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Molecular dynamics of rolling
and twisting motion of amorphous
nanoparticles

Philipp Umstatter & Herbert M. Urbassek™

Granular mechanics codes use macroscopic laws to describe the damping of rolling and twisting
motion in granular ensembles. We employ molecular dynamics simulation of amorphous Lennard-
Jones grains to explore the applicability of these laws for nm-sized particles. We find the adhesive
force to be linear in the intergrain attraction, as in the macroscopic theory. However, the damping
torque of rolling motion is strongly superlinear in the intergrain attraction. This is caused by the strong
increase of the ‘lever arm’ responsible for the damping torque—characterizing the asymmetry of the
adhesive neck during rolling motion—with the surface energy of the grains. Also the damping torque
of twisting motion follows the macroscopic theory based on sliding friction, which predicts the torque
to increase whit the cube of the contact radius; here the dynamic increase of the contact radius with
angular velocity is taken into account.

The atomistic nature of nanosized particle contacts is of relevance in several areas of science and technol-
ogy, including tribology and cluster deposition technology'. In these areas, atomistic simulations have already
been intensely used to understand contact processes, such as sliding friction™ or perpendicular forces during
contacts”®.

Particle contacts also play a fundamental role in all aspects of granular mechanics’. This field uses modeling
and simulation to describe the dynamics of granular materials and requires rules to model the interaction of
grains. Even if grains are assumed to be spherical, the interactions between two grains are complex. Besides the
normal force exerted during contact, tangential forces and torques act during the collision. The understanding
of the normal forces is often based on viscoelastic extensions of Hertz’ contact law, see for example'’; an attrac-
tive part based on Johnson-Kendall-Roberts (JKR)!" or Derjaguin-Muller-Toporov (DMT) theory'? is added.
Tangential forces arise from sliding friction of the contacting grains in the contact plane. Rotational motion of
the grains is changed during contact by torques exerted. Depending on the component of the grain’s angular
momentum parallel or perpendicular to the contact plane, one may talk about rolling or twisting grain rotation,
respectively, see Fig. 1. Dominik and Tielens'® provide an overview over these elementary mechanical contact
forces and torques, as they are used in several granular mechanics models and collision codes'®'*"'” and for the
analysis of collision experiments between spherical grains'®-2,

These models are primarily obtained from macroscopic contact mechanics based on continuum equations.
However, in the description of the contact, invariably atomistic concepts enter, for instance in the consideration
of the role of surface steps on the generation of rolling torques**?**, in the models underlying sliding friction and
twisting torques®, or in the modeling of the adhesive neck forming in the contact zone. It is of interest to study
the atomistic basis underlying these contact models. In addition, for collisions of nanoparticles, the derivation of
the laws from a continuum description of the contact becomes dubious, as interatomic distances are not negligible
compared to the size of contacts in this regime, and therefore requests an atomistic analysis®.

Parameters derived from the collisional models are used in the description of complex granular materials,
such as the collision of granular aggregates. Thus, the bouncing (or sticking) velocity describes the minimum rela-
tive velocity of two grains needed to bounce from each other after the collision'*”” and hence describes aggregate
destruction. The rolling energy is the minimum energy a grain needs to roll an angle of 90° over another grain;
this energy is believed to describe collisional restructuring processes'>?’. As dissipative processes—damping
torques in the case of rotation—enter these characteristic energies, a critical evaluation of the atomistic nature
of these processes is also important for these collision parameters.

For rolling and twisting motion of nanoparticles, there seem to be no studies available that compare the
predictions of macroscopic contact models of granular mechanics with the results of atomistic simulations. The
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Figure 1. Schematic of (a) rolling and (b) twisting rotation of two grains in contact.

€ (meV) o (A) m (amu) v (m/s) t (ps)
Ar 10.32 3.41 39.95 158 2.16
Ag 345 2.644 107.87 555 0.476
Si0, 221 2.39 60.09 596 0.401
H,O 53 3.19 18.02 533 0.599

37-39 39-41
, Ag

Table 1. L] parameters, € and o, and mass, m, for four materials: Ar , silica*? and water*. L] units

for velocity, v = y/€/m and time t = o \/m/e.

present paper aims to fill this gap using dedicated molecular dynamics simulations. To this end, we study the
torques generated in the contact zone of two grains that are rotating in their contact. Since we are interested
in the generic behavior of these grains, rather than in specific materials, we use a Lennard-Jones potential for
their description. These grains are nm-sized so that we can analyze the damping of their motion using molecular
dynamics simulation. By comparing to macroscopic laws, we can evaluate their validity in describing nanopar-
ticle rotational motion.

