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Abstract—Magnetorheological f luids are obtained on the basis of star-shaped and linear PDMS containing
70, 75, and 80 wt % of carbonyl iron microparticles. While pure PDMS polymers are Newtonian f luids, com-
posites exhibit pseudoplasticity. The viscoelastic properties of the obtained magnetorheological f luids of dif-
ferent composition are studied in magnetic fields up to 1 T. The viscosity and storage modulus of the magne-
torheological f luids in the maximum magnetic field reach ~0.19–0.65 MPa s and 0.4 MPa, respectively. The
relative increase in the viscosity and storage modulus of the magnetorheological f luids based on the star-
shaped PDMS with a magnetic filler concentration of 70 wt % in a magnetic field exceeds four orders of mag-
nitude. In the magnetic field, the yield stress of the magnetic composites is as high as 70 kPa at a magnetic
field strength of 1 T.
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INTRODUCTION
Magnetorheological f luids (MRFs) are composite

materials consisting of magnetic microparticles placed
in a liquid nonmagnetic medium [1, 2]. MRFs belong
to the class of the so-called smart materials, the phys-
ical properties of which can change with changing
external conditions. Under application of an external
magnetic field, magnetic filler particles are arranged
in chain aggregates directed along the magnetic field
lines. The rearrangement of the internal structure of
the composite leads to significant changes in such
characteristics of the material as the electrical and
thermal conductivity, dielectric constant, viscosity,
and elastic modulus; the changes can reach several
orders of magnitude [3–6]. The unique properties of
MRFs and the ability to control them by means of
external magnetic fields open up broad prospects for
their practical application. The typical examples of
devices based on MRFs are dampers [7–13], brakes
[14–16] and clamping mechanisms [17–19].

Depending on the task, various liquids can be used
as a dispersion medium: water [20–22], polyesters
[23], synthetic hydrocarbons, and mineral or silicone
oils [24]. In particular, MRFs based on mineral oils
and organosilicon compounds are employed in lubri-
cation and sealing systems and water-based MRFs are
used in medicine.

In this work, the possibility of using polydimethyl-
siloxane oligomers as a dispersion medium is studied.

It is known that PDMS is a bioinert material which
makes it possible to potentially use PDMS-based
MRFs in medicine. The polymer medium has a spe-
cific rheology: it can exhibit non-Newtonian behavior
and has a higher viscosity than low molecular weight
liquids. Therefore, the use of oligomers instead of a
low molecular weight liquid improves the sedimenta-
tion stability of MRFs. However, it should be noted
that a medium with a viscosity of ~1 Pa s still cannot
provide good stability of devices on time scales much
longer than 24 h. An additional increase in the sedi-
mentation stability of the composite can be achieved
with the use of special additives [25, 26] or by chemical
grafting of polymer onto the surface of magnetic parti-
cles [26–28].

The paper compares the viscoelastic properties of
MRFs based on the linear and 32-arm star-shaped
PDMS. Earlier, MRFs based on hyperbranched mac-
romolecules were studied [29]. At the same molecular
weight, star-shaped macromolecules have a lower vis-
cosity than linear ones. Therefore, it can be expected
that MRFs based on a star-shaped polymer will exhibit
a greater magnetic response, since the restructuring of
magnetic filler particles in a less viscous medium
occurs more easily and hysteresis phenomena are less
pronounced. In addition, the use of star-shaped mol-
ecules as dispersion media opens up new possibilities
for controlling the properties of MRFs. In particular,
the introduction of functional groups at the ends of the
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arms can lead to an increase in the compatibility of the
matrix with magnetic particles or to additional struc-
turing of the medium due to the aggregation of func-
tional groups. This can be useful for both MRFs and
crosslinked magnetic composites.

The aim of this work is a comprehensive compara-
tive analysis of the viscoelastic properties of MRFs
based on linear and star-shaped PDMS with different
contents of the magnetic filler in external magnetic
fields up to 1 T.

MATERIALS
Carbonyl iron (P20 grade, Vekton) with an average

particle size of 4.5 μm was used as a magnetic filler.
Linear PDMS with an average molecular weight of

Mn = 3.6 × 104, Đ = 1.67 was derived from α,ω-divi-
nyldimethylsiloxane (Vinyl Silicone Oil 5000 cSt grade,
Penta-91).

