
Wear 368-369 (2016) 350–357
Contents lists available at ScienceDirect
Wear
http://d
0043-16

n Corr
E-m
journal homepage: www.elsevier.com/locate/wear
Load-dependent run-in and wear behaviour of line-like surface
patterns produced by direct laser interference patterning

Andreas Rosenkranz n, Joris C. Pangraz, Carsten Gachot, Frank Mücklich
Saarland University, Department of Materials Science and Engineering, Campus, 66123 Saarbrücken, Germany
a r t i c l e i n f o

Article history:
Received 29 June 2016
Received in revised form
7 October 2016
Accepted 13 October 2016
Available online 15 October 2016

Keywords:
Laser surface patterning
Dry friction
Run-in behaviour
Sliding wear
x.doi.org/10.1016/j.wear.2016.10.008
48/& 2016 Elsevier B.V. All rights reserved.

esponding author.
ail address: a.rosenkranz@mx.uni-saarland.de
a b s t r a c t

Line-like patterns having periodicities of 6 and 9 mm as well a structural depth of 1 mm were created by
direct laser-interference patterning on stainless steel substrates (AISI-304). Dry sliding tests using a ball-
on-disk configuration were performed under dry sliding in order to study the run-in behaviour of these
samples as a function of the applied normal load (0.5, 1, 10 and 15 mN) and the ball diameter (3 and
6 mm). The resulting wear tracks were examined by light microscopy, white light interferometry and
scanning electron microscopy in order to study the underlying friction and wear mechanisms. Depen-
dent on the applied normal load, clear differences in the frictional behaviour can be observed. For small
normal loads (0.5 and 1 mN), the underlying friction and wear mechanism seems to be adhesion-
dominated while for 10 and 15 mN, plastic deformation and abrasion are the most important con-
tributions. It could be shown that, for small normal loads, the surface pattern with a periodicity of 6 mm
leads to a significant reduction of the initial and final COF by a factor of roughly 2 and 4, respectively.
Regarding the wear performance, no beneficial effects of the laser-patterning could be observed.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Specific surface features induced by surface texturing can be
used to tailor the optical, antimicrobial or tribological properties of
surfaces [1–5]. Regarding the tribological performance, numerous
research articles have demonstrated the beneficial performance of
these surface features under different lubricated conditions. De-
pending on the respective lubrication regime, the entrapment of
wear debris [5,6], the storage of additional oil in order to act as a
secondary oil source [5,7,8], the build-up of an additional hydro-
dynamic pressure [5,9,10], the reduction of the contact area [3,4]
and stiction [11] can be named as possible beneficial mechanisms
thus improving the friction and wear properties.

In the case of dry friction, a lot of publications have been fo-
cused on the entrapment of the produced wear particles to avoid
third body interactions or to enhance the performance of magnetic
storage disks due to reduced stiction [12–16]. Borghi et al. com-
bined nitriding and laser-texturing for steel samples. They could
prove that the coefficient of friction (COF) can be reduced by
roughly 10%. This was attributed to the entrapment of wear par-
ticles in the surface features [17]. In addition to that, Rapoport
investigated the effect of solid lubricants on laser-patterned steel
samples. These authors could prove an enhanced tribological
(A. Rosenkranz).
behaviour of these surfaces which was explained by an improved
storage of solid lubricant due to laser-patterning [14].

Besides the influence of the pattern diameter, periodicity, depth
or area density, alignment effects on the resulting COF needs to be
considered (relative alignment of the pattern with respect to the
sliding direction of the counter body). Gachot et al. produced by
direct laser interference patterning (DLIP) line-like surface pat-
terns with three different periodicities, namely 5, 9 and 18 mm, and
a structural depth of roughly 1 mm on the substrate as well as on
the tribological counter body [3,18]. The authors concluded that
the alignment plays an important role with respect to the resulting
frictional properties. However, this was just demonstrated for 200
sliding cycles. Consequently, Rosenkranz et al. continued this work
thus performing experiments with up to 20.000 cycles in order to
analyse degradation effects and the long-term stability of the
patterned surfaces [4]. By image analysis using Fourier-transfor-
mation, they could demonstrate that the laser-patterning still ex-
ists even after 20.000 sliding cycles. Concerning the alignment
effects, it could be shown that patterns oriented perpendicular to
each other and to the sliding direction of the ball (named as perp-
and 90° alignment in [4]) induce a reduced COF. These observa-
tions are in good agreement with the work of He et al. [19]. In this
context, Yu et al. have investigated the “topographic dependence
of friction on micro- and nano-grooved surfaces” [20]. Ball-on-disk
experiments (ball radius R) under dry sliding conditions were
performed on disks with different line patterns. The patterns were
produced by laser ablation and the periodicity (width b) was
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Table 2
Calculated contact area and contact pressure according to the Hertzian contact
model as a function of the ball diameter and the applied normal load.