Method

In our molecular dynamics simulations we use spherical grains containing 100,000 atoms. Atoms interact via

the Lennard-Jones (L]) potential,
12 6
vo-s](2)"- )]

cut off at r = 2.50; between r = 2.2060 and r = 2.50, the potential and its first derivative are continuously
decreased to zero®. We use L] units to describe our results. Table 1 gives these units for several exemplary mate-
rials. Note that the L] potential is a poor description of tetrahedrally bonded materials like silica and water; here
these values can only serve for an order-of-magnitude orientation.

The grains are amorphous with a radius of R = 28.8 and have been constructed by rapidly quenching from the
melt?**° with a rate exceeding 0.007 in Lennard-Jones units*". We verified that the pair correlation function agrees
with that published in the literature’>**. The grains are relaxed in an NVE ensemble with velocity-proportional
damping for a L] time of 460 in order to obtain relaxed surfaces. Then two grains are put into contact and again
relaxed for a L] time of 7000 with velocity-proportional damping and for a L] time of 2300 without friction; this
establishes an adhesive neck as shown in Fig. 7a. In the following we denote the axis connecting the centers of
the two grains as the central axis; its midplane is the contact plane. In order to allow for flexibility in modeling
the adhesion of the two grains, the interaction between atoms of different grains is changed from the value € to
a reduced value €5. This allows us to check the dependence of several contact quantities—such as the adhesive
force, “Adhesive force” section, and the rolling torque, “Rolling” section—on the specific surface energy. The
value of €;;—denoted as the intergrain attraction—is varied between 0.25 and 0.75 in units of €. We choose €1,
to be below € to ensure that the intragrain interaction is stronger than the intergrain interaction. This helps to
avoid significant intermixing of grains and allows for more pronounced rolling and twisting motions.
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Figure 2. Dependence of the surface energy y on the intergrain attraction €;,.
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Figure 3. Temporal evolution of the relative momentum p in a separation simulation of two grains at an initial
value of the relative velocity of v = 0.247 with €, = 0.75.

For each value of €1, three intergrain contacts are prepared by rotating the grains arbitrarily before contact-
ing them, in order to determine the contact area and adhesive force. For the rolling and twisting simulations,
only one of these contacts is used since the contact area changes dynamically throughout the simulation due to
grain rotation.

Since the intergrain attraction is changed with respect to the intragrain attraction, we determine the specific
surface energy, y, of our grains. To this end, we prepare a cubic sample of amorphous Lennard-Jones material
and measure the difference in energies between a system with periodic boundaries in all directions and a system
in which a free surface has been introduced. We use an NPT integrator and relax the system to a temperature
of 1073 and pressure < 1073, The surface energy can be calculated as the difference in potential energy of the
two systems divided by twice the area of a side of the cube. Figure 2 shows that the surface energy is to a good
approximation linear in the intergrain attraction €1,

y = 1.627€15. (2)

The molecular dynamics simulations are performed with the LAMMPS?** code. The elastic properties of our
sample were determined using the ELASTIC module within LAMMPS. We obtain a Young’s modulus of E = 46.4
and a Poisson ratio of v = 0.37, from which we determine the indentation modulus Ej,q = E/(1 — v?) = 53.5
and the shear modulus G = 16.9; these results are in good agreement with previously published data on amor-
phous Lennard-Jones material®®. Atomistic snapshots are rendered using the software OVITO.

Results and discussion
Adhesive force. A basic quantity characterizing the interaction of grains is the adhesive force, fyn. It is
defined as the force needed to separate two grains. DMT theory gives

fadh = 27YR, (3)

and JKR substitutes the prefactor 2 by 1.5 in this law**. There may be several ways to calculate f,q, in molecular
dynamics; we chose an approach that is in the spirit of our determination of the damping torques. We give
each grain a momentum along the central axis in opposite direction and monitor the temporal evolution of the
momentum p of the two grains. Figure 3 gives an example of such a simulation. the two grains separate after
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Figure 4. Snapshots of a separation simulation with €;, = 0.75 for an initial value of the relative velocity
v = 0.247. Snapshots are spaced by At = 9.3. In all subpanels, the grains are aligned such that the central axis
lies horizontally in the middle of the figure.
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Figure 5. Dependence of the adhesive force f,q, on the intergrain attraction €. DMT follows the law Eq. (3).
The dashed line gives a linear fit through the data for the low separation velocities v.

around t = 40. We determine f,qn as the maximum slope in this graph (highlighted as ‘fit’ in Fig. 3), since this
gives the maximum attractive force that the two grains exert on each other.

