m was
used for the synthesis of experimental magnetic elastomer samples to be tested for
magnetic field-sensing properties. Their physical parameters were measured against
similar specimens fabricated on the basis of the initial carbonyl iron. All the samples
were prepared isotropic and contained 80 wt.% of filler.

Presented in Figure 4.2, the graphs demonstrate frequency-reliant dependences of
resistivity (p) and permittivity () on external magnetic field. Whereas such features as
the hysteresis phenomenon, the positive and negative frequency-dependent axial
displacements of the p- and &-loops, respectively, and their geometrical orientations in
the physical parameter — magnetic field coordinate systems remain similar, dissimi-
larities deserve a more attentive examination. First of all, the hysteresis loops recorded
for the samples containing electroplated particles demonstrate higher widths resulting
from a more reluctant response to the decreasing of external field. Not observed in
samples filled with untreated iron powders, this retardation effect also manifests itself
as a shifting of the extremum value from the corner of the loop along the reverse line to
a lower magnetic field.

Prepared on the basis of soft polymer, the samples must allow easy particles
displacements accompanied by their structuring in magnetic fields. Meanwhile, the
reluctance observed in samples based on electrochemically treated powder containing
large elongated particles most probably reflects the difficulties they experience moving
inside the matrix resulting in an interval of fields, within which both the resistivity and
permittivity continue to retain the variation tendency they showed while the external
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Figure 4.1: Microscopic images of (a) untreated carbonyl iron particles (scale bar 10 pm above and
5 um below) and (b) nickel-electroplated carbonyl iron particles (scale bar 50 pm above and 5 pm
below).

field was changing toward its maximum value. In the case of samples filled with
spherical particles of untreated carbonyl iron, the corner of the hysteresis loop corre-
sponding to the highest magnetic field is coincident with the extrema of the physical
parameters being measured.

Substituting the extremal values and those the samples exhibit at zero field
upon completion of a full hysteresis loop, into the expressions for n, and n,
brought in Part 2.4, we have established experimentally that introduction of nickel-
electroplated particles indeed results in a higher performance of the magnetic
elastomer. As may be seen from Tables 1 and 2 listing the magnitudes corre-
sponding to the exceptional points of the frequency-reliant dependences and
efficiency indices computed on their basis, the nickel-containing composite stably
demonstrates a more extensive variation of its parameters, thus indicating a better
magnetic field sensitivity.

It should be noted, however, that the capability to conduct electric current is
determined not only by the low resistivity of the filler, but also by the possibility
for its particles to line up in chains. Indeed, the magnetoresistivity phenomenon is
based on internal structural changes similar to those described in Part 3.1. At the
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Figure 4.2: Physical parameters of samples of elastomer filled with magnetically soft particles as
functions of external magnetic field: resistivity (p) of elastomer filled with nickel-electroplated (a) and
untreated (b) Fe particles; permittivity (¢) of elastomer filled with nickel-electroplated (c) and Fe-
untreated (d) particles. Comparative diagrams showing the resistivity (e) and permittivity

(f) variations demonstrated by samples with different fillers under the influence of external magnetic
field, measurements done at 1 kHz; the resistivity values are plotted along a linear scale.

same time, as is suggested by the closeness of the values of parameters observed
at zero field in the initial (B; = 0) and final (B, = 0) points of the cycle, these
materials containing no magnetically hard components are unlikely to develop an
interior preferred orientation on primary magnetizing. Therefore, it may be
assumed that the magnetic field sensitivity demonstrated by the sample filled with
nickel-coated grains might probably be pronounced more strongly either with a
more elastic matrix or if the electroplated particles had retained their spherical
shapes, thus experiencing less intensive steric hindrances when driven by the
magnetic field.
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Table 1: Resistivities at the starting point of the hysteresis loop (B, = 0), at the highest magnetic field
(B =420 mT), at a point of minimum (o), and upon completion of a full cycle (B, ~ 0) recorded for
a sample filled with nickel-electroplated particles against one containing untreated carbonyl iron
particles; resistivity-based performance index magnitudes determined for both specimens in
combination with the relative resistivity-based performance characteristic of the former sample.

Frequency Sample p(B;=0) p(B=420mT) Pmin P (B2=0) n, n,

(kH2) (Q-m) (Q-m) (Q-m) (Q-m) (Fe/Ni)/n, (Fe)

1 Ni/Fe 8.48-107 9.21-10°  8.99-10° 7.31.10° 81.3 4.26
Fe 2.86-107 9.85:10°  9.85.10° 1.88-10" 19.1

5 Ni/Fe 1.48-107 2.73-10°  2.68:10° 1.30-10”7 48.5 4.01
Fe 6.53-10° 3.94.10°  3.94:10° 4.76-10° 12.1

10 Ni/Fe 7.75-10° 1.58:10°  1.55.10° 6.85.10° 44.2 4.97
Fe 4.27-10° 3.34:10°  3.34:10° 2.96:10° 8.9

20 Ni/Fe 3.07-10° 9.13-10°  8.89-10* 2.78:10° 31.3 3.77
Fe 1.95-10° 1.79-10°  1.79:10° 1.49-10° 8.3

50 Ni/Fe 1.62-10° 4.55:10°  4.44-10* 1.46:10° 32.9 5.06
Fe 8.70-105 1.05-105  1.05-105 6.86:105 6.5

Table 2: Permittivities at the starting point of the hysteresis loop (B, = 0), at the highest magnetic field
(B = 420 mT), at a point of maximum (gma0), and upon completion of a full cycle (B, = 0) recorded for
a sample filled with nickel-electroplated particles against one containing untreated carbonyl iron
particles; permittivity-based index performance magnitudes determined for both specimens in
combination with the relative permittivity-based performance characteristic of the former sample.