A 32-arm star-shaped PDMS was synthesized
according to the method described in detail in [30, 31]
and in the file with supplementary materials. The fol-
lowing materials were used for its synthesis:
1,1,3,3,5,5-hexamethylcyclotrisiloxane (D3) (95%,
ABCR) dried and distilled over calcium hydride,
n-butyllithium as a 1.6 M solution in hexane (Acros),
the initial carbosilane dendrimer of the fourth genera-
tion with DDMS protecting groups synthesized at the
Enikolopov Institute of Synthetic Polymeric Materials
of the Russian Academy of Sciences according to the
method described in [30, 31], tetramethylethylenedi-
amine (99%, Acros) dried over 3 Å molecular sieves,
petroleum ether distilled on a rotary evaporator (OOO
Ruskhim.ru), silica gel (Merk Kiesegel 60, 0.040–
0.063 mm, pH 6.5–7.5), anhydrous sodium sulfate
(OOO Komponent-reaktiv), hexane (97.76%, OOO
Ruskhim.ru) dried over calcium hydride and 3 Å
molecular sieves, toluene of analytical grade (OOO
Khimpromtorg) dried over sodium with benzophe-
none and 3 Å molecular sieves, and tetrahydrofuran
(99.8%, OOO Ruskhim.ru) dried over sodium with
benzophenone and 3 Å molecular sieves.

The molecular weight of the resulting star-shaped
PDMS (NMR data) was Mn = 12.9 × 104, Đ = 1.11,
and the average arm length was 46 dimethylsiloxane
units.

RESEARCH METHODS
The viscoelastic properties of the star-shaped and

linear PDMS and their magnetic composites were
studied on an Anton Paar Physica MCR 302 rheome-
ter with a plate–plate measuring system and an MRD
170/1 T magnetic cell equipped with an electromag-
net. A layer of magnetic f luid with a height of h =
0.1 mm was applied between the measuring head con-
nected to the rotor and the surface of the fixed sub-
strate (Fig. 1). The viscosity of liquids η was measured
POLYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021
in a rotation mode in the range of shear rates 
0.01–100 s–1. Dynamic measurements were also car-
ried out in the mode of forced torsional oscillations, in
which the shear strain of the samples was varied
according to the harmonic law , where γ
is strain, γ0 is the strain amplitude, and ω is the fre-
quency of shear oscillations. The shear elastic modu-
lus (the storage modulus) G ', which is responsible for
the elastic response of the material, and the shear loss
modulus G '', which characterizes the viscous response
associated with energy dissipation in the sample, were
assessed. The frequency dependences were measured
at a fixed oscillation amplitude γ0 = 0.1% in the fre-
quency range ω = 1–100 rad/s, and the amplitude
dependences were measured at a fixed oscillation fre-
quency ω = 10 rad/s in the range of oscillation ampli-
tudes γ0 = 0.02–20%. The magnetic field set by an
electromagnetic field and directed perpendicular to
the shear plane was varied up to B = 1 T.

Before each measurement, the liquid was rotated at
a shear rate of  100 s–1 for 60 s. After each measure-
ment in the magnetic field, the liquid was renewed.
These two conditions made it possible to provide the
same initial conditions for subsequent measurements.
The same method was used, for example, in [32].

The GPC analysis of the star-shaped PDMS was
carried out on a chromatographic system including a
STAYER s. 2 high-pressure pump (Akvilon, Russia), a
Smartline RI 2300 refractometer, and a JETSTREAM 2
PLUS thermostat (Knauer, Germany). Analysis con-
ditions: the thermostat temperature, 40°C (±0.1°C);
eluents, THF and toluene + 2% THF; the f low rate,
1.0 mL/min; columns, 300 × 7.8 mm; 5 μm Phenogel
sorbent (Phenomenex, United States); pore size, 103 Å.

1H NMR spectra were measured on a Bruker
Avance AV300 spectrometer (solvent, CDCl3; ACD
LABS program; external standard, tetramethylsilane;
solvents, n-hexane and CDCl3).

