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—— Abstract

The influence of the scratching velocity on mechanical and thermal properties of a nanoscopic contact
process was studied by molecular dynamics simulations. Simulations with different scratching
velocities were conducted in dry and lubricated systems. The contact process consisted of a lateral
scratching of a spherical indenter on a planar substrate. All molecular interactions were described
by the Lennard-Jones truncated and shifted potential. The forces on the indenter, the coefficient of
friction and the work done by the indenter as well as the power applied on the indenter were sampled.
Furthermore, an analysis of thermal properties was conducted: The change of the energy of the
substrate, the indenter and the fluid was evaluated and the local temperature field was determined.
The forces, the coefficient of friction and the work done by the indenter show practically no influence
of the scratching velocity. The work done by the indenter was found to be the same for all velocities.
As a consequence, the power supplied to the system depends linearly on the scratching velocity,
which affects the temperature of the contact zone. As expected, the presence of a lubricant reduces
the temperature of the substrate in the vicinity of the contact.
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MD-Study on the Influence of the Scratching Velocity on Contact Processes

1 Introduction

Contact processes play an important role in different fields of technology, e.g. during
machining processes between the cutting tool and the workpiece and in bearings between
roughness asperities of two macroscopic surfaces. Because of the small dimensions of the
actual contact zone, the processes therein can barely be investigated experimentally and,
therefore, molecular dynamics (MD) simulations are usually used to investigate nanoscopic
contacts [42]. In molecular dynamics simulations, Newton’s equations of motion are solved for
an atomistic many-particle system. The interactions of the particles in molecular dynamics
simulations are often described by classical force fields. Molecular dynamics simulations
are known to have good predictive capabilities and are widely used to simulate material
properties [23,39,41] as well as nanoscale processes [15]. In molecular simulations of contact
processes, the macroscopic contact is usually reduced to a single surface asperity in contact
with a flat surface [13]. The actual contact process is usually modeled by a sequential
movement of the indenter: (1) The indenter is brought into contact with the substrate during
the indentation phase; (2) the indenter carries out a lateral scratching through the substrate
surface during the scratching phase. The present work studies the influence of the indenter
velocity during the scratching.

There are many studies focusing on different aspects of dry nanoscratching. They
address the influence of the indenter geometry [2], different substrate materials [1,49], the
surface orientation [16] and dislocations [18]. There are few studies available in the literature
addressing the comparison of lubricated and dry nanoscratching processes [27,28,34,35,38,40];
most studies on nanoscopic contact processes do not consider the presence of a fluid as
lubricant and cooling agent [45]. The influence of the lubricant on both mechanical and
thermal properties like the coefficient of friction or the temperature field were studied in the
present work at different scratching velocities.

The influence of the scratching velocity in nanoscopic scratching processes was subject
of several studies [19, 29,31, 32,47, 48,50], however, mostly for dry contacts. Only Ren et
al. [34] investigated the influence of the scratching velocity on mechanical properties (the
forces on the indenter and the coefficient of friction) in a system with a thin water film as
lubricant. Overall, scratching velocities in the range of 1 — 400 m/s were applied [34,48].
The influence of the scratching velocity on different mechanical properties were investigated,
whereas little is known on the influence on thermal properties. Only the influence of the
scratching velocity on the temperature of the substrate has been studied [29,31]. Most
authors report a decrease of the coefficient of friction with increasing scratching velocity
in the dry case [32,50]. As expected, the temperature in the contact zone increases with
increasing scratching velocity [19,48]. For lubricated systems, Ren et al. [34] found that the
coeflicient of friction does not depend on the scratching velocity. Besides the influence of the
velocity in a scratching process, the influence of the velocity on a process of indentation has
been studied more thoroughly, e.g. Refs. [3,17,36].

Most molecular simulation studies on contact processes investigate mechanical properties
focusing on the impact on the substrate, e.g. elastic and plastic deformation, the dislocation
behavior, the friction forces and the coefficient of friction [18,49]. Thermal properties such
as the temperature field in the contact zone or the energy balance of the process have been
investigated only by few authors [35,38]. The energy balance of the process is of particular
interest in the lubricated case to evaluate the cooling capability of the fluid, which is of
fundamental importance in tribological and machining applications [7,24, 30].