Figure 4 shows snapshots for this case; they show cross-sectional views of a central slice of thickness 5.88
containing the contact axis. Upon separation, the contact surface deforms into a thin adhesive neck which is
elongated until it tears. The force maximum occurs at around ¢ = 10, corresponding to Fig. 4b, indicating that
it is the early stages of the work of neck formation that determine the adhesive force. Neck extension and nar-
rowing cost less work.

Figure 5 assembles the data of f,q, obtained for various values of the intergrain attraction €;; for each €1,
4 different separation velocities v in the range of v = 0.2-2.5 have been simulated for three different intergrain
contacts. For the low velocities, v = 0.2-0.25, the values of f,qp, nicely coincide. However, for the highest veloc-
ity simulated, v = 2.533, the values of f,q4}, are considerably increased. An inspection of the snapshots taken for
this event shows that in this case, no adhesive neck forms between the two grains; rather they separate quickly,
and also the maximum slope of the p(t) curves occurs quite early in the separation process, when all bonds are
more or less simultaneously broken.

The simulation data may be compared to the prediction of DMT theory, Eq. (3), in Fig. 5. For the lowest
intergrain attraction, €;; = 0.25, the agreement is satisfactory for the low separation velocities. However, with
increasing €15, the simulation shows that larger forces are necessary to overcome the attractive forces. These are
necessary, since the processes extending and eventually breaking the adhesive neck occur in non-equilibrium,
while DMT assumes that the breaking of the contact occurs in a quasi-static way, where the neck geometry
can adapt instantaneously to the separation of the grains. The simulation data may be fitted by a linear law,
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Figure 6. Rolling simulation: Temporal evolution of the angular momentum L for an intergrain attraction
€12 = 0.25 (a) and €13 = 0.75 (b) for an initial value of the angular velocity w = 0.04.

fadh = €1z with o = 471, while DMT theory yields a prefactor of @ = 285, below our results. The adhesion
forces for the largest separation velocity show a superlinear increase with intergrain attraction.

We conclude that our method of determining f,4p, using molecular dynamics simulations provides results in
satisfactory agreement with available macroscopic theories even though our grains are of nanoscopic size. For
larger separation velocities and intergrain adhesion, deviations show up.

Rolling. In order to initiate a purely rolling motion of the two grains, we start the simulation by giving both
grains an initial angular velocity w/2, parallel to the contact plane, of the same absolute value but in opposite
directions, see Fig. 1a. This is done by assigning each atom a velocity of v = %a) x r. The ensuing dynamics is
then simulated in an NVE ensemble. We consider initial angular velocities of w = 0.013, 0.027, and 0.040.

We monitor the time evolution of the angular momentum of each grain, which is calculated viaL = ) r x p.
Figure 6 gives two examples of the time evolution of the angular momentum. For a considerable part of the
simulation we find a linear change in angular momenta. The damping torque d,, is calculated from the slope
of the L(#) curve. Here and in the following section, the slope is determined by fitting L(¢) to a linear law in the
range where L is between 20 % and 80 % of its initial value; only for the smallest value of €5, where L does not
decrease entirely to 0 but follows a linear law nicely, cf. Fig. 6a, the entire time range is used for the fit. Note that
for the smallest angular velocity, Fig. 6a, the time evolution of the angular momentum is not monotonous; this
is caused by the roughness of the surface of the two grains, and thus of the newly forming contact zone. Such
fluctuations are absent for stronger intergrain attraction due the broad adhesive neck forming between the two
grains. This simulation is visualized in Fig. 7. During the rolling motion, new surface enters the contact zone,
which as a consequence both widens and roughens. In the case shown, the radius of the contact zone increases
by a factor of around 2. We furthermore observe that the contact zone becomes asymmetric during the simula-
tion shown in Fig. 7, such that it becomes extended in front of the rolling contact and shortened behind it. For
smaller values of €1, this asymmetry is less pronounced.

When the rolling process ends, the two grains still perform rolling oscillations, in which the angular momen-
tum changes sign periodically, see Fig. 6b. This oscillation is quickly damped out.

The damping torques calculated for all our simulations are assembled in Fig. 8. While the influence of the
initial angular momentum on the torque is small for the two smaller values of the intergrain attraction, it is sizable
for the highest value of €15 = 0.75; here an increase of d with @ shows up. Figure 7, which shows snapshots
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Figure 7. Snapshots of a rolling simulation with €1, = 0.75 for an initial value of the angular velocity w = 0.04.
Snapshots (a, b, ¢, d) are spaced by At = 46.4. The arrows in (a) indicate the rotation direction, see Fig. la. In all
subpanels, the spheres are aligned such that the central axis lies horizontally in the middle of the figure.
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Figure 8. Dependence of the damping torque d,] on the intergrain attraction €;5.

for the highest value of w, demonstrates that this w dependence is caused by the dynamic changes in the contact
zone induced for high rotation speeds.

