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Friction, wear and adhesion play a dominant role in many technical processes, such as machining by cutting
and grinding. We conduct fully atomistic simulations of a tribological contact process (indentation, scratching
and retraction) and compare three different cases: one dry reference case and two lubricated cases differing
in the solid-fluid adsorption energy. The fluid as the substrate is modelled as a bulk phase, to determine the
bulk phase reaction as well as the interfacial mechanisms. We investigate the influence of the lubrication fluid
on the mechanical properties of the contact process, e. g. the friction forces, the coefficient of friction, the
squeeze-out of fluid molecules from the contact zone and characterize the groove, the chip and the lubrication
gap formation during the simulation. We observe, that the presence of a fluid and its solid-fluid adsorption
energy has a significant influence on the contact process, e. g. the friction forces and the squeeze-out.
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I. INTRODUCTION

Friction and machining processes on atomistic scale
are yet not fully understood, although this research area
has been worked on for decades. While many aspects
of dry nanoscopic contact processes have been investi-
gated in great detail by experimental, theoretical1,2 and
simulation techniques3–8, lubricated processes are less
extensively studied in literature. Dry nanoindentation,
-scratching, cutting and machining processes9,10 have
been studied in great detail with different focus, for ex-
ample the influence of the shape of the tool11,12, different
substrate materials3,13,14, the indentation depth13, the
cutting direction in relation to the lattice orientation15,
the influence of the temperature, grain boundaries16, the
surface roughness17, alloys18 and coatings19.

Lubricated contact processes are the subject of many
studies in the last decade20–23. Questions like the influ-
ence of crafted polymer brushes on a substrate in tribo-
logical systems24,25, the influence of the chain length26,27

of a lubricant and in combination with the surface
roughness28 or the influence of monolayer or multilayer
adsorbates29–38 have been investigated in the last years.
Also the bridging from experimental measurements to
atomistic simulation results has been successful to some
extent39–42. But many open questions in the field of lu-
bricated nano-friction remain, for example the influence
of the surface chemistry43, the solid-fluid interaction on
the squeeze-out28,44, the influence of the fluid on the chip
formation and the influence of a lubricant on the ther-
mal balance of the contact process. Furthermore, in most
studies investigating a single asperity contact under the
influence of a lubricant, only mono- or multilayer fluids
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are taken into account. A bulk fluid phase, having a solid-
liquid interface with the substrate and the tool, is only
rarely investigated45–47. Often, either the fluid or the
substrate is modelled as a monoatomic layer, while in-
terfacial properties and processes are taken into account.
But crossinteractions resulting from modelling the bulk
phase of the substrate (e. g. dislocation analysis) and the
bulk phase of the fluid and interfacial properties are to
the best of our knowledge not yet systematically investi-
gated.

In the present study, we investigate the influence of a
monoatomic fluid on the mechanical properties, such as
the coefficient of friction (COF), dislocations and friction
forces, of a nano-indentation, -scratching and -retraction
process. We therefore compare a dry contact process with
two different lubricated cases. A special focus lies on the
squeeze-out of the fluid, which is in contrast to other
studies not modelled as a very thin adsorbed layer in
the contact zone without a surrounding bulk fluid phase
and the dislocation analysis. Therefore, the entire sim-
ulation box is in the present study filled with liquid in
the lubricated cases, confined in a constant volume. Also
we study the influence of the adsorption interaction of
fluid molecules with solid atoms on the above mentioned
mechanical properties. Becker et al.48 showed, that the
adsorption energy correlates with the wetting state, e. g.
the contact angle formed between a liquid droplet on a
solid surface. The fluid and the substrate have a bulk
phase to realistically model the interaction between the
contact zone, the interfaces and the bulk phases.

The target of the present study lies in the investiga-
tion of the influence of a lubrication fluid on the me-
chanical properties in an atomistic contact process and
the characterization of the contact zone. We address the
question how long and how many fluid particles remain
in the lubrication gap during an atomistic friction pro-
cess and how this squeeze-out depends on the adsorption
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energy. We analyse the influence of the presence of a lu-
brication fluid and its adsorption energy on the friction
forces, the coefficient of friction (COF) and the disloca-
tion behaviour in the substrate. Moreover it is shown,
that the modelling of the fluid bulk phase has a consid-
erable influence on the chip formation and the machined
surface quality.

The article is organised in two main sections: in the
first section methods we introduce the simulation scenario
and potential models and define characteristic properties
for the contact process regarding the squeeze-out, chip
formation and machined surface. In the result section we
compare the results of the three simulations (dry, strong
and weak adsorption).

II. METHODS

A. Simulation Setup

We employ molecular dynamics simulation to study
the difference of a dry and wet nano-scratching contact.
Fig. 1 shows the simulation setup. The so-called in-
denter models the edge of a diamond AFM tip. The
indenter (purple) conducts three sequential movements
to model the nanoscopic contact: (i) indention, during
which the indenter penetrates into the substrate (yellow)
in normal direction; (ii) the indenter moves laterally to
the substrate during the scratching phase and grooves
it; (iii) the indenter is finally removed from the contact
during the retraction phase until no interaction between
the substrate and the indenter remains. The coordinate
system, as indicated in Fig. 1, has its origin z = 0 on
the unpenetrated surface of the substrate. The indenta-
tion and retraction movement is aligned with the z-axis.
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FIG. 1. Setup of the simulation box for the indentation,
scratching and retracting of the indenter. The indenter is
either in a vacuum environment (dry case) or immersed in
fluid (two lubricated cases).

