eXPRESS Polymer Letters Vol.12, No.11 (2018) 958-965
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2018.82

Poiymer Letters

Halloysite nanotubes: Prospects in electrorheology

N. M. Kuznetsov', D. Yu. Stolyarova'?, S. I. Belousov'?, R. A. Kamyshinsky'*, A. S. Orekhov'?,
A. L. Vasiliev', S. N. Chvalun'*

'National Research Center «Kurchatov Institute», 1, Akademika Kurchatova pl., 123182 Moscow, Russia

Enikolopov Institute of Synthetic Polymer Materials RAS, 70, Profsoyuznaya st., 117393 Moscow, Russia

3Karpov Research Institute of Physical Chemistry, 3-1/12, build 6 Obuha lane, 105064 Moscow, Russia

“Moscow Institute of Physics and Technology, Institutsky lane 9, Dolgoprudny, 141701 Moscow region, Russia

SFederal Research Centre «Crystallography and Photonics» of Russian Academy of Science, 59, Leninskiy prospect,
119333 Moscow, Russia

Received 23 March 2018; accepted in revised form 31 May 2018

Abstract. Electrorheological fluids based on polydimethylsiloxane filled with halloysite nanotubes were studied. The filler
structure was characterized by TEM, SEM, and X-ray diffraction. When an electric field is applied to suspensions, their rhe-
ological behavior changes — the contribution of the elastic component becomes significant and samples behave like a solid
body. The effect of the electric field and filler concentration on the electrorheological behavior was investigated. The influence
of water content on the filler structure, as well as on electrorheological and electrophysical properties of suspensions, was
considered. Electrorheological fluids filled by halloysite with small water content exhibit slightly higher rheological char-
acteristics under an electric field than dried ones. This study shows the prospects of using halloysite nanotubes as a dispersed

phase for electrorheological fluids.
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1. Introduction

Disperse systems consisting of semiconductor par-
ticles in a dielectric medium are able to change their
visco-elastic properties under the electric field. Such
behavior is called the electrorheological effect, and
materials as electrorheological fluids (ERFs) [1]. The
fast and reversible response of ERFs to the applied
electric field makes it possible to classify them as
smart materials [2]. ERFs show their performance in
vibration control systems, dampers, sensors, mi-
crofluidics and robotics [3—8].

The mechanism of the electrorheological effect is in
the polarization of disperse phase particles by an elec-
tric field leading to the sample solidification due to
chain-like structure formation between electrodes [9—
11]. The electrorheological effect depends on various
factors, i.e. particle size, aspect ratio, concentration
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and the difference in permittivities of medium and
particle. If nanofillers of high aspect ratio (//d ~ 10'—
10%) are used, a continuous network are formed at
low fillings (less than 10 wt%) [12] and, as a conse-
quence, a significant electrorheological effect can be
obtained. One of such promising candidates with high
aspect ratio is natural nanoclay halloysite [13]. The
morphology of halloysite can be various, but more
often it is multilayered nanotubes with a cavity in-
side. The tube is formed by a folded aluminosilicate
sheet, with elementary lattice formed by a tetrahedral
silica-oxygen and octahedral alumino-hydroxyl lay-
ers. These layers are linked by hydrogen bonds. Var-
ious molecules can penetrate into the cavity, for ex-
ample, a dispersion medium in the case of ERF. Two
types of halloysite are known, with interplanar dis-
tances of 10 and 7 A. The first one with increased



