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Abstract. In the paper a model of a local contact of a polymer-based nanocomposite
was developed within the method of a movable cellular automaton. The features of
mechanical behavior of nanocomposite at the mesoscale level under dry sliding were
studied with explicit account for the microprofile of the counterbody surface and the
characteristic sizes of nanofiller. Factors that contribute to the conditions for the
formation of a stable tribofilm of silica nanoparticles are analyzed. Two other
parameters like sample geometry and the value of relative sliding velocity are also
examined. It is shown that the thickness of tribofilm depends on stress conditions at the
contact, and the friction coefficient decreases with increasing sliding velocity similar to
one observed experimentally. To ensure the low friction properties of polymer
nanocomposite, particles whose sizes are comparable with the characteristic size of the
substrate microprofile are preferred. Results of numerical simulation are in good
correlation with available experimental data.
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1. INTRODUCTION

Polymer matrix composites are the most significant class of composites finding
widespread applications in almost all sectors of society and industry. These composites
have increasingly been objects of an important topic of study due to the possibility of
significant changes in their mechanical, physical, and other properties through the use of
fillers of various types. In recent years, in the polymer nanocomposites (PNCs), along
with traditional fillers, various nanosized particles added to the composite mixture have
been becoming more widespread. The main advantage of these materials is characterized
by the use of a low concentration of nanofiller (1-5% vol.) and by their particle size, in
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contrast with conventional composites [1-4]. The size reduction from microscopic to
nanoscopic scale indicates a dramatic increase in the interfacial area as compared with
ordinary composites, resulting in an improvement in the material properties. Thus in [5], it
was established that the wear rate of PNC based on polyphenylene sulfide decreased when
TiO2 and CuO particles were used as the fillers but increased with ZnO and SiC fillers. A
noticeable increase in microhardness and fracture toughness of nanocomposite with nanosized
inclusions is described in [6]. The effect of Young's modulus values increasing by almost 20%
was found in [7] and an increase in the elastic modulus and yield stresses was shown in [8]. In
[9] and [10], the effect of a significant change in the frictional performance of PNCs with the
addition of carbon nanofibers and other nanoscale fillers was shown. Thus, the possibility of a
targeted effect on the mechanical properties of a polymer-based nanocomposite makes them
unique objects with the potential for widespread use in various modern applications.

As it was revealed in [11] the monodisperse silica nanoparticles (SNP) (diameter ~20
nm), produced via a sol-gel process, greatly improve the tribological behavior of
conventional epoxy (EP, bisphenol A) composites when sliding against standard bearing
steel (100Cr6). The monodisperse nanoparticles and the conventional fillers, e.g. short
carbon fibers (SCF) and graphite, are beneficial with respect to desired tribological
properties. It was shown earlier [10] that the tribological performance of such polymer
composites can be significantly enhanced by the formation of a thin, well-distributed and
load-carrying transfer film also called a tribofilm. With the addition of the nanoparticles,
the friction coefficient drops very fast within the initial 1 hour, owing to the fast building
up of a tribofilm. With enhancing the pressure from 1 to 3 MPa, the friction coefficient of
the conventional composite becomes much higher. Opposite to the previous observation,
the increase in pressure reduces the friction coefficient of polymer-based composite with
SNP and SCF. Especially at high pv (the pressure multiplied by the sliding velocity)
factors, nanoparticles reduce much more the wear than sub-micron particle combinations
do (3 vol.% Ti02/4 vol.%ZnS, diameter ~0.3 um).

Although many publications have shown the importance of tribofilms during dry
friction applications, only a few studies provide information about their structure. This is
because these films are usually very thin and nanocrystalline that requires special tedious
and expensive sample preparation techniques such as Focused lon Beam (FIB) machining
to characterize them with a Transmission Electron Microscope (TEM). A systematic
study with changing the surface topography within the range of 0.01 to ~ 1 um was
performed by Zhang et al in [12]. They revealed that on very rough counterbody surfaces
with Ra=~1 pm two types of the transfer film could be identified. A carbon-based
transfer film was formed in deeper grooves while the transfer film made from silica
particles was identified in shallow grooves. Despite the progress made, a number of key
questions, however, remain unanswered.