The scratching is conducted in positive x-direction. The
simulation box has periodic boundary conditions in x-
and y-direction, while we adopt a repulsive wall bound-
ary condition at the top and bottom of the box in z-
direction. In the dry simulation the surrounding of the
indenter is vacuum, while the indenter is submersed with
fluid in the lubricated case. All three simulations have
an initial temperature of 100 K.

The indenter has a spherical shape with a radius of
R = 5 nm and is atomically resolved in contrast to for-
mer studies of our group3. This is done to ensure appro-
priate stick-slip behaviour and squeeze-out of the fluid,
especially to investigate the influence of the adsorption
energy on those phenomena. The diamond indenter is
modelled as one rigid body, e. g. the relative distances of
all carbon atoms to each other remain constant through-
out the simulation. In fact, we prescribe the velocities
of the carbon atoms according to the above mentioned
movement phases of the indenter. The simplification of
a rigid indenter is based on the large hardness differ-
ence of diamond (10 on Mohs-scale) and iron (4.0 on
Mohs-scale). The indenter consists of appr. 92 thousand
atoms. The indenter atoms interact purely repulsive with
the substrate by a Lennard-Jones potential49, as done in
many other studies11,15,16 . The indentation depth is set
constant in all three simulations to 3 nm.

The substrate is a bcc iron single crystal. It has ini-
tially an atomically flat surface. It is modelled with the
iron embedded atom model (EAM) from Mendelev et
al.50. The crystal has a (100) surface; we scratch in [0 1̄
1̄] direction. The size of the substrate block is 52.5 nm;
62.6 nm; 27.2 nm in x-, y- and z-direction respectively
and consists of appr. 7.7 million Fe atoms. This relatively
large substrate size is chosen to avoid any interaction of
the generated dislocations with the boundaries. Three
atom layers of the substrate block boundary (grey) have
a fixed position to suppress a movement of the substrate
block relative to the coordinate system of the simula-
tion box. Four more atom layers(dark blue) are being
time-integrated, but their trajectories are perturbed by
a velocity scaling thermostat to extract dissipated energy
from the system to avoid an uncontrolled heating up. To
preclude any interaction of the fluid with the thermo-
stat and the fixed layer of the substrate, a lid of ’regular’
iron atoms is placed on the substrate block. The initial
temperature of 100 K is imposed to the thermostat-layer
during the entire simulation sequence.

Methane is used as a liquid lubricant which is mod-
elled in a united atom approach51, e. g. the hydro-
gen atoms are not explicitly resolved. The spherically
shaped CH4 molecule is therefore modelled by a single
Lennard-Jones 12-6 interaction site. A cutoff distance
of 2.5σF = 9.31 Å until interactions are taken into ac-
count is employed to avoid time-consuming long-range
correction schemes52. We use the parameters proposed
by Vrabec et al. (εF = 0.0151 eV/Å and σF = 3.7241 Å),
who showed that the model reproduces the fluid bulk
properties of methane quite accurately53. The fluid is
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being enclosed in a constant volume by the substrate sur-
face and a soft repulsive wall on top of the simulation box.
Thereby it experiences a isochoric state change during
the simulation. The fluid has a density of 0.4389 g/cm3

and an initial pressure of 1.1 bar. At this density and
temperature the fluid (force field model and measure-
ment data53,54) is in the state of a subcooled liquid. The
position of the soft repulsive wall is at zwall = 28.2 nm
and encloses 1.5 million methane molecules.

The contact angle and therefore the wetting behaviour
of a fluid is of great importance for many engineering
applications. For the investigation of the influence of
the adsorption energy εsolid-fluid of fluid molecules on the
solid in a atomistic friction process, we conduct two lu-
bricated simulations only differing in this energy param-
eter. It was shown by Becker et al.48, that the adsorption
energy of monoatomic particles correlates directly with
the contact angle. In some simulation studies for the
investigation of lubricated contact processes the solid-
fluid interaction energy is set accordingly to quantum me-
chanical calculations or experimental spectroscopic mea-
surements. This is based on the assumption, that the
contact zone is by no means contaminated, which we
know from many studies is not accurate for technical
surfaces55,56. We therefore argue, that an investigation
of the influence of the wetting behaviour of a fluid on a
tribological system should be independently conducted
from the fluid-substrate combination and it’s chemistry.
We hence study in the present work two different wetting
states: a weak adsorption case with a solid-fluid interac-
tion energy of εweak-ads. = 0.00503 eV/Å resulting in a
lower contact angle than a strong adsorption case with
εstrong-ads. = 0.01723 eV/Å. The solid-fluid interaction
between the fluid and the indenter and the fluid and the
substrate were modelled the same in each of the two lu-
bricated simulations. As done in most studies, we apply
the Lennard-Jones 12-6 potential for the adsorption in-
teraction. Its size parameter σads. is set to the same as
the size parameter of the methane model σCH4

.

