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Hccneoosano nekmpopeoniozuieckoe nogedenue CyCHeH3uil 2aniyasuma 6 noauoume-
muacuiokcane ¢ Kunemamuyeckoii éazkocmuio 50, 100 u 400 cCm, konyenmpayua HanoJaHumens
cocmaeénana 4 u 8 macc.%. Hccnedyemvie cycnenzuu agaaomca 31eKmpopeosoZuiecKumu HeuoKo-
cmamu: noo oelicmeuem 31eKmpuiecKkozo noaa ece 00pasybl NPoOAGIAAIOM 6A3KOynpyzue ceolicmad,
U 3HAUEeHUs npedena mexKyyecmu cyuiecmeenno eospacmaiom. Hzmenenue peonozuueckozo nogeode-
HUA CYCneH3Uil C8A3AHO C 00PA308AHUEM NPOMANCEHHBIX KOIOHYAMBIX CIMPYKMYP U3 YACMUY HANOI-
HUumenA 60016 CUNOGHIX TUHUIL INEKMPUYECK020 nonA. B pabome usyuena 3agucumocmsv unmeHcug-
HOCIU I71eKMPOPeonoZuYecKo20 IPhdhexma om HANPANHCEHHOCMU INEKMPUUECKO20 NOJIA, KOHUYEH-
mpayuu HanoJIHUmMeNA U 6A3KOCMU oucnepcuonnoil cpeowt. Ilokazano, umo 3nauenus npedena me-
Kyuecmu ygeiuiuearomcs ¢ 603pacmanuem HanpadHceHHOCMU I1eKmpueckozo noJis U KOHYeHmpa-
yuu Hanoanumens. Boiagneno, umo 6 pamkax mounocmu IKCnepUMeRma 3HAYeHUA npedena meky-
yecmu He 3Q6UCAM OM GA3KOCHU OUCHEPCUOHHOU CPedbl NPU (PUKCUPOBAHHON KOHUEHMPAYUU U
HanpadiceHHocmu Inekmpuueckozo noasa. Taxoce Ovina ouenena ceOumenmayuoOHHAA yCMoUYU-
eéocmy cycnensuii. CKOpocmo 0caxcoenus 4acmuy 2anya3uma Hux3ce 8 CyCneH3UAX Ha OCHoee 0oiee
6A3KUX MaAcesl, YMmo 6 nepeom npuodaudxcenuu cozinacyemcsa ¢ gpopmynoit Cmokca. Beruuuna pasno-
8€CHO020 CEOUMEHMAUUOHHO20 OMHOUWEHUS — 8bICOMbL KOLIOUOHOI (ha3bl K 00uiell evicome cmooa
JHCUOKOCMU, 3a6UCUN OM KOHUECHMPAUUU HANOJIHUMENA U OKA3bI8ACMCA Gbluie O CYCHEH3Ull C
bonvuwum cooepiricanuem vacmuy. Boiasenen ne monomonuwlil xapakmep 3a6ucuMocmu OMHOCU-
menwvHou I hexkmusnocmu cycnen3uii Om 63a3K0Cmu OUCHEPCUOHHOU cpedbl 013 8 macc.% cycnen-
3uii. Ilokasano, umo KomoOunayusa mpex napamempos: 6a3K0CmMu OUCNEPCUOHHON cpedbl, KOHUEH-
mpayuu HANOJIHUMENA U HANPAICEHHOCHU IJIEKMPUYECKO20 NOJIA RO360AEM NOJIYYAmMb I1EKMpPo-
Ppeonozuueckue HeuOKOCHU ¢ 3a0AHHBIMU, RPOZHOZUPYEMBIMU CEOTICEAMU.
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The electrorheological behavior of halloysite suspensions in polydimethylsiloxane with kin-
ematic viscosities of 50, 100, and 400 cSt was studied. The filler concentration was 4 and 8 wt%.
The suspensions under study are electrorheological fluids. All samples revealed viscoelastic prop-
erties under electric field and the yield stress values significantly increased. The rheological behav-
ior of suspensions are changed due to the extended columnar structures formation from the filler
particles along with the electric field. In present study, the dependence of the electrorheological
effect intensity on the electric field strength, concentration of the filler and the viscosity of the
dispersion medium was obtained. It was shown that the values of the yield stress increase with
electric field strength and filler concentration. The values of the yield stress are independent on the
viscosity of the dispersion medium at a fixed concentration and electric field in the framework of
experimental accuracy. The sedimentation stability of the suspensions was evaluated as well. The
sedimentation rate of halloysite particles was lower in suspensions based on more viscous oils,
which in rough estimation correlates with the Stokes equation. The level of the final sedimentation
ratio, i.e. the height of the colloidal phase to the total height of the liquid, depends on the concen-
tration of the filler. Thus, the higher the particles concentration, the higher the sedimentation ratio.
The non-monotonic dependence of the relative efficiency of the suspensions on the viscosity dis-
persion medium for 8 wt% suspensions was revealed. It was shown that a combination of three
parameters, namely the dispersion medium viscosity, the filler concentration and the electric field
strength, makes it possible to obtain electrorheological fluids with specified, predictable properties.
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INTRODUCTION