Frequency Sample &£(B;=0) &(B=420mT) Epax £B,=0) n, n.

(kHz) (Fe/Ni)/n. (Fe)

1 Ni/Fe 28.0 85.2 86.5 29.7 291 1.65
Fe 27.4 50.3 50.3 28.6 1.76

5 Ni/Fe 28.0 71.9 73.2 29.6  2.47 1.66
Fe 26.8 40.7  40.7 27.4  1.49

10 Ni/Fe 28.1 67.9 68.6 29.6  2.32 1.69
Fe 26.4 36.7 36.7 26.8 1.37

20 Ni/Fe 28.1 64.2 65.0 29.6 2.20 1.64
Fe 26.4 359 35.9 26.8 1.34

50 Ni/Fe 28.0 60.1 60.9 29.5 2.06 1.61
Fe 26.3 34.0 34.0 26.6 1.28

4 Conclusions

Study of the behavior exhibited by composite materials containing magnetic filler is
essentially based on research on systems consisting of strongly interacting elements.
Their mutual influence is complex and results in the origination of effects having a
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certain subordination manifesting itself as an asymmetry of physical properties and
memory effects.

Analysis of the experimental observations has led us to the understanding that
introduction of high-coercivity components into the formula is determinative of the
mechanism of interactions among magnetized particles contained in the elastomer.
The detailed consideration of the formation of various patterns brought in Parts 2.2 and
3.1 helps develop a vision of how the interior processes affect the behavior of HME
observed during testing. In particular, such phenomena as low coercivity and weak
remnant magnetization exhibited by the sample accompanied by its overall polarity
reversal at moderate reverse magnetic fields take place owing to the capability of the
magnetized particles embedded in its soft matrix to turn. At this, conditioned by a
certain relation among the demagnetizing force of the pure filler, its remanence, and
polymer elasticity, the rotation effect may turn out to be quite intensive resulting in a
significant asymmetry of the magnetization hysteresis loop showing as shifting its
ascending branch to the left of the origin and thus demonstrating abnormal signs of
coercivity and magnetization at moderate reverse magnetic fields [10]. In addition, the
closeness of the magnetic moment demonstrated by HME on the ascending magneti-
zation curve is reflective of rearrangements among the magnetized particles leading to
the formation of ring-like assemblages as the reverse magnetic field is decreasing in
intensity approaching zero. At the same time, the specifics of the structuring processes
remain geometrically predetermined by the direction of initial magnetization mani-
festing itself as a disproportional response to external magnetic vector variations.

Determined by these interior structuring processes, the rheological properties
exhibited by HME also have certain specifics. For instance, unlike “classic” elastomers
filled with magnetically soft particles, samples of hybrid magnetic composite
demonstrate a tendency of the loss factor to increase whereas the field, the material is
exposed to, becomes stronger. Showing an elastic modulus several times that of MRE
with magnetically soft filler, HME, nevertheless, demonstrates a similar tendency of its
viscosity and elastic modulus to grow with field.

This resemblance of the material of interest with elastomers containing magneti-
cally soft particles gives a chance to consider the influence, the shapes of particles have
on its overall performance, from a different angle. Owing to the fact that measurements
of the magnetoresistivity effect assuming successive testings of the same sample over
the same interval of magnetic fields are impossible, the sameness of field-induced
stiffening comes useful making it possible to substitute a sample containing high-
coercivity particles with one filled with magnetically soft powder. As has been
mentioned in Part 3.3, electroplating results in some agglomeration leading to the
formation of elongated assemblages. Although the nickel-coated particles occur orders
of magnitude more electroconductive in comparison to their untreated carbonyl iron
counterparts, alone, this property remains a useful but insufficient factor for making
the overall composite better conducting. At the same time, the experimental results
suggest that the softness of the polymer matrix and the capability of the particles of
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forming chain-like structures under the influence of magnetic fields are the required
supplementary conditions. Whereas the performance of a sample filled with electro-
plated particles, which have retained their initial spherical morphologies, has not yet
been observed, using experimentally obtained powders has indeed boosted magnetic
field sensitivity. The resistivity- and permittivity-based performance indices demon-
strated by a sample prepared with nickel-coated particles exceed those shown by one
containing untreated carbonyl iron by a factor of 3.77-5.06 and 1.61-1.69, respectively.
Meanwhile, the wider hysteresis loops resulting from a more sterically hindered, and
thus reluctant, motion of the electroplated particles are probably indicative of a
somewhat more pronounced tendency of the material to retain interior structures.

Keeping in mind that this research has been inspired by the purpose to develop a
novel material with extraordinary features, collection of scientific facts about elasto-
meric materials containing magnetically hard particles is definitely a step forward.
Study of the magnetoresistivity phenomenon is a contribution to the knowledge about
sensors.
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