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Abstract: Nowadays, much attention is paid to the creation of high-performance lubricants with
improved properties through the use of ultrafine nanopowders. The paper shows the results of
studying the viscoelastic properties of samples of silicon dioxide nanoparticle suspensions based
on polyethylsiloxane (silicone oil) by the acoustic resonance method. The method is based on a
study of the additional coupling effect on the resonance characteristics of the piezoelectric resonator.
The values of the shear modulus and the tangent of the mechanical loss angle were calculated. The
interaction between polymer molecules and nanoparticles was characterized by infrared spectroscopy.
The influence of silicon dioxide nanoparticles (as a nano-additive) on the performance characteristics
of polyethylsiloxane lubricant is presented. The results of determining the friction coefficient from
the sliding speed show an increase in the tear strength of the lubricating film, leading to improved
tribological properties.

Keywords: polyethylsiloxane; silicon dioxide nanoparticles; shear elasticity; mechanical loss tangent;
lubricant additive; tribological performance

1. Introduction

One of the most effective methods to significantly improve the reliability and wear
resistance of machines and mechanisms is to improve the quality of lubricants by introduc-
ing various additives into the base lubricants that improve the tribological properties of the
lubricating medium.

The efficiency of nanomaterials and nanofunctional additives application is confirmed
by numerous research results. The introduction of nanoparticles into the lubricating
medium allows for increasing the resource of tribocouplings of supporting units of mech-
anisms and machines. In [1-10], the influence of nanoparticles on friction and wear was
analyzed. Much attention is paid to methods for stabilizing nanoparticles in lubricants and
their compatibility with base oil [1,3,8,9]. Characteristics of lubricants depend on the chem-
ical nature of nanoparticles, their morphology, concentration, and size [1-3,7,10]. In [5,6,9],
an analysis of worn friction surfaces after the application of nanolubricants was carried
out, which shows the effectiveness of the use of nanoparticles. There are several types of
friction and lubrication mechanisms involving nanoparticles [2—4,7-9], the main types of
lubrication mechanisms include the ball-bearing effect, the formation of a protective film,
the healing effect, and the polishing effect.

The addition of nanoparticles significantly changes the physical properties of liquids.
Nanoparticles, as a dispersed phase, lead to the appearance of a volumetric spatial structural
grid throughout the volume of the dispersed system. This changes the structural and
mechanical properties of the disperse system and complicates the relaxation processes
occurring in it [10-14]. Rheological properties that characterize these systems, such as
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elastic modulus, viscosity, and strength depend on the concentration of nanoparticles, their
size, the nature of the dispersed phase, and the dispersion medium. In this regard, it is
important to study the features of viscoelastic parameters of the lubricant dispersions and
study the influence of nano-additives on their performance properties. This paper presents
the results of such research by the acoustic resonance method on the example of PES-2
silicone oil.

The selection of polyorganosiloxanes (silicone oils) as the base liquid is justified by
their wide application in modern technology. The common properties of these polymeric
liquids are high thermal stability, ample dielectric, hydrophobic properties, and low surface
tension coefficient. Their viscosity weakly depends on temperature. A wide operating
temperature range and sufficient lubricating properties allow their use as coolants, pol-
ishing agents, greases, instrument oils, and as hydraulic brake fluids. In a number of
silicone oils, polyethylsiloxanes (PES) have excellent low-temperature properties due to
their structure, so they are the basis for arctic freeze-resistant lubricants. Despite all the
advantages, they have low values of intermolecular interaction forces, which are manifested
in their mechanical properties. The low tear strength of polymer films does not allow their
use for highly loaded friction units, such as wheel bearings. In the works [14-22], the
problems of improving the rheological and tribological properties of polyorganosiloxanes
by changing the molecular structure and selecting the optimal composition of greases based
on them are discussed. The purpose of this work is to study the rheological properties of
polyethylsiloxane oil with the addition of silicon dioxide nanoparticles, and the change in
their tribological properties compared to the base oil, taking into account the interaction
between the base oil and the nanoparticles.