Kuznetsov et al. — eXPRESS Polymer Letters Vol.12, No.11 (2018) 958-965

interplanar distance is the hydrated form and the sec-
ond can be obtained by heating halloysite above
50°C. Thus, nanotubes easily lose a significant
amount of water and pass from one form to another
[14]. In the last decade several papers were reported
about the application of layered aluminosilicates and
polymer composites based on them as fillers for elec-
trorheological fluids [15-19]. At the same time, the
number of such articles is not significant, and only
few of them are devoted to systems with halloysite
[20-22]. In these papers, the electrorheological ef-
fect of halloysite suspension in silicon oil and its
PANI-based and PPy-based composites was demon-
strated. At 5 wt% filler content in halloysite suspen-
sion the yield stress was about 7.5 Pa at an electric
field of 2 kV/mm [21]. It can be noted that compos-
ites show more significant electrorheological effect.
PANI-based composite (halloysite content about
91 wt%) [20], the yield stress was about 60 Pa at the
same field for ERF filled by 15 wt%. The authors
note the classical quadratic dependence of the yield
stress on electric field. Nevertheless, PPy-based
composite [22] showed the yield stress 22.6 Pa at
10 vol% and electric field 2 kV/mm. The depend-
ence of the yield stress on electric field in this case
was not quadratic and changes from 1.5 to 1 at elec-
tric field value 2.5 kV/mm. However, the influence
of halloysite concentration, the tubular filler shape
and dielectric characteristics on electrorheological
effect was not considered. The aim of this work was
to study the characteristics of ERFs filled by hal-
loysite nanotubes at different concentrations up to
8 wt% with detailed characterization of filler shape
and dielectric properties.

2. Materials and methods

Polydimethylsiloxane (PMS-100 brand, GOST
13032-77, Penta Junior LLC, Russia) was used as
the dispersion medium. According to GPC data an
average PMS-100 molecular weight is M, =
10700 Da, PDI= 1.8. The dynamic viscosity is
0.105 Pa-s. Halloysite nanotubes were obtained from
Sigma-Aldrich, USA. The tube length is 1-3 pm, and
the diameter is 30—70 nm. Two kinds of the filler were
used: the pristine filler and a dried one, dried under
vacuum at 60 °C for 24 hours and then at 80 °C for
2 hours. The difference in water content for pristine
and dried halloysite was 2.2 wt% measured by Karl
Fischer coulometric titration method. This data cor-
relate well with previously obtained value by TGA
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analysis [23]. The suspensions with 1, 2, 4, 8 wt%
halloysite content have been prepared by dispersing
nanoclay in polydimethylsiloxane oil during
48 hours by means of a magnetic stirrer and follow-
ing treatment in an Elmasonic ultrasonic bath S
40 N, 340 W, 37 kc/s, 20 min before measurements.
High resolution transmission electron microscopy
(HR TEM) images were obtained in a Titan Krios
60-300 (FEI, USA) cryoelectron microscope,
equipped with a high sensitive direct electron detec-
tor Falcon II (FEI, USA) and Cs image corrector
(CEOS, Germany), at an accelerating voltage of
300 kV. The sample was deposited on the lacey car-
bon EM grid. The study was carried out at liquid ni-
trogen temperature, which allowed to minimize the
radiation damages and amorfization of a sample dur-
ing the exposure. Scanning electron microscopy
(SEM) data were obtained with Versa 3D DualBeam
(FEIL, USA) in secondary electron (SE) mode at ac-
celerating voltage of 5 kV. For image processing and
size determination of halloysite nanotubes Fiji soft-
ware [24] was used.

X-ray diffraction patterns were recorded at DIKSI
station of Kurchatov synchrotron radiation source,
the used wavelength was L = 1.625 A, and the 2D de-
tector — Dectris Pilatus 3 1M. Filler powders and sus-
pension samples were examined in X-ray quartz cap-
illaries Hilgenberg, diameter 2.0 mm, the wall thick-
ness of capillary was 10 microns. The sample-detec-
tor distance was evacuated. Silver behenate (dyy; =
58.38 A) was used for distance calibration.
Novocontrol Alpha-A impedance analyzer with a
ZGS Alpha Active Sample Cell with gold-plated disc
electrodes 20 mm in diameter was used for the di-
electric studies. The frequency of measurements was
changed in the range 1-10° Hz, the temperature was
20°C, the voltage applied to the electrodes was 1 V.
Electrorheological properties were studied on Anton
Paar Physica MCR 501 rheometer, its measuring sys-
tem consists of two coaxial cylinders (measuring cell
CC-27E). The potential was supplied from the con-
stant high voltage source FuG HCP 14 - 12500 MOD
to the inner cylinder. The cell volume is 20 mL, the
gap is 1 mm, the electric field strength was varied in
the range 0—7 kV/mm, with a step of 1 kV/mm, and
the temperature of 20 °C. In all measurements the
leakage current density did not exceed 30.0 pA/cm?
at an electric field of 7 kV/mm. Measurements were
carried out in a control shear stress (CSS) mode. To
determine the loss, storage moduli and the complex
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viscosity the dynamic measurements were carried
out at the strain amplitude value of 0.1% in the linear
range of viscoelasticity.