Before the sequential move of the indenter the sys-
tem is equilibrated for 1000 ps. The timestep during the
equilibration and the production phase is kept constant
at 0.001 ps. The indenter moves with a constant veloc-
ity of 20 m/s during all three movement phases (i)-(iii).
First in negative z-direction for 300 ps (∆z = −6 nm),
followed by the scratching in x-direction for 400 ps
(∆x = 8 nm) and the retraction of the indenter for 175 ps
(∆z = 3.5 nm). The time axis plotted throughout this
paper has its origin at the starting point of the indenter
movement.

The simulations were performed with the open-source
code LAMMPS57. The dislocation extraction algorithm
(DXA)58 is used to identify the dislocations, to determine
their Burgers vectors, and to measure the total length
of the dislocation lines, Ldisl. The free software tools
ParaView59, visit60 and OVITO61 are employed to visu-
alize the atomistic configurations.

B. Characterization of the Contact Process

For the mechanical evaluation and comparison of the
three simulations, we adapt multiple post-processing
schemes. We examine the forces on the indenter, the
COF, the dislocation behaviour in the substrate, the chip
formation and the squeeze-out of fluid molecules out of
the contact zone in the lubricated simulations. Also we
discuss the machined surface in the groove, since the
surface quality is an important aspect in manufacturing
processes, such as grinding62. In this section we define
the characteristic values for the evaluation of the named
properties.

hchip

Aideal

Vchip

gap

z = 0
d

Areal P

FIG. 2. Geometric definition of the lubrication gap (blue) for
the calculation of its volume and the fluid particles in it and
the geometric definition of the surface quality parameter used
in this work. Also we characterize the machined chip by its
volume and hight.

For the calculation of the mainly geometrically defined
properties, we use an alpha-shape algorithm63 to calcu-
late the surface area of the machined substrate every
30 ps. It calculates the surface of the indenter and the
penetrated substrate by identifying the atoms forming
the actual surface and connecting them to k triangles
Aαk (x, y, z).
Friction Forces:
The friction forces and thereby the COF are calculated by
the total force on the indenter in x- and z-direction, the
tangential force Ft and the normal force Fn respectively.
They are evaluated during the simulation as the sum of
all pair interactions m in the cut-off radius F Ind-Subs

i be-
tween indenter and substrate atoms on one side and in-
denter and fluid atoms on the other side F Ind-Fluid

i :

Ft =

m∑
i=1

(
F Ind-Subs

t.i + F Ind-Fluid
t.i

)
(1)

Fn =

m∑
i=1

(
F Ind-Subs

n.i + F Ind-Fluid
n.i

)
(2)

The COF is then calculated by µ = Ft/Fn.
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Dislocation Analysis:
During indentation and scratching extended lattice de-
fects are formed in the crystal; these consist of disloca-
tions. The analysis of the dislocations formed thus allows
us to gain insight into the reaction of the iron crystal to
the machining process, and to what extent it is influenced
by the lubrication.
Characterization of Contact Zone:
We define the contact zone of the indenter and the sub-
strate as the area where the indenter is in touch with the
unmachined substrate, as indicated in Fig. 2. This con-
tact can either be dry (no fluid particles in-between the
indenter and the substrate) or lubricated (fluid particles
trapped in the gap). We therefore calculate the gap vol-
ume in all three cases and the number of fluid molecules
trapped in there for both lubricated simulations.

We use the surfaces elements Aαk (x, y, z) calculated
with the alpha-shape algorithm for the evaluation of the
gap volume. It is evaluated by subtracting the volume
under the substrate surface from the volume under the
indenter surface of the contact zone (highlighted blue in
fig. 2). By knowing the gap volume and its coordinates,
it is straight forward to count the trapped fluid particles
in the gap.
Quality of Machined Surface:
A high surface quality goes in line with a low surface
roughness. It is well known from experience64, that the
presence of a lubricant decreases the machined surface
roughness significantly. We therefore define a so-called
surface enlargement Areal/Aideal, which is a measure for
the increase of the machined surface due to an increased
atomistic roughness. The ideal surface Aideal is calcu-
lated (eq. (3)) from the assumption of a perfect spherical
indenter and an ideal impress (indicated purple in fig. 2).

Aideal = 2

(
2πRd+ 2xPR arccos

(
R− d
R

))
, (3)

where R is the indenter radius, d the indentation depth
and xP is the position of the indenter. The substrate
surface elements in the groove – gained from the alpha-
shape algorithm – are summed up to Areal, where the
groove is defined as the projection of the ideal shape of
the groove.

Areal =
∑

AαSubs.k(x, y) ∀ k ∈ xideal, yideal, (4)

where xideal, yideal indicate the projection of the ideal
imprint as shown in Fig. 2 top.
Chip Formation:
Since the formation and shape of the machined chip is
also of great interest for manufacturing processes65, we
calculate the chip height hchip and volume Vchip through-
out the simulation. The chip height is simply defined
by the z-coordinate of the highest substrate-atom zmax.
The surface of the substrate gained from the alpha-shape
algorithm is used for the evaluation of the chip volume.
Only the machined chip in front of the indenter (x > xP)

is taken into account.