Analysis results for intermediate and final products
are available in Supplementary Materials.

RESULTS AND DISCUSSION
Rheological Properties of Unfilled Fluids

The flow curves of the star-shaped and linear
PDMS were measured at different temperatures
(Fig. 2). In the investigated temperature range, both
liquids exhibit behavior close to Newtonian. The same
result for 32-arm stars was reported in [33]. A slight
deviation from the Newtonian behavior is observed at
elevated temperatures, but viscosity changes do not
exceed 20% with an increase in the shear rate by three
orders of magnitude. It can be expected that physical
entanglements do not make a significant contribution
to the rheological properties of both star-shaped and
linear PDMS owing to their low molecular weight (the
molecular weight of linear PDMS is close to the criti-
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Fig. 1. Measuring unit diagram for rheological measurements. Color drawings can be viewed in the electronic version.
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Fig. 2. Dependences of the viscosity of (a) star-shaped and (b) linear PDMS on the shear rate at (1) 20, (2) 40, (3) 60, (4) 80, and
(5) 100°C.
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cal value Mcr ~ 3.0 × 104, at which entanglements
begin to form in the melt [34, 35]). The viscosity val-
ues obtained at room temperature are 0.8 Pa s for the
star-shaped PDMS and 5.5 Pa s for the linear PDMS.
The viscosity of linear PDMS is significantly higher
than that of the star-shaped counterpart despite its
lower molecular weight. This result may be explained
by the fact that a star-shaped molecule has a more
compact structure due to the presence of branching
points, and the span of the star-shaped PDMS is
~5 times less than the chain length of a linear mole-
cule. In this case, the activation energies of the viscous
flow Ea calculated from the temperature dependences
of viscosity according to the Arrhenius equation
(Fig. 3) are almost the same and amount to
PO
17.0 kJ/mol for the star-shaped PDMS and
15.5 kJ/mol for the linear PDMS. The branched
structure of the star-shaped polymer does not signifi-
cantly affect the value of Ea.

Magnetorheological Properties of MRFs

Magnetorheological f luids were prepared by the
mechanical mixing of the corresponding polymer and
carbonyl iron (particle size, 3–5 μm). The content of
the magnetic filler in MRF-70, MRF-75, and MRF-
80 samples was 70, 75, and 80 wt %.

The behavior of magneto-polymer composites in
the steady-state shear mode was analyzed by measur-
ing the MRF flow curves in the absence of a magnetic
LYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021
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Fig. 3. Temperature dependences of viscosity in Arrhenius coordinates for (a) star-shaped and (b) linear PDMS.
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Fig. 4. Dependences of the viscosity of MRF-70 based on (a) star-shaped and (b) linear PDMS on the shear rate in various mag-
netic fields.
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field and in magnetic fields of up to 1 T. Figure 4 shows
the dependences of the viscosity of MRF-70 based on
linear and star-shaped PDMS on the shear rate in var-
ious magnetic fields. MRFs with a magnetic filler
mass content of 75 and 80% demonstrate qualitatively
similar behavior (Supplementary Materials). Viscosi-
ties of all the obtained MRFs are presented in Table 1.

When the filler is added to the polymer liquid, its
viscosity increases by several times in the absence of a
magnetic field. For example, the viscosity of MRF-80
is approximately four times (Table 1) higher than the
viscosity of a pure polymer liquid for the compositions
based on both linear PDMS and star-shaped PDMS.
In addition, in contrast to pure liquids with a Newto-
nian nature of f low, filled compositions exhibit a pro-
nounced non-Newtonian behavior (Fig. 4). A drop in
viscosity at high shear rates is characteristic of filled liq-
uids [36] and is related to the fact that the filler particles
are structured under application of the shear field and
form concentric rings; as a result, the resistance to flow
is reduced [37]. In [29], for magnetic compositions
based on hyperbranched decyl polycarbosilanes with
POLYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021
different magnetic filler content, a deviation from the
Newtonian flow was observed when the content of
magnetic particles was more than 72 wt %.

