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Despite the great importance of the real contact area, it is a parameter which, depending
on the tribological system, is difficult or impossible to obtain experimentally. In this
work, a combination of methods was used to estimate the development of the real
contact surface, and the results were compared with the friction coefficient course. The
measurements were carried out with a home-built in situ tribometer, which records a
3D image of the surface after each individual friction cycle. A tungsten sample was
treated by laser interference with a line-like pattern to produce a deterministic surface.
This allowed for more precise tracking of the real contact area when combined with the
use of an inert corundum sphere as a counter-body. The real contact area was calculated
numerically from the height information obtained using a contact application. Finally, the
true contact surface was compared with the parallel-recorded friction values. After a short
running-in phase, the friction behavior and the real contact surface showed comparable
courses. This indicates that the changes in the real contact area could explain the friction
behavior of the laser-patterned sample, and the methodology was proven to be suitable
for experimentally estimating the real contact area.

Keywords: direct laser interference patterning, dry friction, in-situ tribometer, real contact area, asperity contacts

1. INTRODUCTION

The area of contact Ac has a great influence on the behavior of a tribosystem. Both the friction
coefficient and wear can be influenced by changing the topography of the surface. Therefore,
there are many well-known methods for modifying surfaces (Willis, 1986; Gerbig et al., 2002;
Lietal., 2010).

It is important to distinguish the difference between geometric and real contact surfaces
(Bowden and Tabor, 1951; Bhushan, 1998), since energy is only dissipated on the real
contact surface.

One process for producing tailor-made surfaces, and thus specifically influencing the true
contact area, is the direct laser interference patterning method, which allows for large-area
structuring with micrometer accuracy (Miicklich et al., 2006).

Gachot et al. (2013) showed how the frictional properties of a tribosystem can be changed by
laser structuring on both the base and counter-body. It was observed that the coeflicient of friction
initially drops rapidly and rises again continuously after a short break-in period. The results suggest
that this increase is caused either by changes in the material (martensite transformation of the steel
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or inhomogeneity in the laser structure) or, more possibly, by
an increase in the real contact area due to flattening of the
laser structures.

The question now is how to verify, in this example or for other
systems, that the increase in the real contact area is the decisive
factor for the behavior of the coeflicient of friction? Despite the
importance of this parameter, experimental access to the real
contact surface is difficult. There are some methods, but they are
usually restricted (Woo and Thomas, 1980). In optical methods,
for example, one of the bodies must be transparent. The real
contact area is then measured directly through the body using
a microscope and CCD camera (Ovcharenko et al., 2006). If the
experiment can be carried out completely in water or oil, the
contact surface can be measured using ultrasonics (Aymerich
and Pau, 2004). For a dry case, a simulation is possible, but
for complex geometries, it is difficult to accurately replicate the
material behavior, and the surface and the simulation can only
indicate a tendency (Sayles and Thomas, 1978; Bhushan, 1998).

In this work, a different approach has been chosen. A
friction experiment was performed using a home-built in situ
tribometer with an on-line holographic microscope (Korres and
Dienwiebel, 2010; Feser, 2014). Tungsten was used instead of steel
to exclude the martensite transition. Furthermore, by using a new
optimized laser interference method (Bieda et al., 2016), a very
homogeneous, sinusoidal pattern was created to minimize the
influence of uncontrolled surface defects. This type of pattern has
the advantage of flattening continuously and in a defined manner,
which simplifies the analysis compared to a static rough surface.
The height information of the obtained topography development
was then evaluated with a contact mechanics code developed by
Pastewka Jacobs et al. (2016). This application made it possible
to numerically calculate the real contact surface directly from the
power density spectra. Finally, these data were compared with the
evolution of the coefficient of friction, which allowed us to clarify
whether the friction behavior can be explained by the flattening
of the structures and an increase in the contact surface.

2. EXPERIMENTAL PROCEDURE

Disc-shaped samples of 20mm in diameter and 5mm in
thickness were cut from a tungsten rod (Plansee, purity 99.95 %,

Young’s modulus 411 GPa and Poisson’s ratio 0.28), polished to a
surface roughness (Ra) of 10(2) nm, and finally patterned with a
laser interference method to create a well-defined, wavy, line-like
surface.

For this experiment, a picosecond interference system was
used (Bieda et al., 2016). In this method, the laser beam
is split by a diffractive optical element into two beams,
parallelized by a prism, and finally interfered with a lens on
the sample. This results in a line-shaped intensity distribution
(Figure 1). After the production of the sample, the height
profiles were recorded with a laser scanning microscope (LSM,
OLS4100, Olympus) with a lateral resolution of 0.2 um and a
z-resolution of up to 10 nm. For this experiment, a 50x lens
was used. Friction tests were conducted with a special in situ
ball-on-disk tribometer in linear reciprocating sliding mode
with online topography and wear measurements (Korres and
Dienwiebel, 2010; Feser, 2014). As a counter-body, an alumina
ball (with a diameter of 6 mm, a surface roughness (Ra) of
14(5)nm, a Youngs modulus 380 GPa and a Poisson’s ratio
of 0.22) by Anton Paar GmbH (formerly CSM Instruments)
was used.