In the present study, molecular dynamics simulations of a generalized model system
were used to study the influence of the scratching velocity on both mechanical and thermal
properties. Both dry and lubricated cases were considered. By systematically investigating
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the influence of the scratching velocity on both dry and lubricated contact processes, this
study stands out from previous studies in the literature. The lateral scratching movement of
a spherical indenter on a planar surface was analysed in detail. All occurring interactions
were modeled with the Lennard-Jones truncated and shifted (LJTS) potential. The LJTS
potential is frequently used in the literature [12,21,26] as it is computationally particularly
cheap and can describe the properties of small, spherical molecules well [46]. The studied
scratching velocities are in the range of 20 m/s — 100 m/s, which are typical conditions
in grinding processes in manufacturing applications [25]. Within this range, five different
velocities were chosen and applied in both the dry and the lubricated case.

2 Methods
2.1 Molecular Model

The simulation scenario includes three different substances: The solid substrate, the spherical
solid indenter and the fluid (cf. Fig. 1). The latter is only present in the lubricated cases.

repulsive wall

thermostated fluid

..... ¢ indenter:
depth
prescribed movement
fixed layer
_thermostated layer substrate (S) t thermostated
unconstrained

Figure 1 Simulation scenario (not true to scale) with substrate (grey), indenter (green) and
vacuum (dry cases, blue) or fluid (lubricated cases, blue). Simulation procedure: First indentation
(ind) of indenter, then scratching (scr).

All occurring intermolecular interactions are modeled with the LJTS potential

Ury (1) = Ury (7c) r<re

0 > (1)
with Upy (r) = 4¢ | (o/1)'* = (o/7)°]

Uryts (1) = {

where o is the size parameter, ¢ the energy parameter and r the distance between two
particles. The full Lennard-Jones potential is denoted by Upj (r). The cut-off radius is
r. = 2.5 0 for all site-site interactions except the solid-solid interaction between the substrate
and the indenter particles. For the solid-solid interaction the cut-off radius is chosen as
r. = 2%/6 ¢ such that the indenter-substrate interactions are purely repulsive (the potential
is truncated at the potential minimum). All occurring physical quantities in this work are
reduced using the parameters of the potential of the fluid particles op, ep and the mass of
a fluid particle mp [4] using the relations given in Table 1. The size parameter o of the
potentials of all three substances as well as the masses m of all particles were equal.
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Table 1 Definition of physical quantities in reduced units. The asterisk (*) indicates a reduced
quantity. kg is the Boltzmann constant.

Length | L* = L/ow
Temperature | T" = T/(ev/ks)
Force | F* = F/(er/oF)

Time t/(ory/mr/cr)
Velocity | v* v/\/er/mp

Energy | E* = FE/er

Power | P* = P/op\/mr/ed

~
*
I

Table 2 shows the energy parameters for the interactions between particles of the substrate,
the indenter and the fluid. Both interactions with particles from the same substance (diagonal
elements) and with particles from another substance (off-diagonal elements) are included
in Table 2. The energy parameter for the fluid er was chosen such that it models the
thermodynamic properties of methane [46]. The energy parameter of the substrate particles
es was adopted from Ref. [20] such as to represent iron. The energy parameter for the
indenter 1 was chosen sufficiently large such that no plastic deformations or dislocations
occur in the indenter and that there is no wear of the indenter in the process (this was
tested in preliminary simulations). The chosen solid-fluid interaction energy between the
fluid and the substrate particles es.r as well as between the fluid and the indenter particles
er.r was chosen to be in the domain of total wetting [5]. All simulations were carried out
using LAMMPS [33].

Table 2 Pairwise interaction energy parameters used in the simulations. The size parameter o of
all potentials and the molar mass M of all particles were o = 3.7241 A [46] and M = 16.043 g/mol,
respectively.