Continuum models of the rolling torque attribute the damping torque to the dynamic form of the adhe-
sive neck during rolling. As new material enters the contact zone at the front end and the contact area releases
material at the rear end, an asymmetry between the front and the back part of the contact zone is established.
It is described by the asymmetry length & which quantifies the distance of the center of the contact zone to the
central axis, i.e., the axis connecting the centers of the two grains. Using this quantity, the damping torque of
rolling motion can be described as

13,23,24

droll = 2fadh“;:- (4)

This formula thus formulates the lever rule based on an adhesive force f,qn acting along the central axis and a
lever arm 2£ perpendicular to it.

In our simulations, the contact zone fluctuates strongly during the rolling process (cf. Fig. 7) such that we
could not determine £ directly from our simulations. We therefore use Eq. (4) to determine this asymmetry
parameter from our simulation results for d;o and fyqn. The results are displayed in Fig. 9; here we used the
adhesive force as determined for the smallest separation velocity such that the spread in the & values obtained is
due to the various rotational velocities used. The dependence of the results on angular velocity thus is inherited
from d,;, Fig. 8. For the two smaller values of the intergrain attraction, & decreases with w, i.e., for quick rotation,
the contact zone has not sufficient time to develop a sizable asymmetry. For the highest value of €}, though, the
situation is reversed such that a swifter rotation induces a stronger asymmetry.
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Figure 9. Dependence of the asymmetry length £ on the intergrain attraction €1,

The asymmetry length £ shows an exponential dependence on the intergrain attraction, changing its value
by almost an order of magnitude when €1, changes by a factor of 3, from €1, = 0.25 to 075. This increase is
responsible for the superlinear behavior of the damping torque on €1, in Fig. 8. This strong dependence of £ on
€12 is surprising in view of the fact that & was originally introduced!® as a materials parameter of the order of
one interatomic distance that is independent of the contact dynamics. Our results now demonstrate that this
materials parameter sensitively depends on the surface characteristics of the grains, i.e., on the surface energy
y (which we parameterize by €,). From a physics point of view, this dependence is not surprising: for a large
surface energy, and hence large intergrain attraction, the contact zone will be strongly affected by the dynamic
contact during the rolling process, and hence the asymmetry length will increase.

Literature data on £ are available for silica spheres. Here the older literature* recommended a small value of
£ = 1A, while experimental measurements obtained a value that is more than one order of magnitude larger,
&E=32 A, Using Table 1, these values translate to £ = 0.3 and 9.4 in L] units; these values are indeed contained
within the data assembled in Fig. 9. Our results thus show that the two literature values for silica grains may both
be realistic, depending on the surface quality of the grains. It is known that due to adsorbate layers and passivation
of dangling bonds of silica surfaces, the surface energy of silica grains strongly depends on the environment?.
Note that values of &£ below or around 1 are of the order of one nearest-neighbor distance in the material, while
larger values denote an asymmetry length spanning a size of several atoms distance. This effect is caused by the
substantial broadening of the contact zone observed in the case of the largest €1,, which also allows for a larger
asymmetry to develop.

We conclude that the damping torque of rolling motion is strongly superlinear in the intergrain attraction.
This superlinearity can be traced back to a strong dependence of the asymmetry length—the ‘lever arm’ in
applying the damping torque—on €15, which is caused by the dynamic contact of the rolling grains. For an exact
prediction of £, a good knowledge of the surface energy of the grain is important.

Twisting. The twisting simulations are performed analogously to the rolling simulations, but with an angu-
lar velocity oriented perpendicular to the contact plane, see Fig. 1b. The data analysis is analogous to that for
the rolling case, such that we monitor the time dependence of the angular momentum during twisting motion,
Fig. 10. Again we observe a roughly linear decrease of the angular momentum with time, such that we can
extract a damping torque dyyist. Note that, similar to the rolling case, after the twisting rotation is stopped,
the two spheres experience a small number of twisting oscillations around the central axis, which are quickly
damped out.

Figure 11 shows snapshots of the time evolution of the contact zone during twisting motion. A strong widen-
ing of the contact zone is seen and it becomes rough, as atoms from both grains are pushed into the other grain.