Under application of the magnetic field, the viscos-
ity of the MRFs increases significantly and the depen-
dence of the viscosity on the shear rate becomes even
more significant. The increase in viscosity may be
explained by the fact that magnetic interactions
between filler particles are activated in the magnetic
field. Owing to dipole-dipole magnetic interactions, the
particles tend to arrange in chain structures along mag-
netic field lines. These chains are directed perpendicu-
lar to the shearing force, which hinders the flow. At high
shear rates, the magnetic filler network breaks mechan-
ically and its contribution to the total viscosity drops
significantly.

Figure 5 shows the dependences of the viscosity of
the MRFs with different content of magnetic particles
on the magnitude of the external magnetic field. It can
be seen that all MRFs demonstrate a colossal mag-
netic response. The graphs presented in logarithmic
coordinates show that a significant increase in viscos-
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Table 1. The viscosity of the obtained MRFs in the absence of the magnetic field and in the magnetic field B = 1 T at shear
rate  100 s–1

Dispersion medium Magnetic composition η (B = 0 T), Pa s η (B = 1 T), Pa s

Star-shaped PDMS MRF-70 1.11 274 247
MRF-75 2.14 343 160
MRF-80 3.16 409 129

Linear PDMS MRF-70 9.08 550 61
MRF-75 11.5 691 60
MRF-80 19 805 42

γ =�

η =
η =

( 1T)
( 0 T)
B
B

ity occurs even at low values of the magnetic field B =
0.066 T, while in the maximum field B = 1 T, it is four
orders of magnitude. An increase in the concentration
of the magnetic filler in the investigated range leads
only to a slight increase in the absolute value of the vis-
cosity in the maximum magnetic field. Presumably,
the most significant factor is overcoming the percola-
tion threshold which can be reached even with a mag-
netic particle content of 70 wt %, as well as possible
compositional heterogeneity.

The relative magnetic response of compositions
based on the star-shaped PDMS is several times
higher than the response of compositions based on the
linear PDMS. This result is due to a lower initial vis-
cosity of the medium. For this reason the particles of
the magnetic filler experience much less resistance
during restructuring. In this case, in the magnetic
field, the contribution of the network of the magnetic
filler turns out to be the most significant, so that the
viscosity of the composite depends much more weakly
on the initial viscosity of the dispersion medium.

An important feature of the rheological behavior of
MRFs is the appearance of the yield stress under appli-
cation of the magnetic field, which is not observed in
the absence of the magnetic field. At rest, magnetic par-
ticles form a spatial network due to magnetic interac-
tions. Magnetic forces restrict the movement of volume
elements and give the composition the properties of a
solid with an infinitely high viscosity. Only after the
external mechanical force overcomes the magnetic
forces the network of the magnetic filler breaks and the
solid turns into a liquid. The yield stress τ0 for the
obtained MRFs was determined by fitting the flow
curves measured at different magnitudes of the mag-
netic field using the Bingham equation [36]:

(1)

The dependences of the yield stress of all the stud-
ied MRFs on the magnetic field strength are shown in
Fig. 6. It is seen that the quantity τ0 increases signifi-
cantly with increasing field and concentration of mag-
netic particles. In the maximum magnetic field, the
yield stress reaches 70 and 35 kPa for MRF-80 based

ττ = τ + γ ≥ τ� 00 , at .k
PO
on the linear PDMS and star-shaped PDMS, respec-
tively. Such values of τ0 are typical for MRFs [2, 24,
38]. It should be noted that, with the same content of
magnetic particles, the use of star-shaped PDMS as a
dispersion medium in MRFs reduces the value of τ0,
apparently, owing to a lower viscosity of the polymer.
At the same time, the low viscosity of the composition
based on the star-shaped PDMS and the absence of
the zero-field yield stress can potentially allow the use
of MRFs in braking mechanisms.

Viscosity of MRFs in the Transient Mode
The viscosities of the obtained magnetic composi-

tions were measured in the cyclic switching on/switch-
ing off of the magnetic field under stationary shearing
at a constant shear rate  s–1. During measure-
ments, the magnetic field was switched on cyclically
for 1 min and then switched off for 3 min. From the
data presented in Fig. 7, one can conclude that, when
the magnetic field is turned on, the viscosity of the
magnetic composite reaches a stationary value rather
quickly: the measurement accuracy is 3 s per point,
and this time is sufficient to observe the viscosity
reaching a plateau. When the magnetic field is turned
off, the characteristic relaxation times of viscosity to a
stationary value are several tens of seconds. It is also
worth noting that there is a good repeatability of the
properties of all MRFs in different cycles of switching
on/switching off of the magnetic field starting from
the second cycle. The first cycle differs from all subse-
quent ones because of a small residual magnetization
of the metal protective casing with which the measur-
ing setup is equipped.