Electrorheological fluids (ERFs) are suspen-
sions of a solid dispersed phase with a high dielectric
constant in a non-polar dispersion medium. The rheo-
logical behavior of ERFs reversibly changes under
electric field resulting in an increase in viscosity up to
several orders of magnitude or the yield stress. Thus,
the fluid reveals elastic properties like a solid body [1].
ERFs are called "smart" materials due to the fast and
reversible change in properties, as well as the ability to
control the characteristics by external stimuli. The phe-
nomenon of a reversible increase in the viscosity of
dispersed systems under electric field is the electrorhe-
ological (ER) effect. Along with other "smart" materi-
als, ERFs are widely used in technology in various de-
vices such as shock absorbers, control valves, dampers
and in microfluidics, robotics, sensors, etc [2]. The
modern applications of the ER effect include sensors
for rapid plague diagnostics and nanodiaphragms with
adjustable aperture [3, 4]. The several qualities are es-
sential to the wide practical application of ERFs,
namely significant change of rheological properties
under electric field, low conductivity, chemical, aggre-
gate and thermal stability. Moreover, they should be
non-abrasive and environmentally friendly. The fabri-
cation of ERFs with the specified properties requires
fundamental research of the ER effect associated with
the study of the influence of many factors. Thus, elec-
tric field strength [5], temperature [6], concentration
[7], size and morphology [8, 9], as well as the electro-
physical characteristics of the filler particles [10, 11],
their modifications [12, 13] and orientation under elec-
tric field [14, 15], the presence of additives [16,17] and
the viscosity of the dispersion medium [18-21] affect
the ER effect.

The influence of the dispersion medium vis-
cosity on the ER effect was studied by several groups
of researchers for various fillers and media. However,
the number of such studies is limited [18-21]. In some
studies, an increase in the ER effect with an increase in
oil viscosity was noted [18, 19], in others the weaken-
ing of the effect occurs [20, 21]. The each group hy-
pothesizes explanation of their results.

N. Ma and X. Dong suggested that oil viscosity
affects the ER effect in two ways. On the one hand, the
wettability of higher viscosity oils on filler particles is
lower than that of lower viscosity ones, which in turn
leads to inhomogeneous dispersion of the filler and de-
creases the ER effect. On the other hand, oil macro-
molecules promote particles agglomeration and the
formation of columnar structures and result in increase
of the ER effect [19]. It is well known that the viscosity
of polydimethylsiloxane (PDMS) rises with the chain
length of its macromolecules. Therefore, the effect of
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agglomeration may be stronger than the effect of dete-
riorating wettability for some fillers with increasing oil
viscosity.

Currently, a significant influence of the parti-
cle shape on the ER effect has been shown [8, 9, 22].
Suspensions filled by particles with a high aspect ratio
exhibit a significant ER activity even at a low concen-
tration, due to the percolation network formation at fill-
ings of a few weight percent. Layered aluminosilicates
are one of such fillers.

