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Abstract: The sliding behavior of an amorphous silica sample between two rigid surfaces is in the
focus of the present paper. Molecular Dynamics using a classical Tersoff’s potential and a recently
developed ReaxFF potential was applied for simulating sliding within a thin film corresponding
to a tribofilm formed from silica nanoparticles. The simulations were performed at different
temperatures corresponding to moderate and severe tribological stressing conditions. Simulations
with both potentials revealed the need of considering different temperatures in order to obtain
a sound interpretation of experimental findings. The results show the striking differences between the
two potentials not only in terms of magnitude of the resistance stress (about one order of magnitude)
but also in terms of friction mechanisms. The expected smooth sliding regime under high temperature
conditions was predicted by both simulations, although with Tersoff’s potential smooth sliding was
obtained only at the highest temperature. On the other hand, at room temperature Tersoff-style
calculations demonstrate stick-slip behavior, which corresponds qualitatively with our experimental
findings. Nevertheless, comparison with a macroscopic coefficient of friction is not possible because
simulated resistance stresses do not depend on the applied normal pressure.

Keywords: molecular dynamics; thin tribofilm; resistance stress; sliding simulation; amorphous
silica; interatomic potential

1. Introduction

The main motivation for this study was to obtain a better understanding of the sliding behavior of
amorphous tribofilms. It has been shown experimentally that polymer matrix composites containing
carbon fibers and silica nanoparticles provide low wear rates and low coefficients of friction, especially
under severe stressing conditions [1]. On the other hand, a composite with carbon fibers but without
silica nanoparticles showed high friction and wear under severe stressing conditions. Our explanation
for this behavior is that high flash temperatures developing at the tips of carbon fibers cause
decomposition of the polymer matrix and the formation of a silica film coating both the protruding
carbon fibers of the composite and the steel counter-body. Thus, the sliding of a thin silica film
supported on both sides by rigid bodies was considered in our simulations. The existence of such films
under the given stressing conditions has been proved by sophisticated nanostructural characterization
in [1]. Besides the fact that high temperatures must have occurred to decompose the polymer
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matrix, further experimental evidence was obtained by flash temperature measurements performed by
Sebastian in his thesis [2]. That means that sliding at 1100K is a realistic scenario for the considered
tribological system.

Previously, a discrete model based on the method of movable cellular automata (MCA) was
applied for simulating the sliding behavior of a simplified tribofilm consisting of silica and graphite
nanoparticles [1,3]. A prerequisite of such type of modeling is that the stress—strain data of the
nanoparticles are known. Since this is usually not the case, these modeling results were not
very reliable.

On the other hand, simulation of the sliding behavior of amorphous films can be performed by
modeling directly (MD). Although the results of such modeling will be valid only for a small scale,
this, nevertheless, gives some understanding of the atomic mechanisms providing sliding. In spite of
the fact that at the present time a sufficient number of papers dealing with the plastic deformation
of silica under shear strain exists, little attention was given to the tribological aspect of this issue.
Thus Rountree et al. [4] paid close attention to the anisotropy of the properties of the modeled object.
Yuan et al. [5] studied the mechanisms of the development of plastic deformation of densified silica
obtained by applying various pressures during quenching are investigated. These authors could
show that 5-fold coordination defects and density increased with increasing pressure. They also
distinguished two competing mechanisms of destruction: “shear bands” and “cleavage.” In the paper
by Mantisi et al. [6], the response of a model silica glass under shear and pressure is investigated.
Sliding simulation studies using MD modeling were done by the present authors for pure silica, carbon,
nickel, and Ni-20 at % P films [7,8]. Provided that the amorphous structure remains stable during
the extremely high shear strains occurring during sliding, such simulations can be done easily at
any temperature desired. Nevertheless, only scarce results are reported in the literature. Besides the
mentioned papers [7,8], amorphous carbon layers formed from diamond were modeled by Pastewka
and co-workers [9-11], and amorphous polyphosphate films were considered by Martin et al. [12].