Figure 12a gives a synopsis of the dependence of the twisting torque on intergrain adhesion and rotation
speed. A strong increase of dyyist with both €15 and w is observed. Available theories'>?* of the twisting torque
calculate the torque from the sliding friction of the two grains above each other. This friction arises from (atomic)
surface roughness, such as from surface steps in the case of crystalline grains or from the inherent atomistic
roughness of amorphous grains; an additional term comes from the sliding friction of two flat surfaces that is
caused by atomistic stick-slip processes. Dominik and Tielens'? calculate the first contribution to the twisting
torque as

Arwist = £a3, (5)
61
where G is the shear modulus of the grain material and a the contact radius. This formula is often used in granular
mechanics calculations'®'*"7, neglecting the second, stick-slip contribution.
The contact radius a is determined in our simulations as follows. We calculate the number of atoms N, in a
sheet of width d centered on the contact plane. Using the atom number density n = 1.00 of our sample, we obtain
a from N, = ma?dn. As due to the small opening angles of our contact zones, see Figs. 7 and 11, N depends on
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Figure 10. Twisting simulation: Temporal evolution of the angular momentum L for an initial angular velocity
® = 0.013 (a) and w = 0.04 (b) for an intergrain attraction €1, = 0.75.
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Figure 11. Snapshots of a twisting simulation with €1, = 0.75 for an initial value of the angular velocity
= 0.04. Snapshots (a, b, ¢, d) are spaced by At = 74.2. The arrows in (a) indicate the rotation direction, see
Fig. 1b. In all subpanels, the grains are aligned such that the central axis lies horizontally in the middle of the

figure.
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Figure 12. Dependence of the damping torque dyyist (a) on the intergrain attraction €5, and (b) on the cube
of the contact radius a. The full line gives the theory result, Eq. (5), and the dashed line gives a linear fit. (c)
Dependence of the cubic contact radius on the angular velocity .

d, we calculate N, for several widths d and extrapolate to d — 0. As the contact radius evolves in time during the
twisting, we use its average value during the interval of time when the maximum torque is established.
The obtained data can be compared to the prediction of JKR theory>*,

(9”R2V)1/3 ©)
AKR = .
J 2Eing

Here the so-called indentation modulus Ej,q = E/(1 — v?) is determined from Young’s modulus E and the
Poisson ratio v. As Table 2 demonstrates, our simulation result are in satisfactory agreement with the theoreti-
cal prediction, Eq. (6), and feature in particular the mild y /3 increase predicted by JKR. We note that the DMT
result for the contact radius is smaller by a factor of 31/3 = 1.44 than ajkr>*.
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€12 0.25 0.50 0.75
a 4.35+0.15 6.27 +0.53 6.97 £ 0.95
AJKR 4.5 5.6 6.4

Table 2. Contact radius a, as obtained from our simulations, compared to the JKR prediction, ajkr, Eq. (6).
Simulation data are averages over three relaxed contacts.

Figure 12b plots the twisting torque versus a® to test Eq. (5). For the smallest intergrain adhesion, €15 = 0.25,
the torque is well described by theory, Eq. (5). For higher adhesion, the torque is above the prediction; however,
the data still align on a line dyyisy = Ba’ with 8 = 1.33 rather than the JKR value of 8 = G/6m = 0.90, Eq. (5).

The Dominik-Tielens" theory of damping torques presupposes that the contact radius does not change during
the twisting contact. This is not the case in our simulations where the contact radius a increases with angular
velocity for all values of €15, see Fig. 12c. The physical reason of this increase was discussed with Fig. 11. This
effect needs to be included in Eq. (5) in order to get a consistent description of the twisting torque.

We conclude that the damping of twisting motion follows the theoretical prediction of a linear increase with
the cube of the contact radius, if the instantaneous contact radius—which increases under twisting motion—is
used. This effect of a dynamically increased contact radius will be important for soft grain materials, but appears
hard to predict unless by simulations.

Conclusions

We used molecular dynamics simulation of amorphous LJ grains to study the applicability of macroscopic
contact theory to describe rolling and twisting motion of nm-sized nanoparticles. The adhesive force is in good
approximation proportional to the surface energy, and follows roughly the DMT theory of adhesive contact. The
asymmetry length & responsible for the damping torque in rolling motion—characterizing the asymmetry of the
adhesive neck during rolling motion and serving as the ‘lever arm’ of the torque—strongly increases with the
surface energy of the grains. As a consequence, the damping rolling torque is strongly superlinear in the surface
energy. Since this quantity may be strongly affected by surface chemistry (adsorbate layers) and is not always
well known, this dependence adds to the uncertainty of modeling the rolling torque.

Also twisting motion is satisfactorily described by the law of Dominik and Tielens'** based on sliding
friction. Since the damping torque of twisting motion increases with the cube of the contact radius a, a careful
determination of a is important to verify this dependence. Our work shows that a increases dynamically under
the torsional shear during the twisting rotation.

