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Abstract—Magnetic elastomers are obtained using polydimethylsiloxane polymer filled with barium hexafer-
rite microparticles that have a homogeneous and porous microstructure. The microstructure and magnetic
and mechanical properties of the synthesized samples are studied. The way of leaching the filler yields mag-
netic elastomers with a porosity of ~58%. It is shown that the porous microstructure reduces the Young’s
modulus of the samples from 0.63 MPa (homogeneous) to 27 kPa (porous) and does not appreciably alter
their magnetic properties.
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INTRODUCTION
Magnetically active elastomers, a new class of

smart materials with the properties controllable by a
magnetic field, are being intensively studied due to the
broad prospects for their application in such fields as
biomedicine, sensors, and electronics [1–3].

One of the most common polymer bases for the
synthesis of elastomer composites is polydimethylsi-
loxane (PDMS), which belongs to a group of poly-
meric organosilicon compounds also known as sili-
cones. Structural features make them polymers with
unique physical (elasticity, heat resistance, and dielec-
tric strength) and chemical (inertness and hydropho-
bicity) characteristics. PDMS is also known for its
intriguing rheological (f lowing) properties. It is opti-
cally transparent and nontoxic, making it attractive for
biomedical applications (scaffolds [4], implants [5],
and lenses [6]). The functionalization of PDMS-
based elastomers through manufacturing the compos-
ites with magnetic additives will allow the develop-
ment of a promising field known as soft robotics,
which is associated with the creation of miniature
object manipulation systems controlled remotely by
magnetic fields [7, 8].

Special attention in this area has been given to elas-
tomers with porous structures [9–12]. This would
allow us to considerably alter the mechanical proper-
ties of a material, since it reduces the density of the lat-
ter, expands the range of possible deformations, and
makes the material more pliable to external factors.

Porous elastomers based on PDMS in combination
with conductive carbon nanotubes or graphene have
already proven to be highly promising candidates for
next-generation f lexible electronics [13]. Porous
PDMS with multi-walled carbon tubes has also
demonstrated the ability to detect ultra-small strains
and pressures over a wide operating range [14]. NdFeB
micropowder fillers used in the production of perma-
nent magnets are used most often in studies on mag-
netic elastomers. An alternative to NdFeB is magnetic
oxides based on M-type hexaferrites with the general
formula MFe12O19 (M = Ba2+, Sr2+, Pb2+), which—in
addition to their high saturation magnetization and
coercivity—are more cost-efficient, chemically stable,
corrosion resistant, and low-density [15, 16]. The aim
of this work was to synthesize and explore PDMS and
barium hexaferrite-based magnetic elastomers with
different microstructures (homogeneous and porous),
and to compare their magnetic and mechanical prop-
erties in order to establish the possibility of using them
as actuators of magnetic field–driven valves.

EXPERIMENTAL

Our BaFO/PDMS magnetic elastomer samples
were composites consisting of barium hexaferrite
BaFe12O19 (BaFO) microparticles distributed in a
PDMS polymer matrix (Fig. 1a). Magnetic particles
were ordered in a magnetic field in one chosen direc-
tion (Fig. 1b).
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Fig. 1. (a) General model of the magnetic composite elastomer: barium hexaferrite microparticles (1) and polydimethylsiloxane
matrix (2). (b) Schematic of magnetic particle ordering in the polymer matrix.
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Samples of two types were obtained and examined.
The first included a homogeneous BaFO/PDMS
composite and pure PDMS samples. The second was
samples of similar composition, but with a porous
structure.