3. Results and discussion

The morphology of halloysite particles essentially
depends on natural crystallization conditions and ge-
ological occurrences [14]. Therefore, to identify the
particles type, halloysite samples were investigated
by TEM and SEM. In Figure 1 polydisperse halloysite
powder is shown. Randomly oriented clay nanotubes
with the length of 50 nm—2 um and the diameter of
20-300 nm can be seen (Figure 1a). HR TEM im-
ages (Figure 1b—1d) show hollow halloysite nan-
otubes, different in length, diameter and width of
walls. The halloysite walls consist of 11-20 layers
with interplanar distance of 0.81 nm (Figure 1b).
Figure 1c shows a halloysite particle with the walls
consisted of roughly 23 layers, oriented along the
electron beam.

The rheological behavior of colloid systems is de-
termined by the interaction of particles with each
other and the dispersion medium. The presence of
water adsorbed on the filler surface can significantly
affect not only the dispersion process, but its elec-
trophysical properties as well. Thus, X-ray diffrac-
tion patterns of powders were recorded to assess the
structural changes occurring during the filler drying,
(Figure 2). The X-ray diffraction curves of halloysite
contain a characteristic smectic peak (k) at g =
14.1 nm™". This reflection corresponds to the ordered
structure of the nanoclay sheet rolled into the tube.

Halloysite
—— Dry halloysite

0.74 nm

/

0.44 nm

Intensity [rel.un.]

q[nm™]

Figure 2. X-ray diffraction patterns of halloysite powder:
pristine (==) and dried (==).

Small-angle 00! peak is in the region of ¢ = 8.4 nm™!
and corresponds to interplanar distances in a multi-
layer tube. The maximum distance 0.74 nm was de-
tected for the initial filler form, and the same dis-
tance was determined to the dehydrated form, thus,
in our study, we used meta-halloysite or halloysite 7 A
[14]. The peaks positions of the pristine and dried
forms practically coincide. Thus, during the powder
dehydration, only water adsorbed on the surface is
removed. The presence of water does not change hal-
loysite structure, but it may affect the dielectric char-
acteristics of samples as was mentioned above.

Dielectric permittivity and conductivity values for the
dispersion medium and fillers at the frequency of
1 Hz are presented in Table 1. Polydimethylsiloxane
is a dielectric liquid with low values of permittivity
and conductivity. Dielectric permittivity of both fillers

0 15
Aspect ratio

a)

20

Figure 1. Secondary electron SEM (a) and high resolution TEM images of halloysite particles (b-d).
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Table 1. The values of permittivity and conductivity at a
field frequency of 1 Hz.

Sample g’ [S/(Zm]
Polydimethylsiloxane 2.51 1.42-1071
Halloysite 1.66-10* 1.19-10°%
Dry halloysite 2.04-10* 9.50-107°

is higher in 4 orders of magnitude, compared with the
dispersion medium. Conductivity values are higher
by 5-6 orders of magnitude, also. It should be noted
that dielectric permittivity and conductivity of both
pristine and dried forms are practically the same.
Comparing the dielectric properties of halloysite with
various modified montmorillonites, aluminosilicates
with another layered morphology [25-27], it can be
seen that the dielectric constant value of halloysite is
only by order of magnitude lower than for the sodi-
um form of montmorillonite (¢’ = 8.09-10°) and the
conductivity is lower in more than 50 times (¢’ =
6.10-107 S/cm), respectively. As we show below,
such difference open the opportunity to use halloysite
as filler for ERFs at higher electric field compared
to the sodium form of montmorillonite [26].