Ball diameter
(mm)

Normal load
(mN)

Calculated contact
area (mm2)

contact pressure
(MPa)

3 0.1 2.700 55.6
1 12.533 119.7
10 58.175 257.8
15 76.230 295.2

6 0.1 4.286 35
1 19.896 75.4
10 92.347 162.4
15 121.008 185.9
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varied between 139 nm to 110 mm. Under the assumption of neg-
ligible wear, the effect of contact area, stiction length, energy
barrier and contact stiffness was discussed dependent on the re-
lative alignment [20].

In this work, we study the load-dependent run-in and wear
behaviour of line-like surface patterns produced by DLIP on
stainless steel under dry sliding using. The tribological experi-
ments were performed on a ball-on-disk tribometer in linear re-
ciprocating sliding mode as a function of the applied normal load
(ranging from 0.5 up to 15 mN), the ball diameter (3 and 6 mm)
and the pattern periodicity (6 and 9 mm). These periodicities were
selected because of two main reasons. Smaller periodicities in the
range between 5 and 12 mm can be fabricated with a high preci-
sion and homogeneity due to negligible interactions of two ad-
jacent interference maxima positions. Additionally, as demon-
strated in previous publications, surface patterns with smaller
periodicities tend to have an improved tribological behaviour and
a reduced COF [3,4]. Additionally, the pattern orientation was
chosen to be perpendicular with respect to the sliding direction of
the ball since in a previous manuscript, it could be shown that this
orientation leads to a reduced COF [4]. After the tribological ex-
periments, the resulting wear tracks were examined by light mi-
croscopy, white light interferometry (WLI) and scanning electron
microscopy (SEM) in order to study the underlying friction and
wear mechanisms. In addition to that, the wear volumes were
estimated based upon cross-sectional plots recorded by WLI. As a
consequence, this manuscript can be understood as a follow-up
paper of our previous published work in this journal. Therefore, all
experimental conditions and parameters were kept constant in
order to allow for a direct comparison with the previous results.
2. Experimental procedure

Commercially available, stainless steel substrates (20�
20�1 mm3 AISI-304) with a highly-polished surface finish (Rq

�30 nm) were laser-patterned. The tribological experiments were
performed using Alumina balls having a diameter of 3 and 6 mm.
Alumina balls were selected due to their high hardness thus
avoiding any influence of plastic deformation of the counter body.
The chemical composition of the steel is summarised in Table 1
(supplier information and checked by energy dispersive X-ray
spectroscopy).

DLIP was done using a pulsed solid-state Nd:YAG laser (Spectra
Physics, Quanta Ray PRO 290) producing pulses with a duration of
10 ns and a wavelength of 355 nm (third harmonic). The pattern-
ing was performed under normal atmospheric conditions (room
temperature and atmospheric pressure). A beam splitter is used to
split the primary laser beam into “two sub-beams which interfere
on the sample surface resulting in a line-like pattern” [21,22]. The
pattern periodicity, being the distance between two adjacent to-
pographical peaks, is a characteristic parameter of the produced
pattern. The periodicity can be changed by varying the wavelength
of the laser or the angle between the sub-beams [21,22]. Two
different periodicities, namely 6 and 9 mm, were selected for the
tribological experiments. The laser fluence was kept constant at
29 J/cm2 for all samples in order to generate homogeneous surface
patterns. Further details concerning the laser patterning process
Table 1
Chemical composition of the steel substrate in wt% (specification provided by the
supplier and checked by energy dispersive X-ray spectroscopy).