Aluminosilicate particles reveal an ER effect
and are an inexpensive natural raw material. That is
why it attracts the attention of researchers [23, 24].
Halloysite is one of the promising aluminosilicate fill-
ers. Halloysite refers to the kaolinite group and consists
of two layers. One of them is silicon-oxygen tetrahedra
and another is oxygen octahedra with a central alumi-
num atom [25]. The morphology of halloysite depends
on the natural conditions of formation, but most often,
the mineral is found in the form of multilayer nano-
tubes with a cavity inside. Halloysite suspensions in
PDMS reveal an ER effect [26]. Moreover, a small
amount of water adsorbed on the filler surface becomes
fundamentally important for the ERF operation and the
magnitude of the ER effect [27]. However, the effect
of the medium viscosity on the ER behavior of suspen-
sions filled by particles with a high aspect ratio has not
been studied. In the presented study, the influence of
PDMS viscosity on the ER behavior of halloysite sus-
pensions of various concentrations was investigated.
The dependence of the ER effect on the rheological
properties of the dispersion medium is an urgent task
and will make it possible to better comprehend the
mechanism of the ER effect in order to produce mate-
rials with predetermined properties, and promote the
expansion of the areas of ERF application.

MATERIALS AND METHODS

Halloysite nanotubes (Sigma Aldrich, USA)
were used as a filler for ERFs. The sizes of nanotubes
range from 50 nm to 2 pm in length and from 20 to 300 nm
in diameter. The typical aspect ratio is 5-6. The walls
of the nanotube consist from 11 to 20 layers with an
interplanar distance of 0.81 nm [27].

PDMS of various molecular weights (brands
PMS 50, PMS 100, PMS 400, Penta Junior, Russia)
were used as a dispersion medium. The declared kine-
matic viscosities are 50, 100 and 400 cSt, respectively.
The molecular weight characteristics were determined
by the size-exclusion chromatography. The molecular
weight and polydispersity index are 5.8, 10.7, 20.9 kDa
and 2.0, 1.8, 2.0 respectively.

Halloysite powder was dried under vacuum at
60 °C for 24 h with following increasing the tempera-
ture up to 80 °C for 2 h to increase the stability of the
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ER response and reduce the conductivity of the suspen-
sions. Suspensions filled up to 4 and 8 wt% were ob-
tained by mixing halloysite powder with PDMS of the
selected brand. Homogenization was carried out using
an MR Hei-Tec magnetic stirrer (Heidolph, Germany)
at a rate of 400 rpm for seven days. The sonication was
performed for 30 min using an ultrasonic bath UZV-4.0/1
TTTs (RMD) (150 W, 35 kHz) (Sapfir LLC, Russia)
before each measurement. The reliability of the results
was achieved by studying three independent series of
samples for each concentration and type of dispersion
medium.

The rheological behavior of suspensions with-
out and under electric field were studied by rotational
viscometry on a Physica MCR 501 rheometer (Anton
Paar GmbH, Germany) in a measuring system of
Searle-type two coaxial cylinders. The electrical poten-
tial supplied from DC high voltage source FuG HCP
14 — 12500 MOD (FuG Elektronik GmbH, Germany)
to an inner cylinder isolated from the main device by a
ceramic gasket. The cell volume was 20 ml and the gap
was 1 mm. The electric field strength was varied in the
range of 0-5 kV/mm. The flow curves were obtained in
the controlled shear stress (CSS) mode in the stress
range from 0.01 to 300 Pa with the shear rate measure-
ment range limited to 100 s™.

Optical microscopy images without and under
electric field were obtained using an Axio50 Im-
ager.M2m optical polarizing microscope (Carl Zeiss
AB, Sweden). The electric potential was supplied from
a high voltage source IVNR 15/1 (+) (Plazon, Russia),
the operating voltage range was up to 10 kV.

Halloysite precipitates over time and a phase
separation appears. The suspensions were transferred
in test tubes protected from mechanical influences to
assess the sedimentation stability and the dependence
of the sedimentation ratio R (the ratio of the height of
the colloid phase to the total height of the liquid) on
time was measured.

RESULTS AND DISCUSSION

PDMS exhibits Newtonian behavior. The vis-
cosity of the oils is constant in whole studied shear rate
range and the shear stress increases linearly with shear
rate. When halloysite is added to PDMS, the rheologi-
cal behavior of the suspensions changes. The fluids ex-
hibit elastic properties, and the yield stress is observed.
Such behavior can be approximated by the Bingham
model:

T =10+ M,1, (1)
where 7 is shear stress, 7o is yield stress, y is shear rate,
np is plastic viscosity, the coefficient takes the value of
viscosity at high shear rates.