Flow and viscosity curves at various concentrations
for samples filled with pristine and dried halloysite
were measured. Figure 3 shows the dependencies of
shear stress and dynamic viscosity on the shear rate
for suspensions of various concentrations filled with
the pristine halloysite compared to pure polydi-
methylsiloxane. Shear stress values increase in filled
systems and the yield stress appears at 4 wt% filler
content. The yield stress indicates the percolation net-
work formation of interacting particles. The percola-
tion network becomes stronger with filler concentra-
tion and the yield stress value increases (see inset
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Figure 3a). It is important to note that the yield stress
does not appear in montmorillonite suspensions up
to 8 wt% [26]. A possible explanation of such behav-
ior is a better dispersion of halloysite clay tubes in a
polydimethylsiloxane medium compared to montmo-
rillonite plates that tend to form tactoids.
Polydimethylsiloxane shows constant viscosity in
the whole investigated shear rate range (Newtonian
liquid). In halloysite suspensions, viscosity values
decrease with shear rate and reach the plateau at high
values, exhibiting Newtonian behavior (Figure 3b).
Such effect confirms the formation of a continuous
network in suspensions with 4 and 8 wt% filler con-
tents and the elastic component in suspensions with
a lower concentration, due to the presence of a weak,
fragile structure. It should also be noted the increase
in dynamic viscosity values for suspensions in com-
parison with polydimethylsiloxane.

Frequency tests with strain value of 0.1% were per-
formed to confirm the obtained results and separate
the elastic component in the systems (Figure 4). Mod-
ulus values increase with frequency for all samples.
Polydimethylsiloxane, as was mentioned earlier, is a
Newtonian fluid — there is no storage modulus on fre-
quency dependences. The suspension behavior has
not significantly changed by adding 1 wt% of the
filler, there is also just loss modulus detected. How-
ever, when the halloysite concentration increases, the
storage modulus appears. At 4 wt% filler content
moduli intersect and the crossover point is observed.
The storage modulus exceeds the loss modulus at
low frequencies (~ 0.2 s7'). With further concentration
increasing the crossover point shifts toward higher
frequencies, which indicates the filler network
strengthening. Furthermore, a slight increase in mod-
uli values with filler concentration may be noted.
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Figure 3. Flow (a) and viscosity (b) curves of halloysite suspensions and polydimethylsiloxane.
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Figure 4. Storage G’ (m) and loss G” (A) moduli of hal-
loysite suspensions and polydimethylsiloxane.

The suspensions behavior dramatically changes
under electric field. The yield stress appears on flow
curves for suspensions with a low filler content and
their values increase for all samples with electric
field. Flow and viscosity curves of 2 wt% halloysite
suspensions at several electric fields are shown in
Figure 5, as an example. There is a significant in-
crease in the viscosity of samples in electric field.
The shear rate dependence has a descending charac-
ter, followed by reaching a plateau at high values.
The destruction of formed network is clearly seen
from the flow curve at electric field strength of
3 kV/mm (Figure 5a). The slope of flow curve
changes at shear rate of 35 s™!, and viscosity reaches
a constant value (Figure 5b).

Flow curves of samples filled by pristine and dried
halloysite in concentration range 1, 2, 4 and 8 wt%
at various electric fields were obtained to assess the
effect of water on the electrorheological behavior.
Dynamic yield stress dependencies on electric field
intensity and filler concentration are plotted in Fig-
ure 6. A fairly wide spread of yield stresses can be
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related to the high polydispersity of the filler. Water
content does not significantly affect the electrorhe-
ological effect at low filler concentrations (1 and
2 wt%), see Figure 6a, 6b. Such effect is probably
associated with low number of columnar structures
formed in electric field and with insignificant differ-
ence in the dielectric characteristics of fillers. Dif-
ferences in the electrorheological behavior of pris-
tine and dried halloysite become noticeable at a high
filler concentration. It can be clearly seen in depen-
dences for 4 and 8 wt% suspensions (Figure 6¢, 6d).
The pristine filler form shows slightly higher yield
stress values than the dried one. Nevertheless, one
can single out the tendency to increase in yield stress
values with concentration and electric field increas-
ing in the graph. Thus, water has a weak influence
on the electrorheological effect. Values of yield stress
for halloysite are lower than for organomodified
montmorillonites, for example, the 8 wt% pristine
halloysite suspension reveals yield stress of 51 Pa at
7 kV/mm, meantime for Cloisite 30B and Nanofil
SE 3010 yield stress is 90 and 57 Pa at the same con-
ditions, respectively [26]. Such difference may be
explained by formation of more strong chain-like
structures from interacted plates rather than tubes,
due to larger overlapping area in former case.