The tests were conducted at a normal load of 0.22N, the
linear sliding speed was set to 5 mm/s, and the stroke length was
79 mm. The experiment was finished after 500 cycles. Due to
the large minimum stroke length of the tribometer, the tungsten
disc was mounted in a specially designed and polished steel
adapter (Figure 2). During each cycle, the counter-body moved
over both the steel surface and the laser-textured tungsten disc.
The following surface analysis considered only the changes on
the tungsten surface.

After each cycle, a 3D image was taken with a digital
holographic microscope (DHM, R2100 series Lyncee Tec SA,
Switzerland, Feser, 2014) with a 20 x lens. The contact mechanics
simulations were performed on the web interface of the python
code PyCo by L. Pastewka (http://contact.engineering/). Based
on the boundary element method, it employs FFT coupled
to a conjugate gradient method for an efficient calculation of
the inter-surface gap and pressure distribution (Pastewka and
Robbins, 2016; Kling et al., 2018; Weber et al., 2018). This code
outputs a diagram in which the quotient of real and geometric
contact surfaces is plotted over the normalized surface pressure
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FIGURE 1 | (A) The basic setup for the interference method used. The laser beam is split by a DOE (diffractive optical element), parallelized with a prism, and finally
interfered with a lens on the sample surface. (B) A close-up of the interference. The distance between two maxima is called surface period P.
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FIGURE 2 | Because of large minimum stroke length of the tribometer, the
tungsten disc was mounted in a polished steel adapter. The figure shows a
schematic illustration of the adapter. The counter-body (corundum ball) slides
over both the adapter and the sample. After each cycle, a 3D image of the
sample surface is taken at the same position.

o*. The following applies to the surface pressure:

o=— (1)
Ageu

The normalization of o is done by the normalized modulus of
elasticity E* which is calculated from the modulus of elasticity E
and Poisson’s ratio v of the two contact partners as follows:
1 o 1-—- Vi 1-— 1%
E* K E,

(2)

In the version provided by Pastewka for this work, the counter-
body is assumed to be smooth and even, and only elastic
deformations are considered.

The surface morphology was imaged by scanning electron
microscopy (SEM, Helios, Nanolab600). In addition, a focused
ion beam (FIB) microscope (Helios, Nanolab600) was selected
to prepare cross-sections to investigate the microstructure of
the sample before and after the experiments (The unedited
original images can be found in the Supplementary Material).
The chemical composition of the laser-structured surface was
analyzed by energy dispersive X-ray spectroscopy (EDS) with an
acceleration voltage of 3kV using an EDAX instrument detector
and EDAX Genesis software.

3. RESULTS

After the laser treatment, the surface was first characterized
with the LSM. The laser treatment created a sinusoidal line-
like pattern on the surface of the tungsten sample. A depth of
approximately 0.7 um and a distance between the maxima of
approximately 9 um were determined (Figure 3).

The patterning was conducted under atmosphere and a
porous layer up to 480 nm thick was formed on the surface. An
EDS analysis conducted on the layer showed that it was tungsten
oxide (Figure 4). Due the use of a picosecond laser, there was a
negligible influence on the microstructure.

On this laser-patterned surface, the friction force was
measured under a constant normal force of 0.22N. The
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FIGURE 3 | (A) A height profile of the surface after the laser treatment. A
cross-section through the profile is shown on the bottom (B). The depth of the
structure is approximately 0.7 um and the distance between the maxima is

9 um. To form the cross-section, an average was taken over a range of 2.5 um
in the direction of the lines.
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FIGURE 5 | The graph shows the friction force and the contact area as
functions of the number of sliding cycles. The black line shows the friction force
and the red line the fractional contact area [the ratio of true (A) and apparent
contact area (Ag)]. After a running-in phase of approximately 105 cycles, the
courses of the true contact surface and the friction coefficient are correlated.

normal force was stable during the process. The friction force
presented a plateau between the 15 and 105th cycles and
several peaks around the 183, 386, and 405th cycles. For the
remaining duration, the friction force showed a steady value of
0.08 N (Figure 5).

To determine the real contact area, every 20th recorded
cycle was evaluated manually with the contact mechanics code.
In sections where the frictional force varied significantly, the
number of analyzed cycles was increased to capture the change
in detail. The surface pressure was calculated for a circular
contact. The width of the friction track (26.62 um) was used as
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low nitrogen content, which is a result of laser structuring under atmosphere.

FIGURE 4 | (A) Shows that the result of picosecond laser impact on tungsten is a porous layer of up to 480 nm thick, and the microstructure underneath shows no
visible changes. (B) An EDS measurement conducted on only the laser-textured surface area. The analysis shows that the layer is mainly tungsten oxide with a very
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the diameter. As an approximation, this value was assumed to be
constant in the calculations.