Numerical simulations with the MD method presuppose a physically correct assignment of
the interatomic potentials. Therefore, a prerequisite for validation of simulation results is their
experimental validation. Unfortunately for nanoscale objects this requirement often presents certain
difficulties. Nevertheless, several papers were published recently considering the stress—strain
response of nano-objects consisting of amorphous silica [13-20]. The first four papers [13-16]
show MD-results of tensile tests, whereas the rest [17-20] deals with in situ nano-mechanical testing of
silica nano-wires or nanoparticles within either transmission or scanning electron microscopes. It has
been shown that if modeling parameters were chosen carefully, the deformation and fracture behavior
of nano-objects consisting of amorphous silica were predicted correctly. As pointed out by Carre et al.,
the development of empirical potentials that enable us to describe certain material properties correctly
is still a challenging task, although quantum mechanical ab initio calculations can be used in principle
to build the structure of almost every material [21]. Nevertheless, even rather simple pair potentials
like the ones developed by van Beest, Kramer, and van Santen [22] could be used to reproduce
many properties of silica in a satisfying way [21]. This encouraged us to reconsider our previous
sliding simulations performed with a classical Tersoff’s potential [7,23,24] once more, while using
one of the recently developed empirical potentials based on the reactive force field (ReaxFF) [25,26].
Thus, both potentials were used for sliding simulations of amorphous silica films with the purpose of
validating the impact of potential’s choice on sliding simulation results.

2. Principles of the Numerical Model

The initial structure of amorphous silica sample was created by an algorithm similar to the one
suggested in [15], including the following sequence of actions: At the beginning the bulk sample of
alpha-quartz (5i0O;) with a total number of atoms of about 100000 was subjected to a temperature of
4000 K within the framework of a microcanonical ensemble NVE until the system was completely
molten. Then it was quenched to the required temperature during the following 170 ps. The melting
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and quenching processes were repeated twice using the same preparation parameters. At the end
of this procedure we obtained a uniform block of amorphous silica with the following geometry:
15.0 nm in width, 11.6 nm in height, and 8.3 nm in thickness along x, y, and z directions, respectively.
An additional analysis of coordination numbers and verification of the isotropy of elastic properties
were used to control the quality of amorphization of the resulting structure. For generation of positions
and velocities sampled from the NVE ensemble time integration with a time step At of 0.5 fs of
Nose-Hoover-style non-Hamiltonian equations of motion were utilized. To imitate the extension into a
film, periodic boundary conditions (PBC) were assigned along the x and z direction. Thus, for example,
each atom crossing the left border of the specimen immediately was moving into the specimen
again from the right side. All simulations were performed using Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software [27] on the basis of integrated loading and boundary
conditions. The visualization of MD simulation data and structure analysis has been carried out using
the open source visualization tool OVITO [28]. The calculations were performed on the SKIF Cyberia
supercomputer resource of Tomsk State University. The details about the calculation of interaction
forces between atoms can be found in Appendix A.

The resulting structure of the specimen for sliding simulation before shear loading is shown in
Figure 1. Sliding simulations were performed by applying a constant sliding velocity (V) of +15 and
—15m/s to the lower and upper surface layer, respectively. Thus the total sliding velocity was 30 m/s.
Atoms belonging to the surface layers are shown in yellow in Figure 1. The surface layer thickness
was 0.7 nm. Simultaneously with shear loading a normal force (F) of 1.3 nN was applied along +y-
and —y-directions yielding a total contact pressure of about 350 MPa. Due to periodic boundary
conditions the resulting structure corresponds to a thin amorphous silica film with the thickness of
approximately 13.5 nm subjected simultaneously to “shear and compression” loading. The influence
of temperature on sliding behavior was studied as well. The temperature of the whole specimen was
kept constant within NVT ensemble and was equal to 300 K in case of ambient temperature conditions,
500 K for sliding simulation under elevated temperature conditions and 1100 K for simulation under
flash temperature conditions at the local contact (typical flash temperature reached during tribological
testing under severe conditions [1,2]). Since the mechanical properties of amorphous material is
closely related to its density, the resulting density was kept constant at 70 at./nm?> (2.25 g/cm?) for all
three tests.