Vchip =

zmax∫
z=0

box∫ box∫
AαSubs(x, y, z) dxdy dz (5)

III. RESULTS

We first compare the purely mechanical properties
(forces , COF and dislocations) of the dry, weakly ad-
sorbed and strongly adsorbed fluid case followed by the
contact zone, chip evolution and surface enlargement
characterisation.

A. Mechanical Properties

Forces on the Indenter:
The total normal and total tangential force on the in-
denter for all three cases (dry, weak wetting and strong
wetting) are compared in Fig. 3 (top and centre). The
graphs show the entire production phase of the simula-
tions, e. g. the indentation in normal direction to the
substrate surface, the scratching in lateral direction and
the retraction that removes the indenter in normal direc-
tion out of the substrate.

The normal and tangential force on the indenter Fn

and Ft are zero before the first indenter atom reaches z0

during the indentation (0..150 ps) as after the retraction
out of the substrate (750..860 ps). The forces are exactly
zero in the dry case (red curves), while the normal and
tangential forces in the lubricated cases (green and blue
curves) fluctuate around zero during the move through
the fluid. As shown in the insets, the fluctuations in the
strong adsorbed case are approximately twice as strong
as in the weak adsorbed case. This is due to the stronger
slip66,67.

During the normal penetration of the indenter into the
substrate (125..300 ps) the normal force rises first in the
elastic and then in the plastic regime. The dry case shows
two considerable drops of the normal force, which were
also reported in13. They are due to a diminishment of
dislocations at that time. The weakly lubricated case still
shows little features of that behaviour, while the strongly
lubricated case has a much more constant slope during
the indentation. This results from a more constant in-
crease of dislocations in the material in the strongly ad-
sorbed case due to a mechanical coupling of indenter and
substrate atoms via fluid molecules. The tangential force
in all three simulations increases during the indentation.
This is a result from the formation of dislocations and the
growth of a chip. As observed for the normal force, the
strongly adsorbed fluid has a dampening effect leading
to lower fluctuations compared to the other two cases.

At the beginning of the lateral movement, the tan-
gential force Ft rises rapidly, due to the chip formation,
while the normal force Fn decreases, because the contact
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FIG. 3. Normal and tangential forces on the indenter and total dislocation length during the entire simulation (indentation,
scratching and retraction). The green and blue lines indicate the lubricated simulations, with strong and weak adsorption,
respectively and the solid phases. The red line indicates the dry simulation in vacuum atmosphere.

area of the indenter and the substrate decreases at the
beginning of the groove formation. The mechanical be-
haviour of the scratching phase can be separated in two
sub-phases A and B, as indicated in Fig. 3: In a first
phase A (300.. appr. 500 ps) the three simulations differ
significantly but not systematically. In the second phase
B (appr. 500..700 ps) the three simulations lie very close
together. The normal and tangential force in that phase
behave very similar in all cases.

The normal force in the starting phase A of the scratch-
ing does only differ at the very beginning between the
three simulations, while the tangential force shows sig-
nificant differences. The normal force in the strongly
adsorbed case reaches a higher maximum around 300 ps

than the dry and weakly adsorbed case due to a higher
number of trapped fluid molecules. The tangential force
in the strong adsorption energy case rises slower, because
a significant amount of fluid particles is trapped in the
contact zone. These fluid particles act as a spring that
gets strained, which leads to a slower increasing tangen-
tial force.

During the retraction phase, the normal and tangential
force on the indenter decrease back to zero. It can be
clearly observed, that the tangential and normal force
decrease faster in the two lubricated cases than in the
dry case.

During the indentation and scratching process the ma-
terial is removed from the pit and the groove. This re-
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FIG. 4. Normal and tangential forces between the indenter and the substrate (dashed line), between the indenter and the fluid
(dotted line) and the total forces on the indenter (solid line) during the entire simulation. The green and blue lines indicate the
lubricated simulations, with strong and weak adsorption, respectively. The red arrows indicate the corresponding simulation
times for the screenshots shown in fig. 7.

quires strong plastic deformation that shows up in the
form of dislocations. The type of dislocations is identified
by their Burgers vector b. For bcc Fe there are two im-
portant types of dislocations, those with b = 1/2 < 111 >
and those with b =< 100 >, see Fig. 5. The first one
is favoured and dominates since it requires less energy
to nucleate and move. The dislocation networks can de-
pend on many factors such as tip geometry, scratching
depth. In this study we try to investigate the influence
of lubrication on dislocation behaviour.

Fig. 5 shows the dislocation networks at different
stages of the scratching process for our three cases. The
formation of dislocations is characterized by the forma-
tion of long semi-loops of 1/2 < 111 > dislocations; these
may even detach from the surface and move into the in-
ner of the crystal as prismatic dislocation loops. During
scratching the dislocation network changes by addition of
newly formed dislocations, but also by the reaction of ex-
isting dislocations. The most prominent example of such
a reaction is the merging of two 1/2 < 111 > dislocations
to form a b =< 100 > dislocation. Note that the form
of individual dislocations is subject to a high amount of
stochastic randomness, caused by thermal fluctuations in
the generation process. In view of these fluctuations, the
dislocation patterns resulting under the influence of lu-

brication is not strongly different from that in the dry
contact. Thus, for instance, in all cases after removal
the tip the dominance of b = 1/2 < 111 > disloca-
tions is reduced and b =< 100 > dislocations become
more dominant. This is caused by the high mobility of
b = 1/2 < 111 > dislocations that retract back to the
surface during the removal of the indenter.