Substrate Indenter Fluid
Substrate | e§ =34.89 | g5 = 300 egp =15
Indenter ef = 200 elp =15
Fluid er = 175.06 K/ks

2.2 Simulation Setup

The dimension of the simulation box in 2*, y* and z*-direction was L} = 241.30, L = 120.64
and L} =194.81. In 2* and y*-direction, periodic boundary conditions were applied. At the
top, the simulation box was enclosed by a soft repulsive wall with a harmonic potential. The
substrate block comprised the whole z*-y* plane and had a height of Az* = 116.56. The
principles of the simulation setup were adopted from Ref. [40]. The simulation procedure
was as follows: In a first step, the initial density of the fluid (p* = 0.804, which is a liquid
state at the given temperature) was adjusted (only in the lubricated cases) by moving the
upper repulsive wall in negative z*-direction. Subsequently, the entire simulation box was
equilibrated at the initial temperature T* = 0.8. The equilibration was carried out for 5 x 10°
time steps. The time step was At* = 0.0008 in all simulations. After the equilibration,
the indentation started by moving the indenter in negative z*-direction until the depth
of penetration 2* = —6 was reached (cf. Fig. 1). Two different simulation setups were
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considered in the present work: Dry cases and lubricated cases. To study the influence of the
scratching velocity, two base simulations were equilibrated and indented: One dry and one
lubricated. These two equilibrated setups were used in several scratching simulations. Hence,
the initial conditions for each of the dry and lubricated cases, respectively, were identical
at the beginning of the scratching process. The indenter scratched in lateral, i.e. positive
rax = 80.56 in all simulations. Five different scratching
= 0.066,0.133,0.204,0.266 and 0.332 were studied — each for the dry and the

lubricated cases. These scratching velocities correspond to 20, 40, 60, 80 and 100 m/s (using

x*-direction, for a total length of L
velocities v},
the potential parameters of Table 2).

The origin of the Cartesian coordinate system was defined such that z* = 0 was the
height of the initial undeformed surface of the substrate and z* = 0 and y* = 0 were located
in the corner of the simulation box. The substrate consisted of 3.65 x 10° particles arranged
on a single crystal face cubic centered (fcc) lattice, which is the equilibrium lattice at the
given state [37,43]. The surface orientation was (100). The scratching was conducted in
[1 1 0] surface direction. To fix the substrate block in place, layers with fixed atom positions
were employed at the simulation box boundaries. To model the heating of the surrounding
material, thermostated layers were located between the actual substrate and the fixed layers
(cf. Fig. 1).

The spherical indenter had a radius of R* = 12.08 and, similar to the substrate, consisted
of three parts. For particles in the core (R* < 2.69), the motion was prescribed to realize
the relative motion of the indenter with respect to the substrate. Around the core, there
was a thermostated shell with a thickness of AR* = 2.69. The particles of the outer shell

(R* > 5.38) were unconstrained and moved freely following Newton’s equations of motion.

The thickness of the thermostated layer was chosen such that the particles of the outer shell
did not interact with the rigid core. The indenter consisted of 7935 particles which were, as
the substrate, arranged on an fcc lattice.

In the lubricated cases, the indenter was fully immersed in the fluid, which consisted of
1.78 x 10% particles. A fluid region at the top of the simulation box below the soft repulsive
wall (62.14 < z* < 78.25) was thermostated. The thermostating in all three thermostated
zones (substrate, indenter and fluid) was carried out using the Berendsen thermostat [6] to
constrain their temperature constant at 7* = 0.8. The thermostated layers removed the
dissipated thermal energy from the simulation box.

2.3 Definition of Observables

To examine the influence of the scratching velocity on the contact process and to compare
the results from the dry and the lubricated cases various mechanical and thermal properties
were used. They are defined in the following. The total tangential and normal forces on the
indenter F{* and F were computed as the sum of the forces in #* and z*-direction acting on
all indenter particles, respectively. From the forces on the indenter, the coefficient of friction
was calculated from p = —Fy/F*. The work done by the indenter was calculated from
Wi = [ —F7da*. The power supplied to the system was calculated from Pj = dW7y/dt*.
Furthermore, the change of the energy AEY in the three parts of the simulation box was
calculated as: AET = AUS + AE o ; for j =S, L F (substrate, indenter and fluid). The
change of the energy ALY is composed of the change of the internal energy AU (sum of
kinetic and potential energy) of the respective part and the energy removed by the respective
thermostat AE o, ;- The change of the internal energy AU includes the change of the

kinetic energy of the respective parts as well as the energy of the elastic and the plastic
deformation (only for the solids), which is part of the potential energy. For simplicity, all these
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contributions are summarized in the single observable AEY although this reflects different
phenomena of the process such as the dissipation of the work done on the system, elastic
and plastic deformation of the solids and the heat flow to the surroundings as represented
by the action of the thermostats in the thermostated zones. The corresponding change of
the energy per time dE7 /dt* is defined as the derivative of the change of the energy with
respect to time.