Figure 1. Resulting structure of amorphous silica sample and a loading scheme for sliding simulation.
A dark yellow mark is used to visualize the loaded layer.
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3. Results of Sliding Simulation

The next stage of our research was to simulate the sliding performance of an amorphous silica
film, at three characteristic temperatures, as described in Section 2. It should be noted that the sliding
simulation performed earlier using Tersoff’s potential showed a pronounced effect of the system
temperature on the ability of a silica tribofilm to exhibit smooth sliding [7]. The latter was obtained at
the high temperature only, whereas at 300 K a stick-slip type of sliding was observed.

In the present study we reproduced the sliding test using the ReaxFF potential, in order to check
the impact of the interatomic potential. Figure 2 shows the evolution of the atomic configuration
of a loaded specimen subjected to shear loading. The temperature of the system was maintained
constant at 300, 500, and 1100 K within the NVT ensemble for the series of snapshots shown in
Figure 2a—c, respectively.

In all three cases, the relative sliding of the boundary loaded layers of the amorphous silica sample
results in a uniform velocity distribution between upper and lower part of the specimen along the
volume in Y direction. However, as revealed by the position of the marked atoms, the flow is not
completely laminar, especially for the highest temperature. It can be seen that after 1 ns of sliding
at 1100 K the position of marked atoms is stochastically distributed in the bulk. This indicates the
existence of additional mass mixing and vortex like motion, caused by the high temperature of the
system. Nice examples of such a motion for selected temperature regimes are shown in Figure 3.

(a)- - .
(b)- --
(C)- --

initial configuration after 0.5 ns after 1 ns of sliding

Figure 2. The evolution of the central fragment of amorphous silica sample during sliding test
calculated with use of ReaxFF potential at three temperature conditions: (a) T = 300 K; (b) T = 500 K
and (c) T = 1100 K. A green marking is used to visualize atomic displacements in the specimen after
corresponding time of sliding. The projection of atoms on xy plane is used for the visualization.
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Nevertheless, in spite of the rotational component in the relative motion of atoms in the amorphous
layer the formation of spherical agglomerates, which were observed previously while using Tersoff’s
potential at 300 K [7], did not occur during the simulation if ReaxFF potential is used. What has
been observed is a relative longitudinal displacement of the centers of the formed vortices during
the shearing. This effect is seen in the Supplementary Materials, which show the evolution of atomic
structure dynamically.

Figure 3. Projection to the plane xy of the atom displacements belonging to the central fragment of the
specimen in time interval 305-310 ps of sliding at 300K (a) and in time interval 485-490 ps of sliding
at 1100 K (b). For the visualization all vectors are elongated 5-fold. For details of atomic structure
evolution see Video S1 “Silica 300 K sliding ReaxFF” and Video S2 “Silica 1100 K sliding ReaxFF”,
respectively (Supplementary Materials).

4. Discussion

A comparison of MD results of tensile properties of nano-wires obtained with different potentials
was provided recently by Chowdhury et al. [16]. These authors came to following conclusion: “ReaxFF
can better predict the structure and mechanical properties of the amorphous silica compared to other
reactive force fields available in the literature.” A similar comparison was also made by Zhang et al. [15].
However, if we consider sliding behavior under flash temperature conditions, the results using
both potentials do not differ qualitatively from each other. The relative sliding develops within the
amorphous layer through the mechanism of rupture and repairing of individual interatomic bonds.
In case of Tersoff’s potential, the structure is predominantly characterized by 4-fold Si and a small
number of 5-fold Si and 3-fold Si coordination defects, which is consistent with the conclusions of [5].
Typical structure of Si bonds is shown in Figure 4. However, for the ReaxFF potential, we observe only
3-fold Si and 4-fold Si. With increasing temperature, the number of 4-fold Si bonds decreases for both
potentials, but for Tersoff-style calculations this means that the fraction of 5-fold Si coordination defects
increases (Figure 5a), whereas for the ReaxFF potential, 3-fold Si increases (Figure 5b). Yuan et al. [5]
have observed an increasing number of 5-fold coordination defects with increasing hydrostatic pressure
during quenching and a corresponding increase of ductility. This cannot explain our ReaxFF-results
because we did not observe any 5-fold coordination defects neither at 300 K nor at 1100 K.