The vyield stress indicates the formation of a
weak percolation network from interacting particles.
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The vyield stress values increase with filler concentra-
tion. However, the plastic viscosity of the suspensions
changes insignificantly, the flow curves at high shear
rates have a similar slope. Figure 1 shows the flow
curves for PMS 100 and halloysite suspensions based
on it at various concentrations as an example.
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Fig. 1. Flow curves of PMS 100 (1) and halloysite suspensions
with concentration of 4 wt% (2) and 8 wt% (3)
Puc. 1. Kpussie Teuenns [IMC 100 (1) u cycnieH3uii rayuryasura ¢
KoHIIeHTpanusamu 4 Mace.% (2) u 8 mace.%. (3)

The electric field has no influence on the rheo-
logical behavior of PDMS, which confirms the high in-
sulating properties of the oils, but it critically affects
the behavior of halloysite suspensions. Thus, halloysite
particles polarize and form columnar structures under
electric field resulting in significant increase of the
yield stress (Fig. 2). An independent series of experi-
ments was carried out on identically prepared samples
to obtain reliable results for the yield stress values. A
noticeable increase in the yield stress for all studied
samples is observed at electric field strengths above
3 kV/mm. Therefore, further analysis of the dispersion
medium viscosity effect on the ER behavior of suspen-
sions provided in the range of electric fields of 3-5 k\//mm.

The yield stress was defined as the maximum
value of the shear stress at zero shear rate. Since the
shear stress during the experiment takes discrete val-
ues, the yield stress can be found with an error deter-
mined by the difference between two nearest values.
The results are summarized in Fig. 3.

One can note that the yield stress increase with
electric field, as well as with halloysite concentration
for all studied oils. However, the dispersion medium
viscosity does not affect the values of the yield stress
within the experimental accuracy. The obtained result
can be explained by the low efficiency of both factors
of the medium viscosity influence on the ER proposed
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by N. Ma and X. Dong [19]. The length of the PMS
400 molecules is small compared to the halloysite par-
ticle in order to strengthen the columnar structure due
to the adhesion of one molecule between two particles.
On the other hand, the low wetting of halloysite by
more viscous oil can lead to inhomogeneous dispersion
of the filler, but does not qualitatively change the shape
of the agglomerate. Thus, the strength of the structure
formed under electric field remains.

Despite the fact that the magnitude of the ER
effect (yield stress) does not depend on the dispersion
medium viscosity, the efficiency of fluids, namely the
contrast transition from viscous behavior to elastic
ones, turned out to be different. Thus, the intensity of
the ER effect can be expressed by its relative efficiency

Eger. = T (2)

To
where z¢ is the yield stress under electric field, o is the
yield stress without electric field. The relative effi-
ciency values of the studied fluids are presented in Table.
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Fig. 2. Flow curves of halloysite suspensions in PMS 400 with
concentration of 4 wt% without (1) and under electric field of
3 kV/mm (2) and 5 kV/mm (3). The inset shows optical images of
1 wt% halloysite suspensions in PMS 100 without and under elec-
tric field of 1 k\V/mm. The columnar structures are clearly seen
under electric field action
Puc. 2. Kpussie Teuenus 4 macc.% CycrieH3uH rajuryasura B
IIMC 400 BHe (1), 1 o/ ACHCTBHEM HIEKTPHIECKOTO OIS
HanpspkEHHOCTHIO 3 (2) 1 5 kB/MM (3). Ha BctaBke npuBeeHbI
ontuyeckue Gororpaduu 1 macc.% cycrneHsuu rauryasura B
IMIMC 100 BHE 1 IOx AEHCTBHEM PIEKTPHUIECKOTO TIOJIS HAIPsI-
skeHHocThio | KB/MM. BuaHo dopMHpoBaHie KOJTOHYATHIX CTPYK-
Typ MOA AeHCTBHEM 3IIEKTPUYECKOTO MO
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Fig. 3. The yield stress of halloysite suspensions in PMS 50 (e),
PMS 100 (A), PMS 400 (m) at concentration of 8 wt% (1) and 4 wt%
(2) under various electric fields. For clarity, the values of the yield
stress for suspensions based on oils of different viscosities at the
selected electric field strength are shifted along the abscissa axis
Puc. 3. 3aBucumMocTs mpezena TeKy4ecTH 0T HallPsHKEHHOCTH
anekTpudeckoro mois 8 mace.% (1) u 4 macc.% (2) cycnensuit
rajuryasura B [IMC 50 (e), IIMC 100 (A), [IMC 400 (m). st
HarJsiAHOCTHU 3HAYCHUA Ipeacia TEKyUCCTU It cycneHsHﬁ Ha oC-
HOBC Macell pa3H0171 BSA3KOCTHU ITPU BI)I6paHHOM 3HA4YCHWU HaAIps-
YKECHHOCTH JJICKTPUYECKOT'O 1TOJIA CABUHYTHI BIOJIbL OCHU a6CHI/ICC