We can analyse the processes of defect formation in
the crystal quantitatively by analysing the total disloca-
tion length, see Fig. 3 bottom, during the entire process
of indentation, scratching, and tip removal. Clearly, lu-
brication affects the first nucleation of dislocation in the
indentation stage, where plasticity is generated earlier in
the two lubricated cases than in the dry case. This ap-
pears evident from the fact that the lubricant can trans-
fer forces from the tip to the crystal already before the
two solids touch. During scratching, the total dislocation
length increases for the case of dry and strong adsorp-
tion lubrication, while almost no increment for the case
of weak adsorption lubrication. This finding is in line
with the snapshots shown in Fig. 5; it seems to be due
rather to the more efficient simplification of the reaction
network in this case than to the immediate effect of the
lubricant. After removal of the tip, the total dislocation
length decreases since some dislocation move to the sur-
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FIG. 5. Evolution of the dislocation network created in the machined crystal after full indentation (top row), at the end of the
scratching (centre row) and after the retraction of the tip (bottom row). The case the dry contact is shown in the left column;
that of weak adsorption in the middle; and the case of strong adsorption is shown in the right column. Yellow: deformed
surface and point defects. Dislocation lines with Burgers vector 1/2<111> are shown in blue, those with <100> in red. Green
arrows indicate direction of the Burgers vector.

face and are annihilated there. We conclude that the
main effect of the lubricant on dislocation formation in
the material lies in the earlier generation process; during
the machining, the effect of the lubricant is hardly visi-
ble behind the stochastic fluctuations of the dislocation
generation and reaction processes.

Forces Breakdown:
Fig. 4 shows the individual contributions of the forces on
the indenter for the two lubricated cases, e. g. the total
force between all indenter and substrate atoms (dashed
line) and all indenter and fluid atoms (dotted line) in
normal and tangential direction. There are three ma-
jor findings: the indenter-fluid forces have a significant
influence during the indentation and the first phase of
the scratching A, while the second phase of the scratch-
ing B as well as the retraction is hardly affected by the
fluid. This agrees with the above mentioned finding, that
the three simulations behave very similar from approxi-
mately 500 ps because hardly any fluid molecules remain
in the contact zone. The second major finding is, that
the forces in normal direction are much more affected by
the presence of a fluid then the tangential forces through-
out the contact process. The third interesting finding is,
that the adsorption energy has a significant influence on
the different force contributions.

A closer inspection reveals further interesting insights.

The total normal force on the indenter rises at the begin-
ning of the indentation only due to the mechanical cou-
pling of the fluid particles between the substrate and the
indenter. A stronger mechanical coupling is accompanied
by a higher adsorption energy of the fluid, why the nor-
mal force in the stronger adsorbing case increases earlier.
At the same time when the indenter-fluid force reaches its
maximum (appr. 150 ps) the indenter starts penetrating
the substrate and the indenter-substrate force increases
and becomes quickly dominant. The case with the higher
adsorption energy enables a better mechanical coupling,
why the indenter-fluid force is about twice as high in
that case than in the case with the weak adsorption en-
ergy. The number of trapped fluid molecules remains
fairly constant, since the indenter-fluid force fluctuates
around a constant value during the rest of the inden-
tation. The mechanical coupling of the fluid between
the indenter and the substrate leads to a delayed direct
contact of the indenter with the fluid for approximately
50 ps. This feature rises with the adsorption energy.

The indenter-fluid normal force decreases during the
scratching constantly due to the squeeze-out of the fluid
molecules. Moreover the weakly adsorbed fluid case is
less influenced by the fluid, such as the indenter-fluid
force decreases faster. The indenter-fluid force in the
weakly adsorbed fluid case vanishes approximately 100 ps
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earlier than the force in the strongly adsorbed fluid case.
The impact of the fluid in tangential direction is on