In Figure 6 the time dependencies of tangential resistance stresses are shown for all three
cases considered above (ambient, intermediate elevated and flash temperatures). For comparison
similar sliding tests were calculated with both ReaxFF (Figure 6a) and Tersoff’s (Figure 6b) potential.
The figures depict instantaneous (serrations) as well as average values (broad curve). The instantaneous
values of resistance stress at each time step were calculated as a ratio of resistance force and area of
the loaded layer, whereas the resistance force was computed as resulting tangential force at this time
moment acting on all loaded atoms in that layer. The averaging in all cases consists of calculation of
the mean value of 100 neighboring points. As expected, the average value of resistance stress at flash
temperature conditions is much lower than the corresponding parameter at 300 K. This is obvious
for data calculated with ReaxFF potential, but also valid in general for Tersoff-style calculations.
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Thus, according to the shown diagrams in Figure 6a the average value of resistance stress at ambient
temperature for ReaxFF potential is saturated at about 4 GPa while at 1100 K it does not exceed 2 GPa.
On the other hand, peaks for Tersoff’s potential at room temperature reach 20 GPa and even higher,
while the saturation level at 1100 K is about 14 GPa (see Figure 6b).

Figure 4. The structure of bonds between Si and O atoms of the central fragment calculated with use of
Tersoff’s potential at 500 K. Circles denote the 5-fold Si coordination defects.
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Figure 5. The fraction distribution of Si coordination defects: (a) Tersoff-style calculation;
(b) ReaxFF potential.
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Figure 6. Time dependencies of resistance stress for all three temperature conditions with use of ReaxFF

(a) and Tersoff’s (b) potential. Applied compressive stress is 350 MPa. Faint lines of corresponding

colors denote instantaneous values of calculated parameter, whereas broad lines denote mean values.
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In accordance with the differences in mechanical properties of amorphous silica samples
discovered in [15,16], each potential demonstrates its own level for the average values of resistance
stresses. Similar to elastic modulus and ultimate tensile strength the resistance stress in case of ReaxFF
potential is much lower than the corresponding values with use of Tersoff’s potential for all three
thermal conditions. The above is valid for all calculations during the first 0.5 ns of sliding before of
the formation of spherical agglomerates in the case of using Tersoff’s potential at 300 K. The latter
causes rolling of spherical aggregates along the separated upper and lower parts of the model structure
after 0.5 ns of sliding, which causes a decrease in the average resistance stress. Before this, the sliding
mode has an unstable character that is manifested by a spontaneous decrease of the average resistance
stress, followed by its further increase. The difference in the features of the system behavior with the
use of different potentials becomes especially noticeable when studying the results of sliding at the
elevated temperature of 500 K. Whereas in the case of ReaxFF potential, the resistance stress level
adopts an intermediate value between the results at 1100 K and 300 K, which corresponds to about
3 GPa, intermittent motions corresponding to a stick-slip type of behavior are clearly observed for
the simulation with Tersoff’s potential (see Video S3 “Silica 500 K sliding Tersoff”, Supplementary
Materials). The results of atom arrangements of the amorphous silica sample after sliding simulations
using Tersoff’s potential at 300 and 1100 K are shown in Figure 7.

(a) (b)

Figure 7. The configuration of atoms of amorphous silica sample during sliding test calculated with
use of Tersoff’s potential (a) with T = 300 K after formation of a spherical aggregate of atoms and
(b) with 1100 K after 1 ns of sliding.