The elastomer composite samples were synthesized
by curing a Rexant PK-68 two-component silicone
compound added with magnetic microparticles using
the polycondensation reaction. Polymerization of lin-
ear PDMS polymers into a crosslinked elastomer was
done using a crosslinking reaction in which a plati-
num-based catalyst catalyzed the adding of Si–H
bonds to vinyl groups with the formation of Si–CH2–
CH2–Si bonds. To accomplish this, a mixture of low-
molecular-weight dimethyloxane (base) and the cata-
lyst was prepared in the required proportions (100 parts
of the base to 5 parts of the catalyst). Two grams of this
mixture was then poured into a Petri dish, and prepared
barium hexaferrite magnetic microparticles were added.
The concentration of BaFO microparticles was 16 wt %
of the total composite mass. A powder of hard magnetic
BaFO microparticles was obtained via the mechanical
grinding of a commercial BaFe12O19 barium hexaferrite
magnet in a ball mill for 30 min, followed by drying and
sieving in a sieve with a mesh size of 40 μm. The final
mixture consisting of the two-component compound
with the magnetic particle additives was dried for 24 h at
a temperature of 24°C until it was completely cured. A
magnetic field of 0.1 T was applied perpendicular to the
plane of the Petri dish throughout the curing of the
elastomer samples.

Similar porous elastomer samples were synthesized
by the leaching of fillers [17, 18]. The technique
assumes the use of a filler soluble in a medium inert to
the polymer matrix. The porosity and pore size of the
sample are determined by the size and concentration
BULLETIN OF THE RUSSIAN ACADE
of the filler. We used edible sugar granules 0.5–0.8 mm
in size as a washable filler. The porous samples were
obtained using a procedure similar to the synthesis of
smooth samples, but with adding sugar granules to the
PDMS polymer in a mass ratio of 1 : 1. After the final
curing, the filler was washed out by soaking the sam-
ples in 100 mL of distilled water in an ultrasonic bath
for at least 60 min while periodically squeezing the
water from the sample until the complete dissolution
and washing out of the sugar granules was achieved.
When the procedure was complete, the samples were
dried in an oven for 24 h at a temperature of 60°C.
Four elastomer samples were obtained: pure PDMS, a
BaFO/PDMS composite, porous PDMS, and a
porous BaFO/PDMS composite. The microstructure
of the samples and the geometry and sizes of pores
were studied on a Cheetah YXLON X-ray control unit
with a computed tomography function (Germany)
that had a spatial resolution of at least 1 μm.

The magnetic properties of the samples were stud-
ied with a Lakeshore 7400 vibrating sample magne-
tometer. The temperature stability of the samples was
determined via thermogravimetry using a NETZSCH
TG 209 F3 Tarsus thermobalance. The Young’s mod-
uli of the samples were determined by measuring their
elongation under static mechanical tension. The
Young’s modulus was determined from the elongation
of each sample in the form of a rectangular plate under
suspended loads of different masses. Each sample was
suspended vertically from a tripod leg with a clamp. A
plastic plate was placed between the samples and the
clamp to ensure a more uniform distribution of the
clamping stress. Loads with different nominal weights
were attached to the lower end of the sample strip.
Since inhomogeneous deformations arose at the sam-
ples’ fastening points, stretching was measured not
over an entire strip, but in the part of it located at a cer-
MY OF SCIENCES: PHYSICS  Vol. 87  No. 6  2023
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Fig. 2. 3D X-ray computer tomography cross-section
micrographs of our (a) homogeneous and (b) porous
BaFO/PDMS samples. (c) Microtomography image of
the porous BaFO/PDMS sample.
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tain distance from the clamps. The uniform deforma-
tion determined in the experiment therefore did not
depend on the inhomogeneous deformations at the
place where the sample was fastened.

The Young’s modulus was determined using the
formula

(1)

where F is the absolute value of the sample stretching
force, S is the surface area over which force F is distrib-
uted, x is the absolute value of the change in the sam-
ple’s length when deformed, and l is the length of the
unstrained sample. The coefficient of proportionality
between the stresses in the measured part of the sam-
ple strip caused by the applied forces and the relative
elongation of this part of the strip (the Young’s modu-
lus) was determined according to least squares.

The porosity of the samples was determined from
the difference between the masses of the porous sam-
ple in the dry and wet states, using the formula

(2)

where

(3)

(4)

(5)

(6)
where mdr is the mass of the dry sample, mwet is the
mass of the water-wet sample,  is the density of
water, r is the radius of the sample, and h is the height
of the sample.