The aims of this work are the following. Firstly, to develop a numerical model of a
local contact of PNC and to study the impact of filler properties and sample geometry on
features of tribolayer formation. Secondly, to analyze the effect of pv-factor on
tribological properties of hybrid PNC and to compare the numerical results with the
available experimental data.
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2. MODEL DESCRIPTION

A model of a local contact of polymer-based hybrid nanocomposite was developed
within the method of the movable cellular automaton (MCA) [13-17]. In the MCA
method the modeled objects are considered as a system of finite size bodies interacting
with each other. In contrast to other particle-based approaches the MCA method uses the
many-particle interaction where the force calculations are based on the spatial
configuration of nearest neighbors. Within this approximation the system of Newton-
Euler equations of motion will be written as follow [17]:
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In Eq. (1) F§i and 61 are the radius-vector and rotation angle of the movable cellular
automaton i, mj and J; are the particle mass and its moment of inertia, F, and F; are the
potential and viscous constituents of the total force F, acting on the automaton i, Mij is
the momentum of the total force, N; is the number of neighboring particles for the
automaton i. The potential force F, is written as a sum of the pair-wise component Fp;

and the volume-dependent contribution F.:
=>Fi +Fl, )
while the force If;2 in case of locally isotropic material can be calculated as:
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In Eq. (3) P; is the pressure in the volume of the movable cellular automaton i, Sj; is the
contact square between neighboring automata i and j, N; is the unit vector directed along
the line goes through the centres of i and j, A; is the proportionality factor, which belongs
to the material of the automaton i and in common case can be differ from A;.

The concept of the MCA method also involves the introduction of a new type of state,
namely the state of a pair of automata which may be linked or unlinked. In short, the
linked state indicates that the pair is part of a solid body and the unlinked state indicates
that during sliding the automata may behave like a granular material. By using criteria for
linked-unlinked switching in the framework of the MCA method it is possible to simulate
such events in the contact area like the discontinuity formation and accumulation of
damage, as well as processes connected with mass mixing, velocity accommodation and
so on. In the present investigations the “fracture” criteria for linked-unlinked switch was
defined as critical value of stress intensity in the interacting pair. So, when the calculated
stress intensity in a linked pair reaches the fracture strength of the softer material (epoxy
matrix in our case) this pair becomes unlinked. After coming into contact with another
automaton the unlinked-linked-transition may take place. The latter switching criteria are
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controlled by a normal flow stress. That means that an adjustable amount of plastic
deformation of the softer constituent is taken as prerequisite for the binding of automata
together thus forming an aggregate of linked particles.
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Fig. 1 (a) A general view of the simulated setup and a loading scheme. Details of the
composite structure are shown by the inset. (b) Stress-strain diagrams for materials
used in the model of a local contact of the hybrid NC. (c) Stress-strain curves of
uniaxial tension and shear for silica nanoparticles at ambient and elevated temperatures
calculated with use of molecular dynamics method.

Figure 1a shows the loading scheme and the initial structure of the simulated setup. The
region under consideration includes the surface of unmovable rigid substrate created by
automata with properties of 100Cr6 steel, as well as adjacent surface layers of the
nanocomposite containing nanoinclusions. Two samples with two characteristic sizes of
silica nanoinclusions (20 nm and 60 nm) were considered. The inclusions were
implemented by movable cellular automata with the properties of silica and the automata of
the matrix possessed the properties of epoxy. The diameter of each automaton was set equal
to 10 nm, which corresponds to the average diameter of the smallest silica nanoparticles
[18]. The geometry of the sample was 12 X 4 um along the X and Y directions, respectively,
and the total number of automata in the simulated setup was about 25 thousand. The
evolution of an ensemble of movable cellular automata was defined by solution of the
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system in Eq. (1) with the time step At = 0.25ps [13]. The latter is not freely adjustable but
depends on the size of automata and on their elastic properties like:

a<d L, (4)

where d is the automata diameter, p and E are the density and elastic modulus of each
material uses in the setup.

The response functions used to describe the interaction between automata representing
different materials are shown in Fig. 1b. They were built on the basis of existing experimental
data [19-21]. Since in our preliminary studies [22] it was not possible to obtain the required
response of the hybrid PNC with varying the pv-factor in the present model for silica particles,
the temperature dependence of the mechanical properties calculated by the molecular
dynamics method was introduced [23, 24]. Stress-strain diagrams for silica nanoparticles at
conditions of ambient and elevated temperatures are shown in Figure 1c.

In order to study the relationship between the filler properties and microgeometry of
the substrate surface, three regions “A”, “B”, and “C” with different characteristic surface
profiles were designed in the counterbody as shown in Fig la. In region “A”, the surface
profile of the substrate was characterized by V-shaped grooves with a width of 70 nm at
the base of the triangle. Region “B” of the counterbody profile contained rectangular
recesses with a width of 40 nm, and region “C” included rectangular recesses of a surface
profile with a width of 80 nm. The depth of all types of depressions was the same and
equal to 70 nm. To analyze the effect of pv-factor on tribological properties of the hybrid
polymer nanocomposite the surface profile of the counterbody was changed to flat, i.e.
without additional grooves. This choice of the counterbody surface profile was motivated
by the intention to speed-up the process in order to achieve the steady-state sliding
regime, when the friction coefficient is localized at a certain value, and the position and
thickness of the tribolayer are dynamically stabilized [25]. Moreover, as it was shown in
[14, 25] the initial roughness profiles of the counterbody on the nanometer scale do not
impact significantly on the value of the friction coefficient.