A certain tendency to unstable sliding (oscillation amplitudes of resistance stress instantaneous
values) can be also observed while using the ReaxFF potential at 300 K (see red curve in Figure 6a),
although it does not provide a stick-slip mode of sliding. The difference in atomic configuration at
flash temperature (1100 K) while using the two different potentials can be seen by considering the
evolution of marked atoms. There is no mass mixing in case of Tersoff-style calculations. On the other
hand, mass mixing is observed under the same thermal and loading conditions if the ReaxFF potential
is used. Corresponding atomic configurations at 1100 K are shown in Figures 2c and 7b. From this we
might conclude that sliding simulations using Tersoff’s potential are more suitable for predicting the
smooth sliding behavior observed experimentally under extremely high thermal conditions, and rough
sliding observed at room temperature [1]. On the other hand, the resistance stress is much lower
while applying ReaxFF instead of Tersoff’s potential during simulation. Moreover, the formation of
some vortices within the amorphous layer has no effect on the smooth sliding regime if the ReaxFF
potential is used. This suggests that the low coefficient of friction (COF) observed experimentally under
severe stressing conditions [1] can be better explained by ReaxFF type simulations. Unfortunately,
it is not possible to derive a plausible COF by dividing the resistance stress with normal pressure
indicating that friction on the atomic scale does not correspond to macroscopic friction. Furthermore,
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additional simulations shown in Figure 8 reveal that increasing normal pressure exerts almost no
impact on resulting resistance stress. This means that classical friction laws do not apply. This is
not surprising since the latter depend on roughness profiles and the dynamics of real contact area
evolution. Moreover, calculations of density at different normal pressures resulted in only minor
changes of resistance stress (see Table 1).

20+
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Figure 8. Time dependencies of resistance stress for the modeled specimen with three applied

compressive stresses with T = 1100 K and ReaxFF potential. Faint lines of corresponding colors
denote instantaneous values of calculated parameter, whereas broad lines denote mean values.

Table 1. Density and resistance stress versus loading conditions.

Loading Value (MPa) Density (g/cm?) Mean * Resistance Stress (GPa)
20 2115 1.0766
350 2245 1.2016
2000 2448 1.6531

* Mean means average value start from 0.3 ns of sliding.

5. Conclusions

Taking into account the presented results we can conclude that sliding simulations using both
Tersoff’s and ReaxFF potentials are useful for obtaining a better understanding of the experimental
finding, namely the reduction of friction of a-silica under severe stressing conditions, at least
qualitatively. Nevertheless, there are significant quantitative differences between the simulation results
in terms of resistance stresses and sliding mechanisms that demonstrate the importance of potential’s
choice, especially if they are used beyond the “confidence” region in which they have been fitted and
tested. Thus sliding simulation of a pure silica film using ReaxFF potential predicts smooth sliding for
all considered thermal conditions. Sliding at 300 K and 500 K provides almost the same shear strength
because the process is not temperature-activated but rather is of mechanical origin. The friction forces
at 1100 K are considerably lower, most likely due to approaching the glass transition temperature where
ductility increases. Doing the same simulations with Tersoff’s potential yields smooth sliding only at
the highest temperature (above the glass transition temperature of about 700 K according to our own
estimations), whereas at 300 K and 500 K Tersoff-style calculations manifest stick-slip behavior, which is
completely absent in the case of ReaxFF. Although our experimental findings also show unstable
behavior and high friction for a-silica at room temperature, this must not mean that simulations
based on Tersoff’s potential are reproducing experiments correctly. Macroscopic friction mainly
depends on processes taking place at the asperity level. Nevertheless, a two-fold reduction of friction
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forces, as observed by ReaxFF-simulations while comparing flash temperature and room-temperature
conditions, will certainly excerpt an effect on macroscopic friction as well. For simulations using
Tersoff’s potential the resistance stress at 1100 K is still very high (13 GPa compared to 1 GPa for ReaxFF
simulation). It even exceeds the resistance stress simulated at room temperature, after initiation of the
stick-slip mechanism leading to the rolling of silica particles. For this reason, and also because of the
better correspondence of tensile test results obtained with ReaxFF while compared with experimental
results obtained with silica nanowires, we believe that the results of sliding simulations using ReaxFF
are more reliable as the ones obtained with Tersoff’s potential.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2075-4442/6/2/43 /51,
Video S1: Silica 300 K sliding ReaxFF; Video S2: Silica 1100 K sliding ReaxFF; Video S3: Silica 500 K sliding Tersoff
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Appendix A