The real contact area could only be determined from the
20th cycle onward , since no reliable friction track could be
measured beforehand. Up to the 105th cycle, the contact surface
increased rapidly, and afterwards, the course of the contact
surface corresponded to the course of the frictional force. This
behavior can be correlated to the 3 major peaks that were present
in both the course of frictional force and the real contact surface.
This means that, apart from the running-in phase, a correlation
between friction force and real contact area was observed.
An increase in the real contact area led to a corresponding
increase in the coefficient of friction. The results of the real
contact area calculations and the recorded friction forces are
illustrated in 5.

Microstructural investigations of the laser-textured sample
were carried out before and after the rubbing experiment with
the FIB. For this experiment, cross-sections were prepared on
a reference area and on a rubbed area. In the contact surfaces
of the topography maximum, the oxide layer was completely
removed, and in the underlying microstructure, significant
deformation layers were obtained in the grain orientation
contrast (Figure 6).

4. DISCUSSION

The temporal development of the fractional contact area surface
correlates to but is not completely identical to the development of
the friction coefficient. The most obvious deviation can be found
at the beginning of the curve, where the measured real contact
area is close to the zero point and the coefficient of friction rises
rapidly in a short term for the first 105 cycles before dropping
back down.

The increase in the real contact area at the beginning of
the experiment can be explained by the continuous removal

of the oxide layer and flattening of the asperities (Figure 4),
which increases the surface conformity. The initial height and
fluctuating frictional force are a consequence of the formation
and disruption of oxide particulate agglomerates. In addition, a
plastic deformation of the surface, which takes place primarily
at the topography maxima, can lead to a local recrystallization
of the microstructure (Figure 6) until a state of equilibrium
is formed. The sudden decrease in frictional force is mainly
due to the complete removal of the oxide layer after 105
cycles, which is known to contribute to the high frictional
resistance (Polcar et al,, 2007). Afterwards, there is a purely
metallic contact situation. It should be noted that the use of
the adapter may lead to a minor contamination of the tungsten
surface with steel wear particles. This could also influence the
friction coefficient.

After the running-in phase, the basic course of the calculated
true contact area and the measured friction forces show
comparable behavior. The fact that the behavior of the frictional
force depends on the contact area can be further substantiated
by observing the topographical images. In Figure 7, there are 3
height profiles: before the friction force peak (cycle 160), at the
peak (cycle 188), and after the peak (cycle 220). Notably, in cycles
160 and 220, there are considerably more areas with isolated
heights (dark brown/red areas) than in cycle 188. If these heights
are missing, the hard counter-body can lie on more of the surface,
which leads to an increase in the contact area. This in turn would
agree with the calculated course of the contact surface shown
in Figure 5.

After the running-in phase, the real contact area was
correlated to the friction force, but some deviations were
observed. They were mainly related to the method of calculating
the real contact area. Several approximations were used.
First, the counter-body, which in reality is a ball with
its own surface roughness and a diameter of 6 mm, was
assumed in the calculation to be flat with a perfectly smooth
surface. Additionally, the SEM images in Figure 6 showed
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FIGURE 6 | (A) A cross-section through the surface of the laser-structured tungsten sample, where the continuous dark area is platinum applied for the cross-section.
The small porous layer underneath is the oxide, for which a layer thickness of up to 480 nm was measured. The tungsten structure with the individual grains is visible
below. (B) A cross-section in the wear track after the rubbing experiment. In the contact surfaces of the topography maximum, the oxide layer is completely removed,
and in the underlying microstructure, significant deformation layers can be seen in the grain orientation contrast (marked with red circles). The normal force during the
experiment was 0.22 N and the speed was 5 mm/s. As a counter-body, an alumina ball with a diameter of 6 mm was used.
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FIGURE 7 | (A) (cycle 160) and (C) (cycle 220) show heights (dark brown/red areas) that are almost not visible in (B) (cycle 188). Due to the missing heights, the
counter-body in (B) can lie on more of the surface, which corresponds to the calculated values of the real contact area shown in Figure 5.

a clear plastic deformation which was not considered in
the calculation.

It can be concluded that, despite the approximations, a clear
trend and correlation between the real contact area and the
frictional force can be observed and proved, which indicates the
potential of this method.

5. CONCLUSION

It was shown that the combination of an in situ tribometer,
contact application, and laser-textured surface allows for the
estimation of the course of the real contact surface. Thus, it was
demonstrated that, after a short run-in period, the course of
the friction coefficient correlated directly with the development
of the true contact surface. It can be concluded that the
increase in the friction coefficient of laser-textured surfaces,
as suggested in Gachot et al. (2013), can be attributed to an
increase in the real contact area. In addition, the procedure
showed much potential despite the deviations. Pastewka’s contact

application is still under development. If plastic deformations
and the surface properties of the counter-body are correctly
considered, a very precise calculation of the contact area might
be possible.
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