To characterize the thermodynamic behavior of the system, the temperature in the
contact zone T .. . was evaluated as the mean temperature of the substrate particles in a
volume V£ . in front of the indenter (cf. Fig. 2), whereas the directed velocity from the
particles is subtracted from the total average kinetic energy for the computation of the local
temperature by the thermal motion, cf. Ref. [38] for details. The contact volume V£ .
has the dimensions 2 R* x 2 R* x 3 R*, where R* is the radius of the indenter. Furthermore,
the temperature distribution in the z*-z* plane was sampled during the simulations: A
stripe at y* = Lj/2 with an extend of Ay* = 2.15 was segmented into cuboid bins (with
Az* = Az* = 1.34), in which the temperature was averaged over 5000 time steps in every
bin (cf. Fig. 2). The gap between the indenter and the substrate was defined as the space
between the two bodies below the undeformed surface level and in front of the center of the
indenter. This lubrication gap definition is used to count the fluid particles trapped between
the two solid bodies, cf. Fig. 2.

side view

top view

Figure 2 Scheme for illustrating the observables and bins to spatially evaluate the temperature.
Left (top view): Definition of the bins in the z*-y* plane with Az* = 1.34 and Ay* = 2.15. Right
(side view): Definition of the gap between the indenter and the substrate (blue), the volume Vi tact
(light grey) and the bins in the z*-z* plane with Ax* = Az* = 1.34.

3 Results and Discussion

3.1 Mechanical Properties

The results for the tangential and normal forces on the indenter F;" and F; as well as the
coefficient of friction p as a function of the scratching length L7, are shown in Fig. 3. At the
beginning of the scratching (L%, < 5), the tangential force F;* in the dry and the lubricated
cases shows a steep decrease. During the ongoing scratching process, the tangential force
fluctuates in the range —4 < Fy*/10% < —2 in the dry and the lubricated cases. As expected,
the value of the tangential force is negative such that it acts as a force against the direction
of motion. No significant differences between the results for the dry and lubricated cases are
observed. The scratching velocity has no significant influence on the forces of the contact
process in the studied range of scratching velocities.

The normal force F in the dry cases is approximately 6.5 at the beginning of the
scratching and decreases within L, < 10 to values in the range 2 < F¥/10®> < 5. The
normal force in the lubricated cases has a similar behavior. The values of F after the

indentation (L%, = 0) are higher in the lubricated cases due to fluid particles confined
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a) dry b) lubricated

F /10°

F./10°

20 40 60 800 20 40 60 80
Leor Loer
=
—  0.066 0133 — 0.204 0.266 — 0.332

Figure 3 Tangential force Fy" (top), normal force F}; (middle) on the indenter and coefficient of
friction p (bottom). Results of simulations for dry cases (left) and lubricated cases (right) from all
five considered scratching velocities as function of the scratching length L.

between the indenter and the substrate, cf. Ref. [40] for a detailed discussion. Additionally,
the decrease of the normal force F}¥ is less steep in the lubricated cases and only reaches
a constant level for L%, > 20, where the values are in the range of 2 < F*/10% < 5 like
in the dry cases. The difference of the decrease of F; in the lubricated cases is due to the
presence of fluid particles in the gap between the substrate and the indenter. These fluid
particles are squeezed out during the starting phase of the scratching [40]. The normal force
on the indenter exhibits stronger fluctuations compared to the tangential force during the
scratching.