Two different interatomic potentials were utilized to study both tensile stress—strain response and
sliding performance. The first potential was suggested by Tersoff [23,24], while the second potential
(ReaxFF) was developed by van Duin , Goddard and co-workers [25] and later improved in [26].
The force field data used in the present study were supplied by Adri C.T. van Duin in May 2016 [29].

The Tersoff approach calculates a three-body potential for the energy E of a system of atoms

as follows: 1
£-}EEY @
i j#i

Vij = fe(rij) [fr (rij) + bijfa(rij)] (A2)

1, r<R-D
fe(r)=f(x)={ 1 —1sin(38), R-D<r<R+D (A3)

0, r>R+D
fr(r) = Aexp(—Aqr) (A4)
fa(r) = —Bexp(—Ayr) (A5)
b= (1+6'0)" (A6)
Gij = k;'fc(rik)g(gijk)exP [)\31 (rij — Vik)m] (A7)

L]
2 2

2(0) = v [ 1+ 5 < , (A8)

= {dz + (cosf — cosGo)z}

where fr is a two-body term and f4 includes three-body interactions. The summations in the formula are
over all neighbors j and k of atom 7 within a cutoff distance equal to the sum of R and D. This empirical
interatomic potential permits the calculation of structural properties and energetics of complex systems.
A new approach for constructing such potentials, explicitly incorporating the dependence of bond
order on local environment, permits improved description of covalent materials.

The parameters of the Tersoff’s potential are summarized in Table A1.
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Table Al. The Tersoff’s potential parameters [24].

Elements  Si-Si-Si Si-Si-0 Si-O-Si Si-0-0 0-Si-Si 0-Si-0 0-0-Si 0-0-0
m 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
v 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
A3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c 100390 100390 100390 100390 64692.1 64692.1 64692.1 64692.1
d 16.217 16.217 16.217 16.217 411127 411127 411127 411127
cosfy —0.59825 —0.59825 —0.59825 —0.59825 —0.845922  —0.845922  —0.845922  —0.845922
n 0.78734 0.0 0.0 0.78734 1.04968 0.0 0.0 1.04968
B 1.1 x 107 0.0 0.0 1.1x107% 1.16 x 1077 0.0 0.0 1.16 x 1077
A 1.73222 0.0 0.0 2.04456 2.04456 0.0 0.0 2.35692
B 471.18 0.0 0.0 378.690 378.690 0.0 0.0 218.787
R 2.65 2215 2.65 2215 2215 1.85 2215 1.85
D 0.15 0.155 0.15 0.155 0.155 0.15 0.155 0.15
M 2.4799 0.0 0.0 3.32549 3.32549 0.0 0.0 417108
A 1830.8 0.0 0.0 1856.495 1856.495 0.0 0.0 1882.55

In contrast to Tersoff’s model, the ReaxFF [25,26] potential uses distance-dependent bond-order

functions to represent the contributions of chemical bonding to the potential energy. ReaxFF aims to be
as general as possible and has been parameterized and tested for hydrocarbon reactions, alkoxysilane
gelation, transition-metal-catalyzed nanotube formation, and high-energy materials. Thus, ReaxFF
potential can accurately describe the bond breaking and formation behavior in large silicon and silicon

oxide systems, which is essential for tension and fracture simulation of amorphous silica samples.
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