Table
The relative efficiency of ERFs
Tabnuya. OTHOCUTENIBHASA 3¢ dekTHBHOCTE IPIK

conc., wt% kVI/Er’nm Erat, rel. un.
PMS 50 |PMS 100| PMS 400
3 50 27 18
4 4 90 55 37
5 140 83 57
3 15 8 18
8 4 27 14 31
5 43 23 50

One can see that the relative efficiency of all
suspensions increases with electric field strength and
higher at lower fillings. Nevertheless, a feature is ob-
served in the values of the relative efficiency for sus-
pensions of various concentrations at different viscos-
ities of the dispersion medium. Thus, for 4 wt% sam-
ples the relative efficiency of fluids decreases with an
increase in oil viscosity. With an increase in concen-
tration up to 8 wt% the dependence of the relative effi-
ciency on the medium viscosity reveal extremum (min-
imum for PMS 100). It is obvious that suspensions
based on different oils exhibit the same values of the
yield stress under electric field, but different without
the electric stimuli. The yield stress without electric
field of suspensions filled up to 4 wt% increases with
PDMS viscosity from 50 cSt to 400 cSt. The percola-
tion network formed by particles breaks and immedi-
ately relaxes at low shear rates. The movement of par-
ticles in a more viscous medium requires more stress.
However, suspensions filled up to 8 wt% based on
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PMS 400 have lower yield stress than fluids based on
PMS 50 and PMS 100. Such feature is probably asso-
ciated with a lower quality of halloysite dispersion in a
more viscous oil with increasing concentration and
leads to a decrease in the strength of the percolation
network. Thus, at a filler concentration of 4 wt%, the
relative efficiency is higher for suspensions based on
less viscous oils. However, for 8 wt% fluids the quality
of filler dispersion plays a crucial role for producing
the ERFs with predetermined properties.
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Fig. 4. Sedimentation stability of 4 wt% halloysite suspensions in
PMS 400 (1), PMS 100 (2), PMS 50 (3)
Puc. 4. CeaumenTaniMoHHas ycToiunBocTh 4 Macc.% CycrneH3ui
rajuryaszuta B [IMC 400 (1), IIMC 100 (2), [TMC 50 (3)

Sedimentation stability is an important charac-
teristic of ERF. The viscosity of the dispersion media
significantly affects the stability of the suspensions.
Fig. 4 shows the analysis of the sedimentation stability
for 4 wt% halloysite suspensions based on various
PDMS as an example. The sedimentation ratio de-
creases in time, reaching a constant value. The slower
the sedimentation, the more stable the suspension. Ac-
cording to the Stokes equation, the sedimentation rate
is lower in more viscous dispersion media:

V= %rZQ(P:—Pf) (3)
where V is settling velocity, r is the radius of a spheri-
cal particle, g is the gravitational field strength, p, and
pr are the mass densities of the particles and the fluid,
respectively, and # is dispersion media viscosity.

The Stokes equation determines the settling
rate of spherical non-interacting particles. Halloysite
particles have a high aspect ratio, and their interaction
cannot be neglected at the studied concentrations.
However, the inverse proportionality of the settling
rate to viscosity is observed for the halloysite suspen-
sions as well (Fig. 4). The sedimentation ratio is level-
ing after the formation of an equilibrium colloidal
structure. The final sedimentation ratio is obviously the
greater, the higher the filler concentration.
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CONCLUSIONS

The plastic viscosity of halloysite suspensions
in PDMS filled up to 8 wt% changes slightly. The yield
stress of suspensions increases with the filler concen-
tration and electric field strength in the whole studied
range. PDMS viscosity in the range from 50 cSt to 400 ¢St
does not significantly affects the ER effect, neverthe-
less, it increases the sedimentation stability of suspen-
sions. It is shown that the relative efficiency of the
ERFs depend on the quality of the filler dispersion and
on the strength of the native percolation network. Thus,
by varying several parameters such as the viscosity of
the dispersion medium, the concentration of the filler,
and the strength of the electric field, one can obtain
ERF with different efficiency and predetermined pre-
dictable properties.