Dynamic Mechanical Analysis of MRFs
Figure 8 presents the frequency dependences of the

storage modulus of the MRFs measured in the absence
of the magnetic field and in the maximum field B = 1 T.
The values of the moduli measured at the frequency of
shear vibrations oscillation frequency ω = 10 rad/s and
their relative change under application of the field are
given in Table 2.

γ =� 10
LYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021
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Fig. 5. Dependences of the viscosity of magnetic compositions (1) MRF-70, (2) MRF-75, and (3) MRF-80 based on (a, c) star-
shaped and (b, d) linear PDMS on the magnitude of the magnetic field at the shear rate  1 s–1 on a (a, b) linear and (c, d)
logarithmic scale along the y axis.
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Fig. 6. Dependences of the yield stress of (1) MRF-70, (2) MRF-75, and (3) MRF-80 based on (a) star-shaped and (b) linear
PDMS on the magnitude of the magnetic field.

(а) (b)

0 0.2 0.4 0.6 0.8 1.0

5

15

25

35

�0, kPa �0, kPa

B, Т

3

2

1

0.2 0.4 0.6 0.8 1.00

20

40

60

80

B, Т

3

2

1

In the absence of the magnetic field, both compo-
nents of the complex dynamic modulus of the MRFs
grow with an increase in the concentration of the mag-
netic filler. Their values are several times higher for the
POLYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021
MRFs based on the linear PDMS owing to contribu-
tion of the polymer matrix. Under application of the
magnetic field, the values of both G ' and G '' increase
considerably; the growth of G ' reaches several orders
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Fig. 7. Time dependence of the viscosity of (1) MRF-70, (2) MRF-75, and (3) MRF-80 with sequential switching on/switching
off of the magnetic field for (a) star-shaped and (b) linear PDMS. 

0 2 4 6 8 10 12 14

�, Pа s

Time, min Time, min

1
2
3

0 2 4 6 8 10 12 14

1
2

3

(а) (b)

102

101

100

103

104

�, Pа s

102

101

100

103

104

Fig. 8. Dependences of the storage modulus of (1, 1') MRF-70, (2, 2 ') MRF-75, and (3, 3 ') MRF-80 based on (a) star-shaped
and (b) linear PDMS on the angular frequency of shear oscillations (1–3) in the absence of a magnetic field and (1'–3 ') in the
maximum magnetic field.

1 10 100

2

1

3

�, rad/s

1 ', 2 ', 3 ' 1 ', 2 ', 3 '

1

2 3

(а) (b)G ', Pa

102

101

103

104

106

105

1 10 100
�, rad/s

G ', Pa

102

101

103

104

106

105
of magnitude. In the magnetic field, the values of the
storage modulus for MRFs based on the star-shaped
and linear PDMS are approximately the same; they
slightly increase with an increase in the filler concen-
tration. Apparently, this behavior of the material is
PO

Table 2. Rheological characteristics of MRFs at an angular 
amplitude γ0 = 0.2%

Dispersion medium Magnetic 
composition G ' (B = 0 T), P

Star-shaped PDMS MRF-70 15.8
MRF-75 26.4
MRF-80 51.8

Linear PDMS MRF-70 43.6
MRF-75 50.5
MRF-80 88.2
associated with the fact that in the magnetic field the
elastic response is mainly determined by the contribu-
tion of the network formed by the magnetic filler,
which turns out to be significant owing to strong mag-
netic interactions of iron microparticles. Against this
LYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021

frequency of shear oscillations ω = 10 rad/s and oscillation

a G '' (B = 0 T), Pa

32.4 24000 118
49.6 15000 62.5
83.5 8000 34.1
128 8200 80
230 7700 18.1
331 4700 7.5
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Fig. 9. Dependences of (a, c) the storage modulus and (b, d) the loss modulus of MRF-70 based on (a, b) star-shaped and (c, d)
linear PDMS on the magnitude of the magnetic field with its cyclic increase/decrease.
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background, the elastic contribution of the dispersion
medium is small. In addition, since the elastic modu-
lus in the absence of the magnetic field substantially
depends on the type of polymer matrix, the relative
growth of the dynamic shear modulus components for
magnetic composites based on the star-shaped PDMS
is several times higher than that for compositions
based on the linear PDMS. As noted above, a similar
behavior was described for the static viscosity of the
compositions.