Specimen Fe Cr Ni Mn Si C

Steel (AISI 304) 68.9 18 10 2 1 0.1
and the experimental set-up as well as the laser-matter interaction
have been already published elsewhere [21,22].

For the tribological experiments, a nanotribometer (CSM In-
struments) using a ball-on-disk configuration in a linearly re-
ciprocating sliding mode with a stroke length of 0.6 mm and a
sliding speed of 1 mm/s was utilized. The sampling rate of the
friction tests was 100 Hz (100 data points per second). The re-
spective velocity profile is a sinusoidal function with a maximum
speed of 1 mm/s in the middle of the stroke.

The normal load was varied between 0.5 and 15 mN in order to
study the load-dependency of the run-in and wear behaviour. The
resulting contact area and contact pressure as a function of the
applied load and ball diameter are summarized in Table 2 and
graphically depicted in Fig. 1. The number of cycles was kept
constant at 200 (6 min measuring time) as in our previous pub-
lication [4]. Due to the anisotropy of the pattern and the resulting
preferential orientation, the alignment of the patterned samples
needs to be considered. The sliding direction of the ball was per-
pendicular with respect to the preferential orientation of the
pattern. This was also chosen based upon our previous research
work showing that this alignment leads to a reduced COF [4]. In
order to ensure a precise alignment of the laser-patterned sample,
the same positioning method for single-sided patterned surfaces
as described in [4] was used. A stiff cantilever which acts as a
frictionless force transducer in both vertical and horizontal di-
rections holds the Alumina ball. The cantilever is loaded onto the
substrate using piezo actuation in order to precisely adjust the
normal load. During the experiment, the deflection of the elastic
arms in both directions is measured by optical fibre displacement
sensors. The stiffness in both directions is known (normal stiffness
¼0.1536

μ
mN

m
, lateral stiffness ¼0.2094

μ
mN

m
). Accordingly, the nor-

mal and friction force as well as the COF can be easily calculated.
Finally, the mean value for each sliding cycle was calculated from
the absolute measured raw values of one forward and backward
motion, excluding the data obtained at the reversal points. Tem-
perature and relative humidity were kept constant at 2072 °C
and 470.5%, respectively. Finally, it is worth mentioning that each
tribological experiment (for each parameter such as normal load,
ball diameter and periodicity) was repeated ten times in order to
estimate the respective mean values and standard deviations.

The topography of the modified surfaces and the resulting wear
tracks were measured by WLI (Zygo New View 7300), optical
microscopy (light microscope Olympus BX 60) and SEM (FEI Strata
DB 235). Using cross-sectional measurements performed by WLI,
the respective wear volumes were estimated.
3. Results and discussion

The tribological tests under dry sliding conditions were per-
formed to investigate the load-dependent run-in and wear behavior



Fig. 1. Estimated contact area (a) and contact pressure (b) according to the Hertzian contact model as a function of the ball diameter and the applied normal load.
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of the polished reference and laser-patterned surfaces as a function
of the ball diameter. In order to demonstrate the influence of the
experimental conditions, the Hertzian contact area and contact
pressure for the polished reference were estimated taking all nor-
mal loads and ball diameters into consideration. As can be seen in
Fig. 1 and Table 2, the normal load and the ball diameter sig-
nificantly influence the resulting contact area and contact pressure.
For example, for a normal load of 0.5 mN and a ball diameter of
3 mm, the resulting contact area is approximately 2.7 mm2, whereas
the contact area increases by a factor of 6 (76 mm2) for 15 mN. This
leads to the conclusion that the run-in and wear behavior may be
significantly affected by the different experimental conditions.

First, tribological reference measurements with a polished,
unpatterned steel substrate and an Alumina ball were performed
as a function of the applied normal load and ball diameter.

The temporal evolutions of the COF depicted in Fig. 2 reveal
clear differences with respect to the run-in behaviour dependent
on the applied normal load. It is evident that tribological experi-
ments with 0.5 and 1 mN as well as experiments with 10 and
15 mN tend to have a similar run-in behaviour.