For a more detailed analysis of the ERFs behavior,
frequency dependences of storage and loss moduli
under the electric field were measured. The linear
range of visco-elastic properties can vary when the
electric field is applied to the sample. Therefore, am-
plitude tests were preliminarily carried out at a given
angular frequency of 10 s™' (Figure 7) to select the
strain value during the frequency tests. Obtained de-
pendences show a significant decrease in the linear
range of visco-elastic properties with increasing
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Figure 5. Flow (a) and viscosity (b) curves of 2 wt% halloysite suspensions at various electric fields.
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Figure 6. Dynamic yield stress dependence on electric field of halloysite and dry halloysite suspensions at 1 wt% (a),

2 wt% (b), 4 wt% (c) and 8 wt% (d) filler content.

electric field higher than 3 kV/mm. However, the
used strain (0.1%) is in the linear region for all stud-
ied fields. Figure 8 shows frequency dependences of
storage, loss moduli and complex viscosity of 8 wt%
suspensions with pristine and dried halloysite as an
example. The intersection of moduli is observed, and
the crossover point shifts toward higher frequencies
with electric field. The storage modulus exceeds loss
modulus over the whole investigated frequency
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Figure 7. Storage modulus as a function of strain at frequen-
cy 10 s7! of 8 wt% halloysite suspension.
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range at electric field higher than 4 kV/mm. Values
of storage modulus at electric field 7 kV/mm reach
20 and 18 kPa for pristine (Figure 8a) and dried (Fig-
ure &c) filler forms, respectively. Complex viscosity
for both pristine (Figure 8b) and dried (Figure 8d)
filler forms manifests a linear descending character
with frequency and even goes to the plateau at low
electric fields. Values of complex viscosity increase
with electrical potential as well. It is also interesting
to note that the obtained values of moduli exceed al-
most twice the values obtained for systems filled
with various montmorillonites. For organomodified
montmorillonites the storage modulus value does not
exceed 10 kPa at 7 kV/mm [26].

4. Conclusions

Rheological characteristics of low-filled halloysite
suspensions in polydimethylsiloxane were studied.
Halloysite forms a percolation network even at
4 wt% content in the media. Suspensions of hal-
loysite in polydimethylsiloxane reveal electrorheo-
logical behavior. Values of yield stress increase with
electric field and filler concentration. The low water
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Figure 8. Storage G’ (-m-) and loss G" (- A -) moduli and complex viscosity n* (-e-) of 8 wt% suspensions halloysite (a, b)
and dry halloysite (c, d) at electric field 0kV/mm (==), 1 kV/mm (==), 2 kV/mm (==), 3 kV/mm (=),
4 kV/mm (=), 5 kV/mm (=), 6 kV/mm (=) and 7 kV/mm (==).

content does not change filler structure and does not
influence the conductivity and permittivity, but re-
sulting in slightly higher yield stresses compared to
the dried samples under electric field. The high poly-
dispersity of the filler confirmed by SEM data leads
to a significant spread of yield stress values. Fre-
quency dependences of the storage and loss moduli
can be understood by continuous network of an in-
teracting particles formation resulting in the increase
an elastic contribution with electric field. The re-
search demonstrates the promise of using halloysite
nanotubes as filler for electrorheological fluids along
with other aluminosilicates.
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