2. Materials

In the present research, dispersions of silicon dioxide nanoparticles are studied, where
polyethylsiloxane liquid is used as a base liquid. PES-2 polyethylsiloxane liquid, which
meets the requirements of GOST 13004-77, is used [23]. PES-2 is a mixture of polymers of
linear (C,Hj5)3Si-O-[Si(CyHs),0]3-Si(CoHs)3 and cyclic [(CoHs),Si0]35 structures or linear
polymers. Table 1 shows the main properties of the polyethylsiloxane liquid PES-2 [15].

Table 1. Main characteristics of polyethylsiloxane liquid PES-2 [15].

Molecular Density Viscosity, mm?s~1 Boiling Point, °C Pour
Weight 20 °C, kg/m® _60°C 20°C  60°C (133-400 Pa) Point, °C
341 940 312 9 4 110-150 —110

Silicon dioxide SiO; nanopowders of the Tarkosil trademark with dimensions of
100 nm, 50 nm (T-05) and 20 nm (T-20) are used to prepare samples of nanoparticle disper-
sions. Silicon dioxide nanoparticles are characterized by the presence on the surface of OH
groups with a concentration in the range of (0.5 + 4)/nm?, depending on the characteristics
of the production method [24]. The properties of dispersed systems depend on the degree
of dispersion of nano-inclusions. Nanoparticles have high surface energy and form agglom-
erates of up to a few micrometers in the disperse medium. Figure 1 shows SEM images of
the powders obtained using a JEOL JSM-6510LV SEM. It can be seen that as the specific
surface area of the particles increases, the sizes of the agglomerates grow, significantly
exceeding the primary sizes of the silicon dioxide particles. In order to obtain a stable
suspension, it is important to disperse it thoroughly, which allows maximum destruction of
agglomerates of nanoparticles. In addition, dispersing establishes a uniform distribution of
nanoparticles in the volume. Our suspensions are produced by the ultrasonic method; the
optimal dispersing time of 30 min for SiO, /PES-2 has been determined experimentally. The
average T-05 particles size in the suspension measured by the Nano Particle Size Analyzer
SALD-7500nano is 78 nm [25].
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Figure 1. Electronic photograph of silicon dioxide nanoparticles SiO,: (a) T-20 (20 nm); (b) T-05 (50
nm); (c) SiO, (100 nm) [25].

3. Methods

In the study of the relaxation properties of liquid condensed media, it is convenient
to use dynamic methods, for example, when the liquid is subjected to cyclic deformation-
shear action with a certain frequency. An acoustic resonance method with a piezoquartz
resonator was used in the work. It allows liquids with a wide viscosity range from 1073 to
10° Pa-s to be investigated and is successfully used to study the shear dynamic properties
of colloidal dispersions of nanoparticles of different viscosities. The method is applicable
to the study of liquid interlayers within a wide range (1-100 um) of thickness.

The resonance method is based on the study of the influence of additional coupling
forces on the resonance characteristics of an oscillating system [26,27]. A piezoquartz
crystal fixed by two steel needles at points on the nodal line oscillates at the basic resonant
frequency. Liquid is applied to one end of the horizontal surface of the piezoquartz,
making tangential displacements and covered with a plate of fused quartz, Figure 2. The
piezoquartz cut of X-18.5° provides pure shear deformations of the liquid and standing
shear waves are established in it. The solution of the interaction problem of the resonator
with the liquid layer and the solid cover-plate gives for the complex shift of resonant
frequency Aw the following expression:

_ 25G*xk 1+cos(2kH — ¢)

Aw Mw sin(2kH — @)~

)

where G* = G’ + iG” is the complex shear modulus of the liquid, G'-elastic part of the
modulus (the storage modulus), G”-viscous part of the modulus (the loss modulus), S is
the contact area of the liquid with the piezoquartz, H is the thickness of the interlayer, M
is the mass of the piezoquartz, ¢ = @'+ i@” is the complex phase shift upon reflection of
the shear wave from the liquid—plate interface, k = 3 — ict is the complex wave number of
the liquid.

«— Plate
Liquid layer

Figure 2. Piezoquartz resonator with additional coupling.