We conclude that our atomistic study basically validates important features of the available theories of rolling
and twisting contacts—such as the linearity of the adhesive force with the surface energy and the a* dependence
of the twisting torque. It also shows that the asymmetry length & that is needed to quantify the rolling torque
depends sensitively on the grain material, in particular its surface energy. Since besides comparison to experi-
mental data'®®, atomistic simulation seems to be the only way to determine this quantity, further simulation
studies of this parameter—in particular for realistic grain materials such as silica and water ice—will be welcome.

The good agreement between the atomistic results and macroscopic theories may appear astonishing in
view of the fact that the grain radii amount to only around ten nm (R ~ 30 in Lennard-Jones units). However,
already Luan and Robbins*?® used small L] spheres to study contact properties (adhesion and friction) and
found generally good agreement between their atomistic results and continuum theories. They also pointed out
that atomistic surface roughness, such as the one existing in the amorphous spheres used in the present study,
seems to be the major reason for deviations from continuum results. Since the length scale of atomistic surface
roughness is of the order of the interatomic distance, deviations from the continuum results will increase with
decreasing sphere radius.

In the past, atomistic simulation was used to study energy dissipation in the normal motion of two grains,
and also in sliding motion, and to compare to macroscopic continuum models”*. Such studies profited also from
their relevance to tribological issues, where contact between surface asperities rather than grains is of interest***,
In contrast, rolling and twisting motion of two grains do not have an immediate analogy in tribological sys-
tems—if macroscopic tribosystems such as ball bearings are disregarded. Hence our study is of most relevance
for the field of granular mechanics, and in particular to the modeling of intergrain contacts’. Nanoscopic grains
are of particular interest in space applications***, such as in the modeling of protoplanetary dust discs!>!¢4,

13,25

Received: 4 May 2021; Accepted: 5 July 2021
Published online: 16 July 2021

References

1. Bhushan, B. (ed.) Springer Handbook of Nanotechnology 3rd edn. (Springer, 2010).

2. Luan, B. & Robbins, M. O. Contact of single asperities with varying adhesion: Comparing continuum mechanics to atomistic
simulations. Phys. Rev. E 74, 026111 (2006).

3. Szlufarska, I., Chandross, M. & Carpick, R. W. Recent advances in single-asperity nanotribology. J. Phys. D 41, 123001 (2008).

4. Mishra, M., Egberts, P, Bennewitz, R. & Szlufarska, I. Friction model for single-asperity elastic—plastic contacts. Phys. Rev. B 86,
045452. https://doi.org/10.1103/PhysRevB.86.045452 (2012).

5. Romero, P. A, Jarvi, T. T., Beckmann, N., Mrovec, M. & Moseler, M. Coarse graining and localized plasticity between sliding
nanocrystalline metals. Phys. Rev. Lett. 113, 036101. https://doi.org/10.1103/PhysRevLett.113.036101 (2014).

Scientific Reports |

(2021) 11:14591 | https://doi.org/10.1038/s41598-021-93984-1 nature portfolio


https://doi.org/10.1103/PhysRevB.86.045452
https://doi.org/10.1103/PhysRevLett.113.036101