The frictional curves of the experiments performed with
smaller normal loads typically start around 0.4 or 0.6 and show an
increase in the following sliding cycles. Afterwards, the COF
slightly decreases (3 mm ball diameter) or remains fairly constant
(6 mm ball diameter). Taking the given standard deviations into
consideration, it can be stated that the temporal evolutions of the
COF measured for small normal loads are very similar due to the
partial overlap of the error bars. According to Blau who classified
the run-in behaviour in eight different curves, the observed curve
is typical for a “dry, non-lubricated metal contact with a small
amount of surface contamination or a thin oxide scale” [23]. Be-
sides the surface chemistry, also the surface roughness can affect
Fig. 2. Temporal evolution of the COF of the polished reference as a functio
the frictional behaviour. This can lead to a certain increase in the
COF until “surface conformity and smoothing occur” [23]. In a
previous publication [4], the run-in behaviour of polished samples
and line-like surface patterns dependent on the relative alignment
has been studied in detail for a normal load of 1 mN. The general
shape of those curves for the polished samples is pretty similar.
Consequently, a more detailed discussion about the contributing
factors and the frictional behaviour of the polished reference can
be found in [4]. In addition to that, this figure also shows that
some curves haven’t reached steady-state conditions after 200
sliding cycles. The long term behaviour of the line-like surface
patterns for low normal loads (1 mN) has also already been ad-
dressed in [4]. For a detailed discussion of involved effects and
phenomena, please refer to [4].

In contrast to that, the temporal evolutions of the COF mea-
sured for 10 and 15 mN demonstrate a completely different be-
haviour. The initial COF is around 0.25. Afterwards, the COF rapidly
increases irrespective of the used ball diameter thus reaching a
COF of roughly 0.87 and 0.75 for a ball diameter of 3 and 6 mm,
respectively. According to Blau, sharp transitions in the COF can be
well correlated with a degradation of the oxide layer thus pro-
ducing abrasive wear particles and severe plastic deformation as
well as abrasive wear [23–26].

From the literature, it is very well known that adhesion (ma),
deformation (md) and wear particles (mdp) contribute to the de-
termined COF [27–29]. The material pairing and contact area are the
main influencing factors for ma [27]. The degree of plastic de-
formation needs to be considered with regard to md [27]. Based
upon the presented frictional curves, the contributions to the COF
and the classification of the run-in behaviour according to Blau, it
can be assumed that the same friction and/or wear mechanisms
may act for 0.5 and 1 mN as well as for 10 and 15 mN. Furthermore,
n of the applied normal load for a ball diameter of 3 (a) and 6 mm (b).



Fig. 3. Light-microscopic images recorded of the resulting wear tracks of the polished reference sample after 200 sliding cycles with a normal load of 0.5 (a), 1 (b), 10 (c) and
15 mN (d).
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it can be assumed that the friction/wear mechanisms for smaller
normal loads are dominated by adhesion whereas the deformation
and wear particles component might predominate for 10 and
15 mN.

In order to prove these assumptions and to study the under-
lying mechanisms, the resulting wear tracks of the polished re-
ference were imaged by light microscopy. The corresponding wear
tracks as a function of the normal load are depicted in Fig. 3.

Similar to the presented friction curves, the resulting wear
tracks demonstrate clear differences dependent on the used nor-
mal load. For 0.5 and 1 mN (Fig. 3a and b), almost no wear track is
visible and just some very tiny wear features can be observed. Due
to the lack of severe wear features for these normal loads, it can be
concluded that the frictional behaviour is mostly influenced by
adhesion and consequently by the contact area. In contrast to that,
very well pronounced wear scars with severe wear marks can be
noticed for 10 and 15 mN (Fig. 3a and b). Consequently, the friction
and wear behaviour are mainly affected by plastic deformation
and abrasion as well as the influence of produced wear particles.
Based upon this figure, it is visible that the resulting wear track
width increases with increasing normal load which seems to be
reasonable due to the increased contact area (please refer to Fig. 1
and Table 2). Additionally, it is worth mentioning that the light-
microscopic images were taken after cleaning the samples in an
ultrasonic bath. Before that, wear particles are clearly visible in the
wear track as well as in close proximity around the wear track.

After the laser patterning, the resulting surface roughness was
characterised by WLI and the respective results are given in Ta-
ble 3. Based upon this table, it is visible that the structural depth of
both patterned samples (indicated by the Swedish Height H) is
very similar. Additionally, it is well noticeable that the laser pat-
terning leads to an increase in the surface roughness indicated by
Ra and Rq.