When the piezoelectric quartz vibrates, the plate, which has sufficient mass, practically
rests due to the weak connection carried out by the liquid layer, therefore ¢ = 0°. Division
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of the complex shift of the piezoquartz resonant frequency into real and imaginary parts
gives the following equations for the linear frequency:

Af = SG'B sin2BH — tan 0/2sinh(2BH - tan 0/2)
472 M f( cos 0 cosh(2BH -tan®/2) —cos2pH '

@

SG'B sin2BH - tan ©/2 + sinh(2BH - tan 0/2)

" o— . , 3
f 472 M fj cos 0 cosh(2BH -tan6/2) — cos 23 H ®)

where f( is the natural resonance frequency of the piezoquartz. tan(6/2) = «/3, where
 and « are the real and imaginary parts of the wave number k. These equations show
that, given liquid properties, the real and imaginary frequency shifts are functions of the
film thickness. With an increase in the latter, damp oscillations of the frequency shifts
should be observed. According to the theory of the method, the shear wavelength A can be
determined from the maximum attenuation [26-29]. By equating the thickness derivative
of the imaginary frequency shift (3) to zero we obtain the positions of the maximum
attenuation values. The first damping maximum will be observed when the thickness of
layer H is equal to A/2. The dynamic modulus of the shear elasticity of a liquid with density
p is determined by the equation:

G’ = A2f2p cos 8 cos? g (4)

In the case of a small thickness of the liquid layer, when H << A, the following
calculation formulas for the real and imaginary parts of the complex shear modulus come
out from Equations (2) and (3):

_ 4AmMfoAf'H o - 4 MfoAf"H

G/
S S

®)

It follows that in the presence of liquid shear modulus, the real Af’ and imaginary Af”
shifts of the resonant frequency should be proportional to the inverse value of the thickness
of the liquid layer. The imaginary shift of the resonant frequency is determined by the
change in the damping of the oscillating system. The tangent of the mechanical loss angle,
which characterizes the energy loss, will be equal to:

Af"
Af'

0 is the phase shift between the applied stress and strain, so the greater the dissipative
losses, the greater 0. The maximum energy losses corresponding to the maximum G” occur
when the time of the force action coincides in magnitude with the relaxation time .

Thus, to determine the complex shear modulus of liquids at the small thickness of the
liquid layer, it is sufficient to determine the dependencies of the real and imaginary shifts of
the resonant frequency on the inverse value of the thickness of the liquid layer. Thickness
of the liquid interlayer was measured by the optical method. A piezoquartz resonator with
dimensions of 34.9 mm X 12 mm x 6 mm and mass M = 6.82 g, the basic resonant frequency
fo=73.2kHz is used in the work. Base area of the plate is S = 0.2 cm?. The conducted earlier
studies have shown that a thorough cleaning of the working surfaces, proving sufficient
wetting, is of particular importance for the reproducibility of measurement results [29].

The proposed method is not inferior to the world-famous methods used to study
the viscoelastic properties of liquids, in particular, applied to low frequencies. Studies
of pure liquids using this method at a frequency of about 10° Hz have shown that there
is a low-frequency viscoelastic relaxation in low-viscosity liquids [26,30,31]. It is known
that the high-frequency relaxation process in liquids, observed at shear frequencies of
10'9-10'? Hz, is explained by the nature of the diffusion mobility of individual particles
in a liquid [32]. Apparently, low-frequency viscoelastic relaxation is due to the collective

tan0 =

(6)
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interaction of large groups of molecules. Therefore, the relaxation time can be many orders
of magnitude longer than the settling time of individual liquid molecules. Low-frequency
viscoelastic relaxation in liquids is confirmed in works [33-36], devoted to the detection of
the solid-like properties of liquids away from phase transitions.