ACKNOWLEDGEMENTS

The study was performed in the framework of
the thematic plan of the National Research Center
“Kurchatov Institute”.

Analysis of molecular-weight characteristics
of polydimethylsiloxanes was made using the equip-
ment of the Collaborative Access Center “Center for
Polymer Research” of ISPM RAS.

The authors acknowledge support from the re-
source centers “Polymer”, and “Optics” of the Na-
tional Research Center “Kurchatov Institute” for the
possibility of rheological and microscopy studies.

Hccredosanue gvinonneno 6 pamxax memamu-
yeckoeo naana HUL] « Kypuamoeckuii uncmumympy.

AHanu3 MOAeKyIAPHO-MACCOBLIX XaApAKmepu-
CMUK NOAUOUMEMUTICUIOKCAHO8 8bINOJIHEH HA 000pY-
Odosanuu llenmpa xonnexkmusnozo oocmyna «Llenmp
uccnedosanuti nonumepoey UCIIM PAH.

Aemopul sbipasicaiom 61a200apHOCIb pecypc-
uoim yeumpam «llonumep» u « Onmuxay HUL] « Kyp-
YAMOBCKUL UHCIUMYMY 34 803MOHNCHOCHb NPOBEOEHUS
PEONOSULECKUX U MUKPOCKONUYECKUX UCCIE008AHUIL.

The authors declare the absence a conflict of
interest warranting disclosure in this article.

Aemopul 3aaenarom 00 OMCYMCmMEUU KOH-
@ruxma unmepecos, mpeodyoue2o packpblmus 8 0aH-
HOU cmambe.

REFERENCES
JUTEPATVYPA

1. Sheng P., Wen W. Electrorheological fluids: mechanisms,
dynamics, and microfluidics applications. Annu. Rev. Fluid
Mech. 2012. V. 44. P. 143-174. DOI: 10.1146/annurev-fluid-
120710-101024.

2. DongY.Z.,SeoY., ChoiH.J. Recent development of electro-
responsive smart electrorheological fluids. Soft Matter. 2019.
V. 15. N 17. P. 3473-3486. DOI: 10.1039/c9sm00210c.

3. ChouP.C,LinF.P.,HsuH.L.,ChangC.J.,LuC.H., ChenJ.K.
Electrorheological sensor encapsulating microsphere media for

U3B. By30B. Xumus u xum. textosorus. 2021. T. 64. Bein. 11



10.

11.

12.

13.

14.

15.

plague diagnosis with rapid visualization. ACS Sens. 2020. V. 5.
N 3. P. 665-673. DOI: 10.1021/acssensors.9b01529.

Rozynek Z., Khobaib K., Mikkelsen A. Opening and closing of
particle shells on droplets via electric fields and its applications.
ACS Appl. Mater. Interfaces. 2019. V. 11. N 25. P. 22840-22850.
DOI: 10.1021/acsami.9b05194.

Mrlik M., licikova M., Plachy T., Moucka R., Pavlinek V.,
Moshacek J. Tunable electrorheological performance of sili-
cone oil suspensions based on controllably reduced graphene
oxide by surface initiated atom transfer radical polymerization
of poly(glycidyl methacrylate). J. Ind. Eng. Chem. 2018. V. 57.
P. 104-122. DOI: 10.1016/j.jiec.2017.08.013.

Plachy T., Sedlacik M., Pavlinek V., Stejskal J., Graca
M.P., Costa L.C. Temperature-dependent electrorheological
effect and its description with respect to dielectric spectra. J.
Intell. Mater. Syst. Struct. 2016. V. 27. N 7. P. 880-886. DOI:
10.1177/1045389X15600801.

Liu Y.D., Choi H.J. Electrorheological fluids: smart soft matter
and characteristics. Soft Matter. 2012. V. 8. N 48. P. 11961-11978.
DOI: 10.1039/c2sm26179k.

Sedlacik M., Mrlik M., Kozakova Z., Pavlinek V., Kuritka
1. Synthesis and electrorheology of rod-like titanium oxide
particles prepared via microwave-assisted molten-salt
method. Colloid Polym. Sci. 2013. V. 291. N 5. P. 1105-1111.
DOI: 10.1007/s00396-012-2834-4.