Fig. 4 summarizes the temporal evolutions of the COF for a line-
like surface pattern with a periodicity of 6 mm as a function of the
applied normal load and ball diameter.

As can be seen in Fig. 4, similar trends regarding the load-de-
pendent run-in behaviour as discussed before for the polished
reference can be observed for the line-like pattern with a peri-
odicity of 6 mm. It is interesting to notice that all frictional curves
Table 3
Roughness parameters Ra, Rq and H measured by WLI for the reference and the
laser-patterned samples with different periodicities.

Sample Ra (mm) Rq (mm) H (mm) P (mm)

Reference 0.01270.004 0.01470.004 0.04670.011 /
P 6 0.28970.083 0.33970.092 0.77870.253 6.17270.128
P 9 0.39070.038 0.45970.046 0.87570.290 8.83570.098
irrespective of the applied normal load and ball diameter start at
roughly the same COF of around 0.3. The frictional curves for a
normal load of 0.5 and 1 mN demonstrate firstly a certain decrease
in the COF. Subsequently, a slight increase in the COF over time can
be noticed. The analysis of the resulting wear tracks by SEM de-
monstrates some flattening taking place at the topographic max-
ima positions as can be seen in Fig. 5a and b. Consequently, the
observed frictional behaviour can be well correlated with the
flattening of the highest asperities as well as with some plastic
deformation thus inducing some degradation of the laser-pattern.
This can lead to a slight increase in the real contact area. This is a
good agreement with our previous publication in Wear [4].

In contrast to that, the frictional curves for normal loads of 10
and 15 mN start roughly at the same initial COF value, but show a
sharp increase in the COF. After approximately 200 sliding cycles,
the curves (10 and 15 mN) stabilize around 0.9 (3 mm ball dia-
meter) and 0.8 (6 mm ball diameter). The observed change in the
COF can be directly correlated with severe abrasion thus leading to
the complete destruction of the surface pattern (Fig. 5c and d).
This degradation going hand in hand with a change in the surface
topography can also be seen in the white light interferometric and
light microscopic images of the resulting wear tracks depicted in
Fig. 6.

Moreover, the removal of the oxide layer induces a change from
an oxide-oxide to a metal-oxide contact situation which is surely
another influencing factor contributing to the observed behaviour.
The fact that the frictional curves (10 and 15 mN) end up in
roughly the same COF suggests that the frictional behaviour after
200 sliding cycles do not longer depend on the produced surface
pattern and the initial oxide layer after laser patterning. It is worth
mentioning that the error bars for larger normal loads are more
pronounced than for smaller normal loads. This can be explained
by the formation of wear particles and the larger degree of plastic
deformation due to higher normal loads thus leading to a more
inhomogeneous surface and affecting the tribological behaviour in
a more stochastic way. Furthermore, the oxide layer does not have
a uniform thickness, which results also in a larger spread of the
COF and thus to larger standard deviations. This agrees very well
with our previous publication [4] in which we have studied the
long term behaviour of line-like surface patterns dependent on the
respective relative alignment for a normal load of 1 mN. The ob-
served temporal evolution could be explained by the removal of
the oxide layer, the degradation of the surface pattern und the
formation of wear particles. Consequently, a higher normal load
increase the probability to form wear particles and make the de-
struction of the surface pattern as well as the removal of the oxide
layer more likely. Thus, the transition will occur earlier for a lower
number of sliding cycles.

Fig. 7 summarizes the temporal evolutions of the COF for a line-



Fig. 4. Temporal evolution of the COF of the line-like surface pattern with a periodicity of 6 mm as a function of the applied normal load for a ball diameter of 3 (a) and 6 mm (b).
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like surface pattern with a periodicity of 9 mm as a function of the
applied normal load and ball diameter.