The coefficient of friction 1 was calculated from the tangential and normal force and
therefore shows similar characteristics. In the dry cases, the coefficient of friction p increases
within L}, < 10 up to p =~ 0.6 and then fluctuates in a range between 0.5 and 1.2. The
differences between the individual simulations build up to a scratching length of L} . = 80.
As already observed for the normal force, the starting phase in which the coefficient of friction
increases from pu =0 at L}, = 0 is longer in the lubricated cases. Up to a scratching length
of LY. ~ 20, the coefficient of friction increases and fluctuates in the range 0.5 < p < 1.2 for
L*

x> 20.
For a better comparison, the simulation data were averaged in the quasi steady state
regime. This regime is defined as L, > 20. It has been shown that the number of fluid
particles in the gap between the indenter and the substrate is practically constant in this
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steady state regime [40]. Fig. 4 shows the number of fluid particles in the gap between the
indenter and the substrate. Starting at the beginning of the scratching, the fluid particles are
squeezed out of the gap. At the beginning of the scratching, there are around 90 particles
in the gap that are rapidly squeezed out of the gap with ongoing lateral movement. In the
simulations with higher scratching velocity, there is a tendency that the particles are squeezed
out slightly faster — especially from L7 . = 10 up to L}, = 40. Until L. = 20, the number
of particles remaining in the gap is reduced to less than 20 particles in all simulations. These
few isolated atoms are scattered in the contact zone. Consequently, the actual contact zone
is mainly dry and there is no fluid flow in the contact zone. For LZ.. > 20, the number of
particles in the gap remains approximately constant. This establishes the steady state regime.
The results for the friction forces and the coefficient of friction (cf. Fig. 3) corroborate this

classification.
100 T ! T T

80 v =0.066|

: v =0.133
g 60 H v =0.204|

=3 : v =0.266
40 ! v =0332| ]
20 : -

0 1 i 1 —
0 10 20 30 40 50

Lscr

Figure 4 Number of fluid particles in the gap Ngap between substrate and indenter as function
of scratching length L}, in the lubricated cases (cf. Fig. 2).

Fig. 5 shows the mean coefficient of friction p as a function of the scratching velocity v*
averaged in the steady state regime. No distinct dependency of the coefficient of friction on
the scratching velocity is found in the considered velocity range. For a scratching velocity
v* = 0.066 the coefficients of friction in the lubricated and the dry case are almost equal and
lie around p =~ 0.85. Nearly equal values for the coefficient of friction at this velocity have
also been observed in a previous work of our group [38] with a similar simulation scenario.
Therein, a cylindrical indenter with a slightly smaller indenter radius was used. Furthermore,
for the simulations reported in Ref. [38] no thermostats were applied in the indenter and
the fluid. For the higher scratching velocities, the coefficient of friction in the dry and the
lubricated cases remains nearly constant, but scatters intensely. The values fluctuate in the
range 0.7 < p < 0.9 for the dry and the lubricated cases. For moderate scratching velocities
(0.1 < v* < 0.3), the lubricated cases yield a slightly lower coefficient of friction. Nevertheless,
these differences are probably within the uncertainty of the data. Noreyan and Amar [32] and
Zhu et al. [50] have performed dry scratching simulations at different scratching velocities
and found a decrease of the coefficient of friction by at least 25 % with increasing scratching
velocity in the range v* = 0.16 — v* = 1.42. This decrease was reported [32,50] to be more
pronounced at high scratching velocities, i.e. v* > 0.332 (which corresponds to approximately
v > 100 m/s). However, it should be noted that the simulation scenarios from Refs. [32,50]
and from this work differ regarding the indenter shape and the molecular force fields which is
known to influence the coefficient of friction [2]. For indentation processes, it has been found
that the effect of the indenter velocity on the simulation results is small as long as it is below
around 100 m/s [3,17,36]. The reason hereto is that the plastic deformation processes in the
sample are based on dislocation generation, which are only little affected by the indenter
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11 1 1 1 1 1
1.0F -1
091 L.-m R T
3 0.8f . m L.

...'. .-"-‘ o ’
0.7} ‘w E
06| ®- dry .
-# - |ubricated
1 1 1 1 1

0.5
005 010 015 020 025 030 0.35
J

Figure 5 Mean coefficient of friction p as function of the scratching velocity v* for the dry and
the lubricated cases. Lines are a guide to the eye.

velocity in the regime of around 0.01 — 100 m/s. At smaller indenter velocities, however,
thermal effects may influence dislocation generation, reaction and migration, while at higher
velocities, the sample starts to amorphize locally.