Yin J.B., Wang X.X., Chang R.T., Zhao X.P. Polyaniline
decorated graphene sheet suspension with enhanced electro-
rheology. Soft Matter. 2012. V. 8. N 2. P. 294-297. DOI:
10.1039/c1sm06728a.

Kuznetsov N.M., Shevchenko V.G., Stolyarova D.Y.,
Ozerin S.A., Belousov S.1., Chvalun S.N. Dielectric proper-
ties of modified montmorillonites suspensions in polydime-
thylsiloxane. J. Appl. Polym. Sci. 2018. V. 135. N 32. DOI:
10.1002/app.46614.

Kuznetsov N.M., Shevchenko V.G., Belousov S.1., Chvalun
S.N. Dielectric properties of halloysite nanotube suspensions in
polydimethylsiloxane. Russ. J. Phys. Chem. 2020. V. 94. N 2.
P. 376-381. DOI: 10.1134/S003602442002020X.

Ky3unenos H.M., llleBuenko B.I'., Beaoycos C.U., Upaayn
C.H. [iupnexTprudecKue CBOMCTBA CyCIIeH3Mi HAaHOTPYOOK raj-
Jya3uTa B MOJUAUMETHIICHIIOKCaHe. KypH. pus. xumuu. 2020.
T. 94. Bem. 2. C. 259-264. DOI: 10.31857/S004445372002020X.
Jang D.S., Zhang W.L., Choi H.J. Polypyrrole-wrapped hal-
loysite nanocomposite and its rheological response under
electric fields. J. Mater. Sci. 2014. V. 49. N 20. P. 7309-7316.
DOI: 10.1007/s10853-014-8443-5.

Liu M.X,, Jia Z.X., Jia D.M., Zhou C.R. Recent advance in
research on halloysite nanotubes-polymer nanocomposite.
Prog. Polym. Sci. 2014. V. 39. N 8. P. 1498-1525. DOI:
10.1016/j.progpolymsci.2014.04.004.

Wang J.Y., Zhao X.Y., Liu Y.P., Qian L.X., Yao L. Xing
X.Q., Mo G. Cai Q. Chen Z.J., Wu Z.H. Small-angle X-ray
scattering study on the orientation of suspended sodium titan-
ate nanofiber induced by applied electric field. Radiat. Detect.
Technol. Methods. 2019. V. 3. N 3. DOI: 10.1007/s41605-
019-0118-y.

Kuznetsov N.M., Bakirov A.V,, Belousov S.I., Chvalun S.N.
Orientation of layered aluminosilicates particles with a high aspect
ratio in paraffin under an electric field. Dokl. Phys. 2019. V. 64.
N 6. P. 249-252. DOI: 10.1134/S1028335819060077.
Ky3nenos H.M., bakupos A.B., besaoycos C.H., UpaayH
C.H. OpueHnTanus 4acTull CJIOUCTHIX aTFOMOCHIMKATOB C BbI-
COKHUM XapaKTCPUCTUYCCKUM OTHOLICHUEM I10J ﬂBﬁCTBI/IBM

ChemChemTech. 2021. V. 64. N 11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

M.A. Sokolov et al.

aNIeKTpHIecKoro noust B mapadune. Joxn. PAH. 2019. T. 486.
Buim. 6. C. 663- 667. DOI: 10.31857/S0869-56524866663-667.
Agafonov A.V., Davydova O.l., Krayev A.S., Ivanova O.S.,
Evdokimova O.L., Gerasimova T.V., Baranchikov A.E.,
Kozik V.V., lvanov V.K. Unexpected effects of activator
molecules' polarity on the electroreological activity of tita-
nium dioxide nanopowders. J. Phys. Chem. B. 2017. V. 121.
N 27.P. 6732-6738. DOI: 10.1021/acs.jpch.7b04131.
Agafonov A.V., Kraev A.S., Kusova T.V., Evdokimova O.L.,
lvanova O.S., Baranchikov A.E., Shekunova T.O., Kozyu-
khin S.A. Surfactant-switched positive/negative electrorheo-
logical effect in tungsten oxide suspensions. Molecules. 2019.
V. 24. N 18. DOI: 10.3390/molecules24183348.