Loading conditions that simulate relative sliding under dry contact were implemented by
additional action on the automata of the upper layer of the sample, which were characterized
by the properties of carbon fibre. Thus the tangential (sliding) velocity (v) was applied to all
automata of the upper layer as shown in Fig. 1a. Its value was varied in the range from 0.05 to
4 m/s in various tasks while maintaining the specified value throughout the calculating time.
Simultaneously the additional normal forces (F) simulating a compression p = 30 MPa were
set. Periodic boundary conditions were used to simulate the extension of the simulated
fragment along the X axis. It was assumed that the surface layers initially did not contain any
damages on the scale under consideration. Furthermore, absence of adhesive forces between
the sample and the substrate material was assumed.

3. RESULTS OF SLIDING SIMULATION
3.1. The influence of nanofillers size

Figure 2a shows a fragment of the structure of a hybrid PNC filled by silica
nanoparticles with the characteristic size of 20 nm at the steady-state sliding regime.
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Rectangles in the figure indicate areas with different types of microgeometry of the
counterbody surface. It can be seen that, regardless of the type of microgeometry (“A”,
“B” or “C”), in all types of depressions, there are automata that belong to both the matrix
and the inclusion material. This is also well-seen in Fig. 2b, where the pairs of automata
in the “linked” state are indicated by the segments between centers of two neighboring
particles. At the steady-state of sliding, the automata with the matrix properties are
mostly represented by single particles while in the area with microgeometry of type “C”
the agglomerates of the epoxy still exist. Such a distribution of automata with properties
of the matrix and SNP can be explained by the small size of the nanofiller particles and
their ability to settle in all types of considered recesses.

A . - i SER g A s

Fig. 2 The fragment of resulting structure (a) and structure of the inter-automata states
(b) of a hybrid PNC with SNP 20 nm after ~10 ps of sliding. (c) Trajectories of
automata for the considered fragment of the structure at the steady sliding in the time
interval of 10 + 30 us. Relative sliding velocity v =1 m/s. Hereafter automata with
the properties of epoxy are marked in green and with the properties of silica — in
grey. Arrows indicate the non-zeros trajectories of automata in counterbody grooves.

Thus, in the case of a polymer-based hybrid nanocomposite with small nanofillers, the
formation of a stable tribolayer from SNP will be hindered by the fact that SiO, particles
will be mixed with epoxy, which will eventually be removed from the tribocontact area
due to heating and evaporation. However, this factor determines the duration of the
grinding-in stage before the system transfer to the regime of stable sliding with a low
friction coefficient. The trajectories in Fig. 2c also confirm that the automata mobility
remains localized in a narrow layer contacting with the substrate at steady-state friction.
Changes in the automata positions inside the recesses of the counterbody profile are
practically not observed. There is only a slight involvement of the particles from large
depressions of the “C” region (shown by arrows).
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Figure 3a shows a fragment of the structure of a polymer-based hybrid nanocomposite
filled by SNP with the characteristic size of 60 nm at the steady-state sliding regime. In the
case of the large size of the nanofiller particles, their filling of the recesses of region “B” of
the counterbody profile is less frequently observed. This is explained by the proximity of
the characteristic particle sizes of inclusions and the width of the recesses. Separate
automata with the properties of silica, which can be seen inside depressions of the region
“B”, are fragments of larger particles that collapsed during sliding. Similar conclusions can
be made for the region “A” of the counterbody surface profile. However, the patterns
described above for this part of the substrate are less pronounced. At the same time,
according to the structure of inter-automata states, shown in Fig. 3b, almost all depressions
of the counterbody are covered with silica nanoparticles. This arrangement of SNP should
facilitate the formation of a transfer tribofilm. This conclusion is also well confirmed by the
automata trajectories at the steady-state sliding regime presented in Fig. 3c. The nonzero
trajectories of automata are preserved only in the large grooves of the region “C”, but there
are fewer of them than in the sample with smaller SNP.

(@)

Fig. 3 The fragment of the resulting structure (a) and the structure of the inter-automata
states (b) of a hybrid PNC with SNP 60nm after ~10 us of sliding. (c) Trajectories
of automata for the considered fragment of structure at the steady stage of sliding
in the time interval of 10 + 30 ps. Relative sliding velocity v =1 m/s.