Fig. 6 shows the work done by the indenter Wy as function of the scratching velocity v*.

All values lie in the range 2.1 < W;*/105 < 2.4. For both the dry and the lubricated case,

2.6 T T T T T T
2.5F -
241 [ ] .
© .
S 23k, ... . ___________________________________________ -
s 2.2 " =
52 :
21 Ma dry T
20F | ® lubricated -
f f f f f f
14} .
12 /,[’_’
. 1of l _
>
8 o }
T ek L i
A
4 -
o = -
O e 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

v

Figure 6 Work done by the indenter W;* (top) and power supplied to the system by the indenter
P in the steady state regime as function of the scratching velocity v* for the dry and the lubricated
cases. The dotted lines indicate the average of the work done by the indenter W}* = 2.28 x 10° (top)
of all simulations and a linear function (bottom) P = a - v* fitted to the data of the dry simulations
(a=37.1x 10%).

no dependency on the scratching velocity is observed as expected from the results for the
tangential force (cf. Fig. 3). The power P/ supplied to the system by the indenter motion
is also shown in Fig. 6. The power F;* in both the dry and the lubricated case is linearly
dependent on the scratching velocity v* as expected from the nearly constant work done

17:9
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by the indenter shown in Fig. 6 and the shortening of the simulation time with increasing
scratching velocity. The values of the power reach from P/ = 2.6 x 10® at v* = 0.066
to Pf = 12.2 x 10® at v* = 0.332. No significant differences between the dry and the
lubricated cases are observed. The dotted line shown in Fig. 6 represents the linear function
Py =37.1x 103 - v* that was fitted to the results of the dry cases. The form of the function
was chosen such that it reflects the limit P* = 0 for v* — 0. For v* — 0, the scratching time
becomes infinite and the power goes to zero.

3.2 Thermal Properties

Besides the mechanical properties, also thermal properties of a contact process play an
important role in technical applications. First, the change of the energy AE; in the three
parts of the simulation (substrate, indenter and fluid) are shown in Fig. 7 for the steady state

regime (L%,

> 20). The sampled changes of the energies are found to be independent of the
scratching velocity. The work done by the indenter is portioned into a change of the energy
of the substrate, of the fluid and of the indenter. The largest portion of the energy supplied
to the system by the indenter goes into the substrate with about AES = 2.1 x 10% in the
dry cases and AES = 1.94 x 10° in the lubricated cases. The increase of the energy of the
indenter AET are much smaller than the increase of the energy of the substrate AES and are
around 0.08 < AE;/10° < 0.16. The change of the energy of the fluid AE} is about twice
the change of the energy of the indenter AE} in the lubricated cases and lies in the range
0.2 < AE}/10° < 0.25. The energy increase of the substrate and the indenter is significantly
reduced in the lubricated cases compared to the dry ones. This reduction is simply due to
the fact that a significant portion of the work done by the indenter goes into the fluid — if
such is present. The reduction of the energy increase of the substrate and the indenter is
fairly independent of the scratching velocity.

1 1 1 1 1
2.5F -1
I S R S .
20F®...._.® : ......... Y SR z -
o151 * substrate| |
G > A indenter | <
* fluid
<0.3_ -
R R, K e b S
0.2F * >
01 '::t::::::::::::::::::::::::A::::::::::A::::::::::::‘::-:
OO 1 1 1 1 1

Figure 7 Change of the energy in the substrate AEg, the indenter AE; and the fluid AFf in
the steady state regime (L., > 20) as function of the scratching velocity v* in the dry (red) and
the lubricated (blue) cases. The dotted lines represent the mean over all scratching velocities of
the respective data (dry: AE§ = 2.12 x 108, AL} = 0.12 x 10%; lubricated: AEY = 1.94 x 108,
AE; =0.11 x 10°, AEy: = 0.23 x 10°).