Gong X.Q., Wu J.B., Huang X.X., Wen W.J., Sheng P. In-
fluence of liquid phase on nanoparticle-based giant electrorhe-
ological fluid. Nanotechnology. 2008. V. 19. N 16. DOI:
10.1088/0957-4484/19/16/165602.

Ma N., Dong X.F. Effect of carrier liquid on electrorheologi-
cal performance and stability of oxalate group-modified TiO2
suspensions. J. Wuhan Univ. Technol. Mater. Sci. Ed. 2017.
V. 32. N 4. P. 854-861. DOI: 10.1007/s11595-017-1679-6.
Wei J., Zhao L., Peng S., Shi J., Liu Z.Y., Wen W.J. Wetta-
bility of urea-doped TiO2 nanoparticles and their high electro-
rheological effects. J. Sol-Gel Sci. Technol. 2008. V. 47. N 3.
P. 311- 315. DOI: 10.1007/s10971-008-1787-z.

Davydova O.l., Kraev AS., Redozubov A.A., Trusova
T.A., Agafonov A.V. Effect of polydimethylsiloxane viscos-
ity on the electrorheological activity of dispersions based on
it. Russ. J. Phys. Chem. A. 2016. V. 90. N 6. P. 1269-1273.
DOI: 10.1134/S0036024416060054.

JasbiioBa O.U., Kpaes A.C., Peno3y6os A.A., Tpycosa
T.A., AragonoB A.B. BiusiHue BSI3KOCTH MOJIHIUMETUIICH-
JIOKCaHa Ha 3JICKTPOPECOJIOTHMICCKYI0 aKTUBHOCTDH }:[I/ICHepCI/Iﬁ
Ha ero ocHoBe. JKypu. ¢pus. xumuu. 2016. T. 90. Beim. 6.
C. 939-943. DOI: 10.7868/S0044453716060054.

Yoon C.M,, Jang Y., Noh J., Kim J., Lee K., Jang J. En-
hanced electrorheological performance of mixed silica nano-
material geometry. ACS Appl. Mater. Interfaces. 2017. V. 9.
N 41. P. 36358-36367. DOI: 10.1021/acsami.7b08298.
Fossum J.O. Flow of clays. Eur. Phys. J. Spec. Top. 2012. V. 204.
N 1. P. 41-56. DOI: 10.1140/epjst/e2012-01551-1.
Stolyarova D.Y., Kuznetsov N.M., Belousov S.1., Chvalun
S.N. Electrorheological behavior of low filled suspensions of
highly anisometric montmorillonite particles. J. Appl. Polym.
Sci. 2019. V. 136. N 25. DOI: 10.1002/app.47678.

Joussein E., Petit S., Churchman J., Theng B., Righi D., Del-
vaux B. Halloysite clay minerals - A review. Clay Miner. 2005.
V. 40. N 4. P. 383-426. DOI: 10.1180/0009855054040180.
Kuznetsov N.M., Belousov S.1., Bessonova N.P., Chvalun S.N.
Electrorheological behavior of suspensions based on polydime-
thylsiloxane filled with halloysite. ChemChemTech. [Izv. Vyssh.
Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2018. V. 61. N 6.
P. 41-47. DOI: 10.6060/tcct.20186106.5682.

Ky3nenos H.M., Besoycos C.U., Becconosa H.II., Ysanyn
C.H. Dnexrpopeosoruyeckoe NOBEIEHUE CYCIIEH3UH MOU-
JAUMETUJICUIIOKCAaHa, HAIIOJHEHHOI'0 Trajurya3suToM. U3s. 8y-
306. Xumus u xum. mexnonozus. 2018. T. 61. Beim. 6. C. 41-
47. DOI: 10.6060/tcct.20186106.5682.

Kuznetsov N.M., Stolyarova D.Yu., Belousov S.I., Ka-
myshinsky R.A., Orekhov A.S., Vasiliev A.L., Chvalun
S.N. Halloysite nanotubes: Prospects in electrorheology. Ex-
press Polym. Lett. 2018. V. 12. N 11. P. 958-965. DOI:
10.3144/expresspolymlett.2018.82.

ITocmynuna ¢ pedaxyuio (Received) 17.03.2021
TIpunsma k ony6auxosanuio (Accepted) 16.09.2021

85