a smaller order of magnitude. In the case with the
weak adsorption energy, the indenter-fluid force fluctu-
ates around zero with a magnitude of circa 10 eV/Å and
is therefore almost negligible. Nevertheless, the tangen-
tial indenter-fluid force in the strongly adsorbed fluid case
has a noticeable influence. During the squeeze-out be-
tween 300 and 500 ps it decreases to zero and then rises
again around 650 ps. This growth is due to the mechani-
cal coupling of the formed chip, the fluid and the inden-
ter, which is not observed in the weakly adsorbed fluid
case. This leads already to the assumption, that the chip
formation is affected by the presence of a fluid and ac-
cordingly the adsorption energy.
Coefficient of friction:
The coefficient of friction (COF) during the scratching
phase is shown in Fig. 6 for all three cases (dry, weakly
and strongly adsorbed fluid). The inset shows the dif-
ferences from the two lubricated to the dry reference
case. The above mentioned strong similarity between
all three simulations in the second half of the scratching
phase B becomes very clear by means of the COF. Sig-
nificant differences can be observed in the first half A.
The above mentioned dampening of the tangential force
in the strongly adsorbed fluid case leads to a reduced
COF with a lower slope in the starting phase (appr.
300..380 ps). The weakly adsorbed fluid case behaves
rather similar than the dry case here. In the station-
ary phase (appr. 380..700 ps) the COF fluctuates around
a constant value and other mechanisms dominate the
differences. The squeeze-out of the stronger adsorbed
fluid particles requires more energy than the weakly ad-
sorbed ones, which leads to an increased COF. Further-
more it becomes clear, that the COF of the strongly
adsorbed fluid case has a much smoother trend, than
the two other cases. It has a linear trend in the start-
ing phase and then hardly fluctuates around the average
value of µstrong.ad. = 0.54 in the stationary phase. The
COF average value in the dry case is µdyr = 0.53, while
the weakly adsorbed lubricated case is µweak.ad. = 0.51.
The variance as a measure for the fluctuations is in the
stationary phase var(µstrong.ad.) = 0.028, which is due
to the dampening effect of the trapped fluid particles.
The variance of the two other cases is on the other hand
var(µweak.ad.) = 0.055 and var(µdry) = 0.053 almost
twice as high.

B. Contact Zone and Chip Evolution

Fig. 7 shows screenshots of the contact zone of all three
simulations (left: dry, centre: weak adsorption energy,
right: strong adsorption energy) at different simulation
times. The visualization settings were set as follows: All
indenter atoms are visible and opaque, fluid molecules F
are visible if they are underneath the unpenetrated sub-
strate surface zF < z0 and substrate atoms S are visible

t / ps

A B

FIG. 6. Coefficient of friction during the scratching process
between 300 and 700 ps of the simulation time (top) and the
differences of the COF between the lubricated simulations to
the dry case (bottom). The red line indicates the dry case,
the green and blue lines indicate the lubricated simulations,
with strong and weak adsorption interaction respectively.

if they are above the unpenetrated substrate zS < z0. It
illustrates the chip-formation and the squeeze-out during
the contact process.
Chip Hight and Chip Volume:
The chip volume and maximum chip height is plotted in
Fig. 8, top and centre respectively. The chip volume
rises in all three simulations steadily from the beginning
of the lateral movement of the indenter as a result of
the plastic deformation of the substrate. This growth
continues approximately the first 50 ps of the retraction,
because the substrate relaxes elastically and thereby lifts
the chip. While the chip volume hardly differs between
the three cases during the first 200 ps of the scratching,
clear discrepancies are observed from there on. The chip
volume of the two lubricated cases is increased about
10 % and 20 % respectively compared to the dry case.
This is mainly based on a mechanical coupling of the
indenter and the chip, not only straight in front of the
indenter where the chip is highest but also sideways in y-
direction of the spherical indenter, which can also be seen
in Fig. 10. Especially in this region the adsorbed fluid
molecules widen the indenter from the substrate point of
view. The fact that the weakly adsorbed fluid leads to
an even higher removal of material than the strongly ad-
sorbed fluid is due to a better diffusion of fluid molecules
along the indenter and substrate surface. This leads to
a better inflow to the newly formed chip-indenter-fluid
contact.

The shape of the tip formed is displayed in Fig. 10.
The chip is concentrated on the front part of the groove.
This is a simple consequence of the slip systems activated
in the single crystal: In bcc crystals, slip occurs on the
110 and to a lesser degree also 112 planes - in the close-
packed < 111 > directions. For our scratch geometry
in [0 1̄ 1̄] direction, hence slip along [1 1̄ 1̄] will lead to
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t = 300 ps

t = 390 ps

t = 480 ps

t = 600 ps

t = 700 ps

t = 820 ps

FIG. 7. Screenshots of the contact zone of all three simulations (left: dry; middle: weak adsorption; right: strong adsorption).
Each row corresponds to the same simulation time in all three cases as indicated by t. Only the substrate atoms with z > z0
and the fluid molecules with z < z0 are visible for clarity.
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FIG. 8. Characterization of the chip evolution during the simulation (chip volume: top and maximum chip heigth: centre) and
the amount of fluid molecules in the gap during the simulation (bottom).

the frontal chip that dominates in Fig. 10. Sideways
slip is also generated, but it is not so prominent. This
feature is typical of spherical indenters, but may change
for other tip forms, see11. Most notable for our study is
the fact that dry contacts and lubricated contacts lead
to the same form of groove and chip.

The same argumentation holds for the maximum chip
height. It behaves similar in between the three simula-
tions until approximately 500 ps of the simulation time.
From there on hchip for the two lubricated cases lies in av-
erage 11 % above the corresponding dry simulation. The

FIG. 9. Surface enlargement of the imprint area, defined as
the ratio of the real surface area Areal of the imprint in the
simulation as sum of finite surface elements and the ideal area
Aideal, which is the imprint of a perfect sphere scratched in a
substrate.

centre of the chip is therefore less affected by the presence
of a fluid than the flanks of the chip. This becomes also
clear from Fig. 10. The two lubricated scenarios differ
less in the chip height than the chip volume.