4. Results and Discussion

Figure 3 shows the experimental results of measuring Af’-real and Af”-imaginary fre-
quency shifts depending on the inverse of the liquid layer thickness for the sample of a
colloidal suspension of SiO; nanoparticles in polyethylsiloxane liquid PES-2 with a concentra-
tion of ¢ = 1.25 wt.% and particle size d = 50 nm at room temperature. It can be seen from the
figure that the dependences of the real and imaginary frequency shifts on the inverse layer
thickness 1/H are linear. According to the formulas (5), this indicates that this suspension
has a measurable shear modulus in this suspension does not depend on the layer thickness.
Extrapolation of linear dependences shows that they tend to the origin of coordinates. Calcu-
lations using the formulas of the method (5), (6) gives values for the dynamic shear modulus
of 0.23-10° Pa, and for the tangent of the mechanical loss angle of 0.21.

Af, A", Hz

20

15 4

10 A

l/ 0.2 0.4 0.6 0.8
_5 T 1/H, pm

Figure 3. Theoretical (blue and red curves) and experimental (points) dependences of the real (1) and
imaginary (2) shifts of the resonant frequency of the piezoquartz on the inverse thickness of the
S5i0, /PES-2 suspension interlayer, ¢ = 1.25 wt.%, d = 50 nm.

The solid lines in Figure 3 show the theoretical dependences of the real and imag-
inary shifts of the resonant frequency, calculated for these values of G’ and tan6 by
Equations (2) and (3). The figure shows agreement between the experimental points and
theoretical curves. With an increase in the thickness of the interlayer, frequency shift
oscillations are observed in accordance with the theory of the method.

The dependence of viscoelastic properties on the size of nanoparticles can be traced by
examining SiO; /PES-2 suspensions with the same concentration of nanoparticles. Table 2
presents the values of the real shear modulus G/, the tangent of the mechanical loss angle
tan® for suspensions of silicon dioxide nanoparticles of different diameters d in PES-2
polyethylsiloxane liquid with the concentration of particles ¢ = 0.5 wt.% at a temperature
of 23 °C. The table shows that the elastic modulus of suspensions grows with increasing
particle diameter. The tangent of the mechanical loss angle decreases, while remaining
less than unity. The last column shows values of the relaxation frequency f = fo-tan6,
calculated according to the mechanism of Maxwell’s stress relaxation. It can be seen that
the obtained values of f ] for SiO, /PES-2 are less than the frequency of shear vibrations
realized in the experiment.
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Table 2. Viscoelastic characteristics of suspensions of SiO, /PES-2 nanoparticles.
Dispersion d, nm t,°C c, wt.% G'-10-5,I1a [37] tan0 [37] fre1, kHz
) 20 23 0.5 0.09 0.73 53.43
SIO/PES 50 23 05 017 0.8 13.18
100 23 0.5 1.08 0.10 7.32

It is well known that viscous waves in liquid are rapidly damped. The penetration
depth of shear wave 6 or the distance at which the wave amplitude decreases by a factor of
e depends on the value of 0 [38]:

A

~ 2rtan 0/

@)

For a Newtonian fluid, viscous waves are almost completely attenuated at a distance
of one wavelength. If the liquid exhibits viscoelastic properties at a given frequency
of shear deformations and tan6 < 1, the shear wave penetration depth may be quite
large. The works of [26-29,37,39,40] determined experimentally the shear moduli from
the propagation of low-frequency shear waves in polymeric liquids at a shear vibration
frequency of the order of 10° Hz and showed satisfactory agreement between the results
obtained by formulas (4) and (5). These works indicate that low-frequency shear elasticity
is a property of the fluid in the volume and does not refer to boundary phenomena.

Figure 4 shows the theoretical dependences of Af”(H) for the studied SiO,/PES-2
suspensions calculated by formula (3) using the data in Table 2. As the thickness of the
liquid layer increases, the imaginary frequency shift tends to the limiting value Af”. With
thickness, the frequency shift oscillations gradually disappear. For a suspension with
nanoparticles size of 4 = 100 nm and tan® = 0.1, the values of Afmax” and Afpyin” are
equal to within 1% at the liquid layer thickness of H ~ 1.3 mm, and the piezoquartz stops
detecting the influence of reverse wave. As tanf increases, the depth of wave penetration
decreases. Thus, for suspensions with a particle diameter of d = 50 nm and 20 nm, the Af”
oscillations disappear when the suspension interlayer thickness is ~300 um and ~90 um
(Figure 4b,c).