www.nature.com/scientificreports/

6. von Lautz, J., Pastewka, L., Gumbsch, P. & Moseler, M. Molecular dynamic simulation of collision-induced third-body formation
in hydrogen-free diamond-like carbon asperities. Tribol. Lett. 63, 1-9 (2016).
7. Nietiadi, M. L. et al. The bouncing threshold in silica nanograin collisions. Phys. Chem. Chem. Phys. 19, 16555-16562. https://doi.
0rg/10.1039/c7cp02106b (2017).
8. Nietiadi, M. L., Millan, E. N, Bringa, E. M. & Urbassek, H. M. Bouncing window for colliding nanoparticles: Role of dislocation
generation. Phys. Rev. E 99, 032904. https://doi.org/10.1103/PhysRevE.99.032904 (2019).
9. Poschel, T. & Schwager, T. Computational Granular Dynamics: Models and Algorithms (Springer, 2005).
10. Krijt, S., Giittler, C., Heiflelmann, D., Dominik, C. & Tielens, A. G. G. M. Energy dissipation in head-on collisions of spheres. J.
Phys. D 46, 435303 (2013).
11. Johnson, K. L., Kendall, K. & Roberts, A. D. Surface energy and the contact of elastic solids. Proc. R. Soc. Lond. Ser. A 324, 301
(1971).
12. Derjaguin, B. V., Muller, V. M. & Toporov, Y. P. Effect of contact deformations on the adhesion of particles. J. Colloid Interface Sci.
53,314-326 (1975).
13. Dominik, C. & Tielens, A. G. G. M. The physics of dust coagulation and the structure of dust aggregates in space. Astrophys. J. 480,
647-673 (1997).
14. Dominik, C. & Niibold, H. Magnetic aggregation: Aggregation dynamics and numerical modelling. Icarus 157, 173 (2002).
15. Wada, K., Tanaka, H., Suyama, T., Kimura, H. & Yamamoto, T. Numerical simulation of dust aggregate collisions. I. Compression
and disruption of two-dimensional aggregates. Astrophys. J. 661, 320-333 (2007).
16. Ringl, C. & Urbassek, H. M. A LAMMPS implementation of granular mechanics: Inclusion of adhesive and microscopic friction
forces. Comput. Phys. Commun. 183, 986-992 (2012).
17. Kloss, C., Goniva, C., Hager, A., Amberger, S. & Pirker, S. Models, algorithms and validation for opensource DEM and CFD-DEM.
Prog. Comput. Fluid Dyn. 12, 140-152 (2012).
18. Heim, L.-O., Blum, J., Preuss, M. & Butt, H.-J. Adhesion and friction forces between spherical micrometer-sized particles. Phys.
Rev. Lett. 83,3328-3331 (1999).
19. Giittler, C., Heiflelmann, D., Blum, J. & Krijt, S. Normal collisions of spheres: A literature survey on available experiments. arXiv:
1204.0001 (2013).
20. Kimura, H., Wada, K., Senshu, H. & Kobayashi, H. Cohesion of amorphous silica spheres: Toward a better understanding of the
coagulation growth of silicate dust aggregates. Astrophys. J. 812, 67 (2015).
21. Whizin, A. D., Blum, J. & Colwell, J. E. The physics of protoplanetesimal dust agglomerates. VIII. Microgravity collisions between
porous SiO; aggregates and loosely bound agglomerates. Astrophys. J. 836, 94 (2017).
22. Musiolik, G. & Wurm, G. Contacts of water ice in protoplanetary disks—Laboratory experiments. Astrophys. J. 873, 58. https://
doi.org/10.3847/1538-4357/ab0428 (2019).
23. Dominik, C. & Tielens, A. G. G. M. Resistance to rolling in the adhesive contact of two elastic spheres. Philos. Mag. A 72, 783
(1995).
24. Krijt, S., Dominik, C. & Tielens, A. G. G. M. Rolling friction of adhesive microspheres. J. Phys. D Appl. Phys. 47, 175302. https://
doi.org/10.1088/0022-3727/47/17/175302 (2014).
25. Dominik, C. & Tielens, A. G. G. M. Resistance to sliding on atomic scales in the adhesive contact of two elastic spheres. Philos.
Mag. A 73,1279 (1996).
26. Luan, B. & Robbins, M. O. The breakdown of continuum models for mechanical contacts. Nature 435, 929 (2005).
27. Chokshi, A., Tielens, A. G. G. M. & Hollenbach, D. Dust coagulation. Astrophys. J. 407, 806-819 (1993).
28. https://lammps.sandia.gov/doc/pair_gromacs.html.
29. Urbassek, H. M. & Waldeer, K. T. Spikes in condensed rare gases induced by keV-atom bombardment. Phys. Rev. Lett. 67, 105-108.
https://doi.org/10.1103/PhysRevLett.67.105 (1991).
30. Anders, C., Urbassek, H. M. & Johnson, R. E. Linearity and additivity in cluster-induced sputtering: A molecular-dynamics study
of van der Waals bonded systems. Phys. Rev. B 70, 155404-1-155404-6. https://doi.org/10.1103/PhysRevB.70.155404 (2004).
31. Yonezawa, E, Nosé, S. & Sakamoto, S. Computer simulations of the glass transition. Zeitschrift fiir Physikalische Chemie 156, 77-90.
https://doi.org/10.1524/zpch.1988.156.Part_1.077 (1988).
32. Rahman, A., Mandell, M. ]. & McTague, J. P. Molecular dynamics study of an amorphous Lennard-Jones system at low temperature.
J. Chem. Phys. 64, 1564-1568. https://doi.org/10.1063/1.432380 (1976).
33. Kristensen, W. D. Computer-simulated amorphous structures (I). Quenching of a Lennard-Jones model system. J. Non-Cryst.
Solids 21, 303-318. https://doi.org/10.1016/0022-3093(76)90023-5 (1976).
34. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 117, 1-19 (1995).
35. Kopsias, N. P. & Theodorou, D. N. Elementary structural transitions in the amorphous Lennard-Jones solid using multidimensional
transition-state theory. J. Chem. Phys. 109, 8573-8582. https://doi.org/10.1063/1.477522 (1998).
36. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO—The Open Visualization Tool. Model. Simul.
Mater. Sci. Eng. 18, 015012 (2010).
37. Michels, A., Wijker, H. & Wijker, H. K. Isotherms of argon between 0° C and 150° C and pressures up to 2900 atmospheres. Physica
15, 627 (1949).
38. Hansen, J.-P. & Verlet, L. Phase transitions of the Lennard-Jones system. Phys. Rev. 184, 151 (1969).
39. Millan, E. N, Tramontina, D. R., Urbassek, H. M. & Bringa, E. M. The elastic—plastic transition in nanoparticle collisions. Phys.
Chem. Chem. Phys. 18, 3423-3429. https://doi.org/10.1039/C5CP05150A (2016).
40. Halicioglu, T. & Pound, G. M. Calculation of potential energy parameters from crystalline state properties. Phys. Status Solidi (a)
30, 619 (1975).
41. Guan, P, Mckenzie, D. R. & Pailthorpe, B. A. MD simulations of Ag film growth using the Lennard-Jones potential. J. Phys. Con-
dens. Matter 8, 8753 (1996).
42. Nietiadi, M. L., Rosandji, Y. & Urbassek, H. M. Collisions between ice-covered silica grains: An atomistic study. Icarus 352, 113996.
https://doi.org/10.1016/j.icarus.2020.113996 (2020).
43. Maugis, D. Contact, Adhesion and Rupture of Elastic Solids (Springer, 2000).
44. Solhjoo, S. & Vakis, A. I. Single asperity nanocontacts: Comparison between molecular dynamics simulations and continuum
mechanics models. Comput. Mater. Sci. 99, 209-220. https://doi.org/10.1016/j.commatsci.2014.12.010 (2015).
45. Blum, J. & Wurm, G. Experiments on sticking, restructuring, and fragmentation of preplanetary dust aggregates. Icarus 143,
138-146 (2000).
46. Birnstiel, T., Fang, M. & Johansen, A. Dust evolution and the formation of planetesimals. Space Sci. Rev. 205, 41. https://doi.org/
10.1007/s11214-016-0256-1 (2016).
47. Blum, J. Dust evolution in protoplanetary discs and the formation of planetesimals. Space Sci. Rev. 214, 52. https://doi.org/10.1007/
$11214-018-0486-5 (2018).
48. Paszun, D. & Dominik, C. Collisional evolution of dust aggregates. From compaction to catastrophic destruction. Astron. Astrophys.
507, 1023 (2009).
Scientific Reports|  (2021) 11:14591 | https://doi.org/10.1038/s41598-021-93984-1 nature portfolio