Surface Enlargement:
The surface enlargement Areal/Aideal comparing the ideal
imprint of a perfect sphere and the real imprint of the
atomic surface during the lateral indenter movement is
shown in Fig. 9. A constant Areal/Aideal(t) means, that
the surface grows linearly, as the ideal reference surface
is a linear function of the indenter position xP(t). The
surface enlargement differs strongly from the ideal case
(Areal/Aideal = 1) at the beginning (300..400 ps) and con-
verges to a constant value slightly above unity. This is
not only a result of the comparison of an atomically re-
solved surface with an ideal one, but also due to our
definition of Aideal, which does not take the atom’s size
into account, e. g. σind.-subs.. But thereby the Areal/Aideal

is independent from the indenter-solid interaction. The
decay of Areal/Aideal during the starting phase of the
scratching is a result of the elastic relaxation of the spher-
ical part of the imprint that the indenter leaves behind.
The slope of Areal/Aideal is similar in all three simu-
lations, although the strongly adsorbed fluid case has
throughout the scratching process a higher surface en-
largement than the dry case. The surface enlargement
lies in the strongly adsorbed case in average above the
dry one (∆Areal/Aideal = 0.08). This is due to a stamp-
ing of single or clustered fluid molecules into the sub-
strate, during the fluid molecules are squeezed out of the
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FIG. 10. Top view of the chips formed after scratching and removal of the tip for the case of a dry contact (left), weak
adsorption (middle) and strong adsorption (right). Colour denotes height above the original surface plane.

contact zone underneath and asides the indenter. This
mechanism was already described by Bhushan et al.68.
The weakly adsorbed fluid case does not differ signifi-
cantly from the dry case, which is consistent with the
observations of the gap volume. The fluid particles are
rather individually stamped into the substrate, then lead-
ing to a covering liquid film between the two solid bodies
at the chosen solid-fluid interaction energies.
Fluid Molecules in the Gap:
The number of trapped fluid molecules in the gap (as
defined in fig. 2) during the contact process is shown in
Fig. 11 – top. This evaluation is only applied for those
timesteps, after the bottom edge of the indenter reached
the ground level of the substrate zP < z0. The amount of
fluid molecules rises rapidly during the beginning of the
indentation phase. The stronger adsorbed fluid remains
longer attached to the indenter and substrate surface re-
sulting in a slower squeeze-out. The amount is even in-
creasing throughout the indentation because the contact
area is steadily increasing. The fluid molecules are then
squeezed out almost completely between 300..500 ps in
the scratching phase, which is in perfect agreement with
the indenter-fluid force shown in Fig. 4. The weakly ad-
sorbed fluid on the other side is already partially squeezed
out during the indentation and completely pushed out of
the gap until circa 520 ps, which is also in good agreement
with Fig. 4. The number of trapped fluid molecules is
in the strongly adsorbed case in average 3.6 times the
amount in the weakly adsorbed case. The squeeze-out
duration time is on the other side hardly affected by the
adsorption interaction energy.

An other interesting mechanism can be observed dur-
ing the retraction of the indenter, when the amount of
fluid molecules in the gap increases, since the gap itself
increases. Liquid fills this increasing gap driven by the
pressure difference between the gap and the bulk liquid.
As described above, the lateral diffusion rate of adsorbed
molecules on a wall increases with an decreasing adsorp-
tion interaction energy. Therefore fluid molecules flow
faster in the weakly adsorbed case into the growing gap
between the indenter and the substrate during the re-

traction of the indenter, which is clearly visible in the
last screenshot in Fig. 7.
Gap Volume:
The development of the gap volume (as defined in Fig.
2) is shown in Fig. 11 – centre. As above, the gap vol-
ume evaluation is only done for those timesteps when the
bottom of the indenter has reached z0. The gap volume
is calculated as the volume between the indenter sur-
face and the substrate surface calculated by the alpha-
shape algorithm that is underneath the substrates unpen-
etrated surface z0. This gap volume definition bases on
the interaction potential between indenter and substrate
atoms and its size parameter σI-S. Therefore it increases
linearly during the indentation phase. The gap volume
is hardly affected by the presence of a lubrication fluid,
since the three curves lie very close together. The reason
for this is, that the molecule size σF has the same order
of magnitude as the gap distance σI-S. Thus, the fluid
molecules commensurate in the gap in-between the sub-
strate and the indenter. Vice versa fluid molecules only
form a mono-layer in the gap at the chosen adsorption
energies. Although the difference plot to the dry case
in Fig. 11 – bottom reveals, that the strongly adsorbed
fluid leads to a slightly increased gap volume (it lies al-
ways above the dry case). The weakly adsorbed fluid
fluctuates around the dry case.

The gap volume stays fairly constant during the lat-
eral movement of the indenter. The first approximately
50 ps of the indenter’s retraction the gap volume stays
further constant, because the substrate follows the re-
traction movement of the indenter due to the substrate’s
elastic relaxation. After the substrate reaches its final
plastically deformed imprint, the gap volume increases
again linearly. Due to the inflow of fluid molecules this
increase is more distinct in the lubricated cases.