Thus, in the case of a hybrid PNC with a nanofiller particle comparable with the size
of the counterbody surface grooves, the formation of a stable tribolayer from SNP will
occur more intensively. Indeed, in this case, large SiO, particles remain localized in a
narrow tribolayer, where intense frictional heating of the material occurs and there is a
high probability of the transition of silica particles to a state similar to an amorphous one.
As was shown in [23, 24], such a transition determines the regime of stable sliding with a
low friction coefficient. The latter characterizes hybrid polymer nanocomposites.
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3.2. The influence of sample geometry

To study the possible relationship between the geometry of the hybrid PNC and the
thickness of the tribolayer two samples differing in size along the Y-axis (4 and 2 pm)
were simulated. All other parameters of the system related to loading conditions, width,
and the conterbody surface profile remained unchanged. According to the results, during
the relative sliding, most automata remain in a “linked” state with their neighbors, which
are depicted by the segments connecting the centers of such particles. However, in the
immediate vicinity of the sample-conterbody interface, a layer of “unlinked” particles
was formed, which is necessary to accommodate the velocities of the moving sample
relative to the substrate. The thickness of the layer (h), in which the active movement of
particles occurs, in the case of higher sample is about 10-12 times of the automata
diameter while for a sample with a height of about 2 pm this value is limited to 6-7
diameters of the automata. Such a difference in values can be explained by the
manifestation of different damping properties and stress conditions of both samples.
Thus, the geometry of the sample affects the thickness of the formed tribofilm, including
the layer of mechanical mixing of particles. An increase in the height of the sample leads
to an increase in the thickness of the tribofilm (Fig. 4). It should be noted that the
calculated average value of the friction coefficient for the simulated PNC sample turns
out to be close to the experimentally observed value in the range of about 0.2 + 0.3.

Fig. 4 The structures of inter-automata states after ~4 us of sliding for the hybrid PNC
samples with different size along the Y-axis: (a) 4 um and (b) 2 um. The shear
strain in both cases is about 25%.

3.3. The effect of pv-factor

In order to study the influence of pv-factor on the tribological properties of a polymer-
based hybrid nanocomposite the PNC sample with the geometry similar to one depicted in
Fig. 4a was subjected to sliding loading with different conditions. Figure 5a shows the
calculated values of the instantaneous and average friction coefficient for the system under
consideration at different values of sliding velocity while maintaining the compression
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conditions. The friction coefficient for the simulated system was calculated as the ratio
between the normal and tangential forces. Averaging was performed over 100 adjacent
instantaneous values of friction coefficient. It is well seen that with an increase of sliding
velocity, and hence with an increase in the pv-factor, the friction coefficient for the simulated
sample decreases. This is in good agreement with the experimental data, the values of which
are depicted in Fig. 5b. For comparison the simulation results were shown as individual
points, which were obtained by averaging friction coefficient values over the stage of
steady-state sliding. Thus each point in the graph corresponds to individual plot shown in
Fig. 5a. A similar slope for both the experimental and theoretical linear dependences is
observed. The only difference is that the calculated data are shifted towards large values of
pv-factor. This is due to the difference in values of applied compression. The high values of
normal forces are easily explained by the small sizes of the model of a local contact spot of
a hybrid PNC with a steel counterbody. Therefore, this difference can be interpreted as the
difference between the nominal and actual compressive stresses. Otherwise, the presented
dependence is in good agreement with the experimental data, which indicates the adequacy
of the developed numerical model.
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Fig. 5 (a) The instantaneous (thin lines) and average (bold curves) dependencies of friction
coefficient for the hybrid PNC sample filled by SNP with the characteristic size of
60 nm at different values of relative sliding velocity. (b) Calculated and experimentally
measured [11] data of friction coefficient vs. pv-factor, where solid lines are drawn
according to the least squares method.

4, CONCLUSION

Based on the developed numerical model, the features of mechanical behavior of polymer-
based hybrid nanocomposite at mesoscale levels under dry frictional contact were studied
with explicit allowance for the microprofile of the counterbody surface and the characteristic
sizes of nanofiller. Factors that contribute to the conditions for the formation of a stable
tribofilm from silica nanoparticles are identified. According to the simulation results, the
preferred nanofiller to ensure the improved friction properties of hybrid PNC is that, whose
sizes are comparable to the characteristic size of the microprofile of the substrate surface. In
this case, solid inclusions are localized in the near-surface area of the counterbody depressions



88

A. |. DMITIREV

and the conditions necessary for the formation of an amorphized tribolayer from silica
particles are created. It has been found that the V-shaped grooves of the recesses are
preferable over the rectangular recesses of the substrate surface microprofile to ensure stable
friction conditions. Calculations showed also that with an increase of pv-factor, the friction
coefficient for the simulated sample decreases. This tendency is in good agreement with the
available experimental data, which indicates the adequacy of the developed numerical model.
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