https://doi.org/10.1039/c7cp02106b
https://doi.org/10.1039/c7cp02106b
https://doi.org/10.1103/PhysRevE.99.032904
http://arxiv.org/abs/1204.0001
http://arxiv.org/abs/1204.0001
https://doi.org/10.3847/1538-4357/ab0428
https://doi.org/10.3847/1538-4357/ab0428
https://doi.org/10.1088/0022-3727/47/17/175302
https://doi.org/10.1088/0022-3727/47/17/175302
https://lammps.sandia.gov/doc/pair_gromacs.html
https://doi.org/10.1103/PhysRevLett.67.105
https://doi.org/10.1103/PhysRevB.70.155404
https://doi.org/10.1524/zpch.1988.156.Part_1.077
https://doi.org/10.1063/1.432380
https://doi.org/10.1016/0022-3093(76)90023-5
https://doi.org/10.1063/1.477522
https://doi.org/10.1039/C5CP05150A
https://doi.org/10.1016/j.icarus.2020.113996
https://doi.org/10.1016/j.commatsci.2014.12.010
https://doi.org/10.1007/s11214-016-0256-1
https://doi.org/10.1007/s11214-016-0256-1
https://doi.org/10.1007/s11214-018-0486-5
https://doi.org/10.1007/s11214-018-0486-5

www.nature.com/scientificreports/

Acknowledgements
Simulations were performed at the High Performance Cluster Elwetritsch (RHRK, TU Kaiserslautern, Germany).

Author contributions
P.U. performed and analyzed the simulations. P.U. and H.M.U. designed the study and wrote the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.M.U.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:14591 | https://doi.org/10.1038/s41598-021-93984-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Molecular dynamics of rolling and twisting motion of amorphous nanoparticles
	Method
	Results and discussion
	Adhesive force. 
	Rolling. 
	Twisting. 

	Conclusions
	References
	Acknowledgements