RESULTS AND DISCUSSION
Figure 2 shows 3D X-ray computer tomography

images of our homogeneous and porous
BaFO/PDMS samples. Despite the identical masses
of the initial components and the final samples, their
thicknesses differ considerably because of the porous
structure of one of the composite samples. The pore
diameter was determined by the size of crystallites
(their agglomerations) of the leachable filler in the
PDMS polymer matrix. The microtomography
images of the homogeneous and porous samples
(Figs. 2a and 2b) clearly show the ordering of mag-
netic particles (light background) in the PDMS
matrix, which was retained after PDMS polymeriza-
tion and switching off the applied magnetic field. The
measured Young’s moduli and porosities of the sam-
ples are given in Table 1. The Young’s modulus of the
homogeneous samples is greater than that of the
porous one by an order of magnitude (0.24–0.63 MPa
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for the smooth samples versus 24–27 kPa for the
porous ones).

We obtained the magnetic field dependences of
magnetization (hysteresis loops) for the samples con-
: PHYSICS  Vol. 87  No. 6  2023
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Table 1. Porosities and Young’s moduli of our PDMS and BaFO/PDMS composite samples

Pure PDMS BaFO/PDMS composite Porous PDMS Porous BaFO/PDMS 
composite

Young’s modulus, MPa 0.24 ± 0.03 0.63 ± 0.10 0.024 ± 0.007 0.027 ± 0.005
Porosity, % 0 0 54 58
taining magnetic particles (Fig. 3a). For purposes of
comparison, similar measurements were made for the
powder of these particles without the polymer matrix
(Fig. 3b). As can be seen from the plots, the porous
structure of the polymer did not affect the magnetic
BULLETIN OF THE RUSSIAN ACADE

Fig. 3. Normalized magnetic field dependences of the m
BaFO/PDMS composite (blue squares), porous BaFO/PDM
and Hc = 1460 Oe; and (b) for the barium hexaferrite powde
and Hc = 1460 Oe.
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properties of the samples, while the magnetic proper-
ties of the composite differed from those of the parti-
cles themselves. A comparison of the remnant magne-
tization of the samples and that of the powder (Mr =
0.71Ms for the samples at Mr = 0.44Ms for the particle
MY OF SCIENCES: PHYSICS  Vol. 87  No. 6  2023

agnetization (hysteresis loops) for (а) the homogeneous
S composite (red dots) with Ms ≈ 8.0 erg/(G g), Mr = 0.71Ms,
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powder) shows that curing in a magnetic field deter-
mined the direction of easy magnetization (magnetic
anisotropy) in the samples. The composites and the
particle powder also had the same coercivity: Hc =
1460 Oe and Ms ≈ 8.0 erg/(G g) for the composites and
Ms = 80 erg/(G g) for the particles.

Our thermogravimetry measurements showed the
obtained PDMS-based composites were destroyed at
temperatures of ~740 K.

Comparative observations showed that the porous
samples bent much more than the smooth ones in an
identical magnetic field. Control with a magnetic field
was therefore easier to achieve on the porous magnetic
elastomer samples. The porous structure of the com-
posite made it lighter, more pliable, and more elastic,
so the porous samples were more suitable for use in
magnetic field–driven devices. We designed a proto-
type to demonstrate the operating principle of a mag-
netic valve based on PDMS with barium hexaferrite
microparticles (Fig. 4). The prototype was a plastic
base with a hole for inserting the porous composite
material. One side of the composite was connected to
the edge of the base hole, while the other sides were in
contact with but not connected to the base (Fig. 4a).
When a nonunifrom magnetic field was applied to the
prototype, the composite material bent and touched
the base with its fixed side, thereby opening the valve
(Fig. 4b). After switching off the magnetic field, the
elastomer returned to its initial position due to its elas-
ticity and closed the valve.

CONCLUSIONS
We studied the magnetic and mechanical proper-

ties of a homogeneous porous magnetic elastomer
with a PDMS matrix and a barium hexaferrite micro-
particle filler. We found that due to its higher elasticity
and pliability, a porous sample was more suited for use
in a soft magnetic field-driven valve without deteriora-
tion of its magnetic properties than a sample with a
homogeneous microstructure.
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