To evaluate the energy balance in more detail, we compare the sum of the means over all
scratching velocities of the changes of the energy to the work done by the indenter using the
following equation: Wf = AE{ + AEf + AE} 4 0. Here, 6§ represents the numerical error
which arises from rounding errors as well as the error occurring during numerical integration.
The error is less than 1 % in all simulations. The energy balance reveals that in the dry
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cases around 94.2 % of the work done by the indenter causes an increase of the energy of
the substrate. The remainder of the work done by the indenter leads to an increase of the
energy of the indenter. In the lubricated cases, 10 % of the work done by the indenter
causes an increase of the energy of the fluid. Therefore, less energy goes into the substrate
(about 84 %) and into the indenter (only about 5 %). These values are similar to results
obtained in a previous work of our group [38]. Comparing the dry and the lubricated cases,
the energy increase of the substrate AEJ is reduced by 8.5 % and the energy increase AE}
of the indenter is reduced by 9.5 %. This is due to the increase of the energy of the fluid
AE} and leads to the expected cooling effect for both the substrate and the indenter.

The results obtained from the simulations with different scratching velocities for the
change of the energy per time dE}/dt* in the steady state regime (L, > 20) are shown in
Fig. 8. The numbers obtained from dE7/dt* for the substrate, the fluid and the indenter
show a linear dependency on the scratching velocity. This is expected as the power supplied
to the system also increases linearly with increasing scratching velocity. As expected from
the changes of the energy AEY shown in Fig. 7, the values dE; /dt* of the substrate (j = S)
are highest for all simulations (cf. Fig. 8). This is probably due to the fact that the main
part of the work done by the indenter dissipates in the substrate in the vicinity of the contact
as a consequence of elastic and plastic deformation.

1 T T T T .
2. substrate 7
A indenter z
100« fluid o
et
7.5F t . |
e o F 1
x‘é’ 2.5F "{";"’ *-
g A s
% 0.0 R T CELTTtt CrTe Sy o
T T T - - -
1.0F * |
0.5f ke AT _
0.0 Leszzzol” 1 L , . |

0 005 01 015 02 025 03 035
/

Figure 8 Change of the energy per time in the substrate dEg/dt*, the indenter dE; /dt™ and the
fluid dEg /dt* as function of the scratching velocity v* in the dry (red) and the lubricated (blue)
cases. The dotted lines represent linear functions of the form dE; /dt* = a-v™ fitted to the respective
data (dry: as/10® = 35.2, a1/10® = 2.1; lubricated: as/10® = 32.2, a1/10® = 1.9, ar/10® = 3.8).

Fig. 9 shows the temperature of the contact zone of the substrate as a function of the

scratching velocity. The contact zone temperature was averaged both spatially (cf. Fig.

2) and over time; during the steady state regime. The results of the simulations with a
scratching velocity of v* = 0.066 show that the contact zone temperature (7.5 ;... = 0.85) is
slightly increased compared to the initial temperature of 7% = 0.8, which was also applied to
the thermostats during the contact process. With increasing scratching velocity, the contact
zone temperature increases linearly. This is a consequence of the dependency of the change of
the energy per time on the scratching velocity, cf. Fig. 8. The contact zone temperature can

be described by a linear function which assumes no temperature change of the contact zone
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Figure 9 Temperature of the substrate in the contact zone Tgyacy (cf. Fig. 2) as function of
the scratching velocity v* in the dry and the lubricated cases averaged in the steady state regime
(L% > 20). The black dotted line indicates the preset temperature of the thermostats. The red and
blue dotted lines represent linear functions T, = @ - v* + 0.8 fitted to the respective data (dry:
a = 1.04; lubricated: a = 0.92).

in the limit v* — 0. For most scratching velocities, the contact zone temperature is higher in
the dry cases than in the corresponding lubricated cases (except the scratching velocity of
v* = 0.266). This effect is due to the presence of the fluid since a part of the work done by
the indenter goes into the fluid (cf. Fig. 8), which confirms the findings from Ref. [38]. The
cooling of the substrate in the contact zone is the primary task of the fluid in macroscopic
cutting processes [8,9,22]. The absolute difference of the contact zone temperature between
the dry and the lubricated cases slightly increases with increasing scratching velocity. This
is also in accordance to the increase of the change of the energy per time of the fluid with
increasing scratching velocity (cf. Fig. 8). The increase of the contact zone temperature with
increasing scratching velocity has already been reported by several studies [19,29,31,48, 50]
for dry cases. The results from the present study extend this phenomenon to lubricated
systems, where the thermal balance is influenced by several additional phenomena at the
interface and in the fluid [38].