Af" Hz
30 -

(a)

15 A

0 500 1000 H, um

(b)

0 100 200 H, um 300

Figure 4. Cont.
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Figure 4. Theoretical curves of the dependence of the imaginary shift of the resonant frequency on the
layer thickness of suspension of nanoparticles SiO, /PES-2, ¢ = 0.5 wt.%: (a) d = 100 nm; (b) d = 50 nm;
(c) d =20 nm.

The presented studies of the viscoelastic properties of SiO2/PES-2 suspensions were
carried out at small angles of shear deformation of no more than 10’ in the region of
linear elasticity, where the shear modulus has a constant value. It can be assumed that
the equilibrium supramolecular structure of the liquid with a relatively long relaxation
period and finite strength is preserved in this region. The supramolecular structure can
be due to the bonds formed during the interaction of the polymer with nanoparticles. As
shown in our previous works [25,41], the shear modulus G’ decreases with an increase
in the shear strain angle at a certain critical value of the shear stress, and the mechanical
loss tangent increases due to the destruction of the supramolecular structure of the liquid
and changes in its viscoelastic properties. The peculiarities of the relaxation properties of
silicone oils and data on the shear wave penetration depth in viscoelastic fluids make it
possible to consider the effect of shear elasticity on their performance characteristics in
various applications, including tribology [21,25,42,43].

Infrared spectra of the studied samples were obtained to characterize the interaction
between the dispersion medium and the dispersed phase. Spectrometric studies of the
functional groups of the studied dispersions were carried out on an ALPHA IR-Fourier
spectrometer (Bruker, Leipzig, Germany) by the attenuated total reflectance (ATR) method.
In the IR spectrum of silicon dioxide particles with sizes of 100 and 50 nm, distinctive
absorption peaks of siloxane and silanol groups were found [25], which can be explained
by the presence of OH groups on the particle surface.

Changes in the infrared spectra of the SiO, /PES-2 dispersions in comparison with
the spectrum of the PES-2 base liquid may indicate the nature of the interaction of the
polyethylsiloxane liquid with nanoparticles. Figure 5 shows the IR spectra for PES-2 and
suspensions of silicon dioxide nanoparticles with concentrations of c = 0.5 and ¢ = 1.25 wt.%
and a diameter of d = 50 nm. There is a shift of the band maximum at 1060.48 cm ™!,
corresponding to the stretching vibration of the Si-O bond, to 1062.52 cm ™!, indicating the
strengthening of this bond. Along with this, the energy of the Si—C valence bond increases
with a shift in the position of the maximum from 689.311 to 691.351 cm~!. For suspension
with a higher concentration ¢ = 1.25 wt.%, a shift in the absorption band of the C-H valence
bond from 2912.24 to 2914.28 cm ™! is observed. Such small shifts are related to the small
concentrations of nanoparticles in the suspension. By subtracting the IR spectrum of PES-2
from the spectrum of suspensions with particle concentrations of 1.25 and 5 wt.%, broad
absorption bands were obtained in the frequency range of 3675 cm™! [25], indicating the
formation of hydrogen bonds between polyethylsiloxane molecules and silicon dioxide
particles. It was found that with an increase in the concentration of nanoparticles in the
suspension, the bands are more pronounced.
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Figure 5. IR spectra: (1) PES-2; (2) SiO, /PES-2, d = 50 nm, ¢ = 0.5 wt%,; (3) SiO, /PES-2, d = 50 nm,
c =125 wt.%.

Based on the analysis of the obtained spectra, it can be concluded that the interaction
of silicon dioxide nanoparticles with the polymer is caused by hydrogen bonds between
hydroxyl groups on the surface of silicon dioxide with oxygen atoms in the polymer
molecule, as well as possibly with a small number of alkyl groups in polymer chains. This
contributes to the formation of a stronger suspension structure compared to the base liquid.
It is known that silica fillers are used to improve the mechanical properties of polymeric
materials and rubbers. For example, the tensile strength, modulus of elasticity, and elonga-
tion of polypropylene/low-density polyethylene nanocomposites can be simultaneously
significantly improved by adding an optimal dosage of filler masterbatch containing in its
composition 5 nm nano-silicon dioxides [44]. It was shown in [45,46] that the formation of a
network due to hydrogen bonds between silica fillers and the matrix polymer can increase
the tensile strength of siloxane polymers by several tens of times.