IV. SUMMARY & CONCLUSION

Nano-indentation and -scratching in a Fe (100) surface
of a dry and wet contact processes are studied by molecu-
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FIG. 11. Top: Trapped fluid molecules in the gap (as defined in Fig. 2) and the gap volume between the indenter and the
substrate for z < z0 and x > xP (bottom).

lar dynamics simulation. Two wet scenarios, differing in
the adsorption energy of the fluid molecules on the sub-
strate, are compared with a dry one. We investigate the
influence of a lubricant, e. g. methane modelled as a sin-
gle Lennard-Jones site, and its adsorption energy on the
mechanical properties of the process and the squeeze-out.
We develop characteristic properties for the evaluation of
the effect of a lubricant, e. g. the gap volume, the sur-
face enlargement as a measure for the machined surface
quality and the chip volume and height.

While the lubricated case with a relatively weak ad-
sorption energy behaves rather similar to the dry case,
considerable differences are found between the a contact
process with a stronger adsorbing fluid compared to the
dry case.

We find that the fluid has a significant dampening ef-
fect, especially in the case of a strong adsorption en-
ergy, on most of the examined properties, such as the
friction forces, the coefficient of friction, the total dis-
location length and the chip formation. While the nor-
mal force during the indentation and the chip hight dur-
ing the scratching in the dry case have distinct turning
points, the lubricated cases have a monotonous slope.
The dampening due to the presence of the fluid is also
considerable in the COF’s variance. In the case of the

strongly adsorbed fluid the COF fluctuates with half the
amplitude than in the dry case. This dampening feature
increases significantly with the adsorption energy.

The COF itself is only sightly affected by the presence
of a fluid and its adsorption energy. While a strongly ad-
sorbed fluid leads to a slightly increased COF compared
to the dry case, a weakly adsorbed fluid decreases the
COF. This is mainly a results of a change in the nor-
mal force on the indenter, which is about 10 times more
affected by the presence of a lubrication fluid than the
tangential force.

While high frequent fluctuations with rather small am-
plitude in the normal and tangential force increase with
the adsorption energy during the move of the indenter
through a bulk fluid due to a stronger slip (see Fig. 3 –
insets), fluctuations are damped during the indentation
into the substrate with an increasing adsorption energy
vice versa, which is also the reason for the dampening
of the COF. This is due to a mechanical coupling be-
tween the indenter and the substrate via fluid molecules
which balances force peaks. The amount of trapped fluid
molecules in the gap correlates almost perfectly with
the total normal force between indenter atoms and fluid
molecules and increases significantly with the adsorption
energy of fluid molecules (see Fig. 4 and 11). Whereat
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the squeeze-out time is hardly affected and is around
200 ps of the scratching time. Afterwards the contact
zone is dry, e. g. no fluid molecules left in the gap, and
thereby the dry and wet simulations practically don’t dif-
fer.

The chip forming seems independent from the squeeze-
out, since the chip evolution does not vary between the
three simulations while fluid molecules are trapped in
the gap (see Fig. 8). Nonetheless, the chip formation is
significantly influenced afterwards by a lubrication fluid
which surrounds the chip. Whereat the chip height is less
affected by the presence of a fluid than its width. The
10 % and 20 % increase in the chip volume between the
strongly and weakly adsorbed fluid case respectively com-
pared to the dry case are in our opinion a results of the
inflow of fluid molecules in the constantly newly formed
gap between the indenter and the substrate, where mate-
rial is moved. These fluid molecules broaden the indenter
and thereby lead to an increased material removal. This
raise of lateral diffusion and mobility with a decreasing
adsorption energy becomes also very clear by the fluid
inflow during the retraction of the indenter out of the
substrate.

Summing up, we find that an increasing adsorption
energy has two opposing effects: the fluid particles stick
stronger in the gap, since more energy is needed to break
the adsorption bonds and squeeze them out of the gap
between the relative motion of the indenter and the sub-
strate. A weaker adsorption energy on the other hand
favours the lateral diffusion of fluid molecules along the
indenter and substrate surface which results in a better
inflow to the contact zone.

The gap volume hardly differs between the three sim-
ulations, since the size parameter of the fluid molecules
has the same order of magnitude as the size parameter of
the solid-solid interaction. Hence the fluid or rather the
fluid model in combination with the adsorption energy
that we employ, does not broaden the gap between the
indenter and the substrate. We thereby conclude that the
fluid forms a monolayer in the gap in both investigated
lubricated cases which can also be seen in Fig. 7.

It would be interesting to investigate the three phase
contact line (indenter, fluid, substrate) surrounding the
the indenter with respect to the rate of squeezed out fluid
molecules out of the gap and the inflow of fluid molecules
from the bulk fluid to the contact zone, since this seems to
be crucial for the chip formation and surface roughness.
An other important question arising from this study is
quantification of the statistical uncertainty of the char-
acteristic properties proposed in this work, since the dif-
ferences are sometimes small and might be in the range
of the individual statistical uncertainty.
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Bethel, D. Camp, O. Rübel, M. Durant, J. M. Favre, and
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