The spatial temperature distribution is discussed by means of snapshots of the x*-z*
plane at the scratching length of L}, = 77, cf. Fig. 10. The setup of the bins used for the
spatial discretization is shown in Fig. 2. Surface lines of the substrate and the indenter are
directly extracted from the position data of the particles using an alpha shape algorithm.
Details of the applied post-processing algorithm can be found in Ref. [14]. The snapshots are
shown for the scratching velocities v* = 0.066, 0.204 and 0.332. For the velocity v* = 0.066,
there is a slight increase of the local temperature up to 7% = 0.96 observed in the tip of the
chip in the dry case. In the bulk of the substrate, no significant change of the temperature
compared to the initial temperature (T* = 0.8) is found. In the lubricated cases, the increase
of the local temperature in the contact zone is reduced by the presence of the fluid (cf.
Fig. 10). Increasing the scratching velocity yields an increase of the temperature in the chip
in the dry cases (cf. Fig. 10 at v* = 0.204 and 0.332). The maximum local temperature at
the velocity of v* = 0.332 is T* = 1.77 and is reached in the chip. Overall the warming of
the substrate is mainly limited to the chip and the direct vicinity of the contact zone, which
is the most plastically deformed zone of the substrate. The concentration of warming of the
substrate in the chip has also been reported by Refs. [11,28]. For the temperature field of
the fluid in the lubricated cases, the temperature is mainly increased in the area around the
chip. This indicates that the increase of the internal energy of the fluid mainly takes place
by a heat flux from the chip. Therefore, only a small portion of the increase of the internal
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energy of the fluid results from actual energy dissipation in the fluid in the contact zone,
as practically no fluid is present there. The dissipated energy which increases the internal
energy of the fluid during the scratching is hence mainly indirectly transferred to the fluid
via the chip and the substrate surface (cf. Fig. 4). The warming of the fluid includes larger
spatial dimensions compared to the substrate, which is a direct result of the differences of
the thermal conductivity of the substrate, the indenter and the fluid [38]. The fluid has a
significantly lower thermal conductivity than the substrate [10,44].
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Figure 10 Temperature in z*-z* plane for the scratching length L3, = 77 for dry (left) and
lubricated (right) cases for the scratching velocities v* = 0.066 (top), 0.204 (middle) and 0.332
(bottom). Black lines indicate the surface of the substrate and the indenter.

4 Conclusions

In the present work, the influence of the scratching velocity on dry and lubricated contact
processes was studied by molecular dynamics simulations. All intermolecular interactions
were modeled by the LJTS potential such that the model is a simplified yet representative
system. Mechanical properties like the occurring forces, the coefficient of friction and the
power supplied to the system as well as thermal properties like the change of the energy, the
energy balance and the local temperature field were evaluated.

The mechanical properties show only a weak dependency on the scratching velocity in the
considered velocity range. No significant dependency on the scratching velocity was observed
for the coefficient of friction in both dry and lubricated cases. The power supplied to the
system by the indenter increases linearly with increasing scratching velocity, which is expected
from the shortening of the total scratching time while the total energy supplied to the system
remains fairly constant. This independence can be traced back to the plastic deformation
processes in the material, which do not change in the velocity regime considered here. The
increase of the power supplied to the system by the indenter directly affects the temperature
in the contact zone which also shows a linear increase with increasing scratching velocity
both in the dry and in the lubricated system. In the lubricated cases, the local temperature
in the vicinity of the contact zone is slightly reduced due to the presence of the fluid. The
cooling effect of the lubricant is weaker than could have been expected from macroscopic
experience. This could indicate that the macroscopic cooling effect of the lubricant is mainly
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indirect, i.e. due to a cooling of the substrate and the indenter not in the vicinity of the
contact zone but in its surroundings, leading to an increased removal of heat by conduction
in the macroscopic system.
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