It should be noted that the loss modulus in the
magnetic field decreases with an increase in the con-
centration of the magnetic filler, in contrast to the
behavior in the absence of the field (Table 2). The
magnetic field induces strong magnetic interactions
between the particles which grow with an increase in
the degree of filling of the composite, preventing the
destruction of aggregates of magnetic particles under
application of the external mechanical load.

The dependences of G ' and G '' on the magnitude of
the external magnetic field were plotted, and the hys-
teresis of the rheological characteristics of the MRFs
in the magnetic field was studied. Four cycles of mea-
surements of the components of the complex dynamic
POLYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021
modulus were carried out with an increase in the mag-
netic field to a maximum value of 1 T and its subse-
quent decrease to zero. The corresponding depen-
dences for MRF-70 based on the star-shaped and lin-
ear PDMS are shown in Fig. 9; for compositions
MRF-75 and MRF-80, these dependences are avail-
able in Supplementary Materials.

With an increase in the magnetic field, the main
changes in the storage modulus in the first cycle and
subsequent ones occur in fields from 0 to 100–200 mT
when, apparently, the main restructuring of the filler
structure takes place. When B > 200 mT, the storage
modulus continues to grow slightly, but the change in
its value is insignificant. On the contrary, the loss
modulus after reaching a maximum at B = 100 mT
slightly decreases with a further increase in the field.
This can be explained by strengthening of the filler
structure due to the enhancement of magnetic interac-
tions.

In the oscillatory oscillation mode, after each cycle
of increasing/decreasing the magnitude of the applied
field, a significant increase in the components of the
complex shear modulus occurs when the field is
removed. A significant hysteresis of the loss modulus
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Fig. 10. Dependences of (a, c) the storage modulus and (b, d) the loss modulus of (1, 1') MRF-70, (2, 2 ') MRF-75, and (3, 3 ')
MRF-80 based on (a, b) star-shaped and (c, d) linear PDMS on the amplitude of shear oscillation strain shear strain amplitude
in the absence of the magnetic field and in the maximum magnetic field B = 1 T.
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is also observed when increasing and decreasing the
magnetic field. It was previously noted that magneto-
mechanical hysteresis is a property inherent in mag-
neto-polymer composites based on both crosslinked
polymer matrices [39–42] and liquid dispersion
media [29]. It is associated with the processes of rear-
rangement of the structure formed by microparticles
of the magnetic filler which are determined not only
by the magnitude of the magnetic field but also by the
prehistory of evolution under simultaneous applica-
tion of the field and mechanical load. Owing to the
magnetic adhesion of particles in aggregates formed
with an increase in the magnetic field, the elastic
response of the material remains high even with a
decrease in the field to values of about 400 mT and the
energy dissipation is minimal. Only when the mag-
netic field decreases below the critical value particle
aggregates begin to break down by the external
mechanical force, which leads to an increase in energy
dissipation and a decrease in the storage modulus of
the material. 

It is known that filled elastomers exhibit the Payne
effect [43, 44]. This phenomenon consists in the fact
that, with an increase in the strain amplitude, the stor-
age modulus of the material decreases and the loss
modulus passes through a maximum with the maxi-
PO
mum occurring in the region of the sharpest drop in
the storage modulus. This is due to the fact that large
deformations destroy the aggregates formed by the
filler particles. It was recently noted [45, 46] that, in
the case of using ferromagnetic microparticles as a
filler, the Payne effect becomes more pronounced
owing to strong magnetic interactions in the aggre-
gates of magnetic particles that are formed under
application of the magnetic field. These aggregates are
stable under weak mechanical loads but are destroyed
under high shear deformations. The term “magnetic
Payne effect” was even introduced in [47]. It is clear
that such an effect should also be inherent in magne-
torheological f luids exhibiting viscoelastic behavior in
a magnetic field which is close to the behavior of sol-
ids. Indeed, the magnetic Payne effect in magnetorhe-
ological f luids was observed and studied in detail in
recent works [29, 48].