Polyethylsiloxanes are mainly used as lubricating oils in instruments and are a disper-
sion medium for low-temperature lubricants, ensuring the stable operation of instruments
and mechanisms in the harsh conditions of the Arctic. This determines the interest in study-
ing their tribological properties at low temperatures. The friction coefficient of a steel-steel
pair with polyethylsiloxane lubricant was determined at —25 °C using a tribology device
operating on the principle of a ball-on-3-plates attached to a Physica MCR 302 Rheometer
(Anton Paar, Graz, Austria). The system has fast and accurate normal force control and a
wide range of speed and torque. Temperature control is carried out by Peltier elements. The
ball is pressed against the plates with the same load at all contact points and is driven into
rotation by the rheometer drive. The coefficient of friction is calculated as the ratio of the
friction force to the normal load. Figure 6 shows the dependence of the friction coefficient
on the sliding speed when PES-2 and samples of dispersions of 50 nm SiO, nanoparticles
in PES-2 were used as lubricants [42]. The normal load was of 5 N.
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Figure 6. Dependence of the coefficient of friction of a steel-steel pair on the sliding speed (t = —25 °C)
with a lubricant: (1) PES-2; (2) SiO5 /PES-2, ¢ = 0.5 wt %, d = 50 nm; (3) SiO» /PES-2, ¢ = 1.25 wt %,
d =50 nm.

From the curves of the dependences obtained, the critical sliding speed, at which
the friction coefficient increases sharply, is revealed, obviously due to the destruction of
the lubricating layer separating the rubbing surfaces. Figure 5 shows that the destruction
of the layer of the lubricant modified by nanoparticles occurs at high speeds compared
to the basic lubricant. It should be noted that at a lower concentration of nanoparticles,
the critical speed is higher, but the friction coefficient increases. A similar observation
was obtained when studying the dynamic properties of polydimethylsiloxane with silicon
dioxide nanoparticles [45]. As the silica nanoparticle concentration decreases, the span of
the linear viscoelasticity region, where G* is constant with the increasing strain amplitude,
increases. Then the shear modulus decreases with a further increase in the strain amplitude.
The difference in the values of the friction coefficient is possibly due to the implementation
of different lubrication mechanisms. To elucidate the features of the lubrication mechanism
using oil modified with nano-additives, further rheological studies of suspensions with
an extended range of nanoparticle concentrations by acoustic methods depending on the
amplitude of shear deformation, as well as an analysis of worn surfaces after friction test,
are required. The optimal combination of the concentration and size of nanoparticles in
the base oil may allow a simultaneous improvement in the anti-friction and anti-seize
properties of the lubricant.

Thus, it can be concluded that the addition of silicon dioxide nanoparticles to silicone
oil leads to the tear strengthening of the lubricant, contributing to the improvement of
antiseize and antiwear properties, which may lead to an increase in their carrying capacity.
Varying the concentration and size of nano-additives in the base fluid will provide optimal
parameters for the development of high-performance lubricants.

5. Conclusions

Polyorganosiloxanes have weak intermolecular interaction and high flexibility of the
polymeric siloxane chain, as a result of which they have specific mechanical and rheological
properties. This is the reason for their wide application use in modern engineering. How-
ever, they are characterized by low mechanical strength. The inclusion of silicon dioxide
nanoparticles in the polyethylsiloxane oil can contribute to strengthening its structure,
based on the interaction of SiO, nanoparticles with polymer molecules. This will improve
the tribological characteristics of polyethylsiloxane oils by increasing the strength of the
lubricating film. The obtained data on the rheological properties of dispersions of SiO,
nanoparticles based on the PES-2 polymer liquid by the acoustic method will contribute
to the solution of the fundamental problem of physical materials science related to the
creation of new promising materials with the desired properties for various applications.
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