Typical dependences G '(γ) for the MRFs studied in
this work are shown in Figs. 10a and 10c. The storage
modulus decreases several times with a change in the
strain amplitude γ from 0.2 to 20%. In this case, in the
magnetic field B = 1 T, the region of linear viscoelas-
ticity expands, which is associated with the strength-
ening of the magnetic filler network in the magnetic
field. The higher the concentration of magnetic parti-
LYMER SCIENCE, SERIES A  Vol. 63  No. 3  2021
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cles in the MRFs, the higher the shear strains at which
a noticeable softening of the composite begins, which
is also related to the enhancement of magnetic interac-
tions.

Figures 10b and 10d show the dependences of the
mechanical loss tangent (the loss factor) tanδ = G ''/G '
on the strain amplitude. The loss factor characterizes
the ratio of the contribution of the viscous response of
the sample to the elastic one. If tanδ > 1, then the vis-
cous response prevails; if tanδ < 1, the elastic response
dominates. It can be seen that, in the entire investi-
gated region of strain amplitudes in the absence of the
magnetic field, all MRFs behave like liquids. In this
case, when the magnetic field is switched on, the main
contribution to the viscoelastic properties is already
made by a strong network of the magnetic filler, owing
to which tanδ < 1; i.e., the elastic contribution to the
material properties dominates. It should be noted that,
in the region of small strain amplitudes, the drop in
tan δ upon application of the magnetic field B = 1 T
reaches almost three orders of magnitude, which indi-
cates the possibility of regulating the damping proper-
ties of the obtained MRFs in a wide range.

CONCLUSIONS

In this work, the magnetorheological f luids were
obtained using new polymer dispersion media (linear
and star-shaped PDMS) and carbonyl iron magnetic
microparticles with a mass content of 70, 75, and
80 wt %. A comparative analysis of their rheological
behavior demonstrated that all the obtained composi-
tions have a high magnetorheological effect: the
increase in the viscosity and storage modulus reaches
four orders of magnitude in a magnetic field up to 1 T.

The main effect of the dispersion medium is man-
ifested in the properties of the MRFs in the absence of
the magnetic field: owing to a more compact structure
of star-shaped PDMS macromolecules, the magneto-
rheological f luids based on it have a significantly lower
viscosity than their analogs based on the linear
PDMS, despite the lower molecular weight of the lat-
ter. The dependence of the viscosity of the MRFs on
the viscosity of the dispersion medium in the magnetic
field is much weaker: at low shear rates, the main con-
tribution is made by the aggregation of magnetic par-
ticles; this contribution grows with an increase in the
concentration of the magnetic filler. In the magnetic
field, the viscosity values of 0.19–0.65 MPa s are
achieved at a shear rate of 1 s–1. The relative magnetic
response of the MRFs based on the star-shaped
PDMS is higher than that of the MRFs based on the
linear PDMS owing to the lower initial viscosity of the
medium. The formation of a strong magnetic filler
network in the magnetic field causes appearance of the
yield stress, which in the MRFs based on the linear

and star-shaped PDMS at B = 1 T reach high values of
70 and 35 kPa, respectively.

The aggregation of magnetic particles under appli-
cation of the magnetic field also makes a decisive con-
tribution to the dynamic mechanical response of mag-
neto-polymer compositions. It is shown that, in the
region of linear viscoelasticity, the shear storage mod-
ulus of the MRFs reaches several hundred kilopascals.
The maximum relative increase in the components of
the complex dynamic modulus is observed for the
MRFs based on the star-shaped PDMS with a mass
concentration of carbonyl iron of 70 wt %. One should
note a significant, up to three orders of magnitude,
drop in the mechanical loss tangent, which indicates
that the damping properties of the obtained MRFs can
be regulated in a wide range.
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