Similar trends as observed for the load-dependent run-in be-
haviour of the line-like pattern with a periodicity of 6 mm can be
seen in Fig. 7. The initial COF of all frictional curves lies between
0.25 and 0.32. Afterwards, the COF for normal loads of 0.5 and
1 mN slightly drops down and finally shows a slight increase or
remains nearly constant at values between 0.23 and 0.28. The
observed frictional behaviour can be explained by the flattening
and plastic deformation of the laser-pattern. The frictional curves
for normal loads of 10 and 15 mN start roughly at the same initial
COF, but show a sudden increase afterwards. After approximately
200 sliding cycles, both curves (10 and 15 mN) tend to stabilize at
values around 0.7 and 0.8. The observed change in the COF can be
Fig. 5. SEM-micrographs with two different magnifications of the respective wear track
(b) and 15 mN (c) and (d).
again correlated with the complete destruction of the surface
patterning. This can be clearly seen in the white light interfero-
metric and light microscopic images of the resulting wear tracks
depicted in Fig. 8.

As for the pattern with a periodicity of 6 mm, not only the de-
gradation of the surface pattern, but also the removal of the oxide
layer changing the contact situation needs to be considered as
possible contributions.

Table 4 summarizes the initial and final (after 200 sliding cy-
cles) COF for all measured samples in order to allow for a better
comparison of the resulting frictional response.

For the polished reference, similar values for the initial and
final COF can be found for the small and high normal loads irre-
spective of the ball diameter. In the case of higher normal loads (10
s detected on the line-like surface pattern with a periodicity of 9 mm for 1 (a) and



Fig. 6. White light interferometric (a) and (b) and light microscopic images (c) and (d) of the resulting wear tracks of the line patternwith a periodicity of 6 mm for 10 (a) and
(c) and 15 mN (b) and (d). The laser-patterned surfaces (a) and (b) seem to be blurred with a reduced homogeneity. This can be traced back to the larger scale bar thus
leading to a decreased resolution in order to display the entire wear track.

Fig. 7. Temporal evolution of the COF of the line-like surface pattern with a periodicity of 9 mm as a function of the applied normal load for a ball diameter of 3 (a) and 6 mm (b).

Fig. 8. White light interferometric (a) and (b) and light microscopic images (c) and (d) of the resulting wear tracks of the line patternwith a periodicity of 9 mm for 10 (a) and
(c) and 15 mN (b) and (d). The laser-patterned surfaces (a) and (b) seem to be blurred with a reduced homogeneity. This can be traced back to the larger scale bar thus
leading to a decreased resolution in order to display the entire wear track.
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Table 4
Summary of the initial and final COF for the polished reference and the laser-patterned surface with different periodicities dependent on the applied normal load and ball
diameter.

Ball diameter Sample COF 0.5 mN 1 mN 10 mN 15 mN

3 mm Ref mini 0.5770.14 0.4170.10 0.2670.03 0.2670.03
mend 0.4170.10 0.3070.06 0.8870.06 0.8870.03

Line-pattern 6 mm mini 0.3370.05 0.2570.03 0.2570.06 0.2570.03
mend 0.3170.05 0.3370.02 0.8970.02 0.8570.03

Line-pattern 9 mm mini 0.3070.05 0.2770.06 0.2470.05 0.2470.04
mend 0.2170.06 0.2170.02 0.7070.09 0.7470.03

6 mm Ref mini 0.6370.07 0.5770.11 0.1970.02 0.2270.04
mend 0.6370.13 0.4570.05 0.7370.05 0.7370.04

Line-pattern 6 mm mini 0.2870.03 0.2670.03 0.2570.04 0.2870.04
mend 0.1770.02 0.1970.03 0.7770.03 0.8070.02

Line-pattern 9 mm mini 0.2170.10 0.2170.07 0.3170.04 0.3170.08
mend 0.3270.03 0.3270.02 0.7870.05 0.8170.02

Fig. 9. Comparison of the estimated wear volumes based upon the WLI measurements of the polished reference and the laser-patterned surfaces with 6 (a) and 9 mm
periodicity (b) as a function of the ball diameter and the applied load.

A. Rosenkranz et al. / Wear 368-369 (2016) 350–357356
and 15 mN), the initial and final COF of the polished reference and
laser-patterned surface are very similar and no beneficial effect of
the patterning can be noticed. This can be explained by severe
plastic deformation and abrasion induced by higher normal loads.
This leads to the complete destruction of the laser pattern and the
effect of the surface pattern vanishes.

However, for small loads (0.5 and 1 mN), both surface patterns
(6 and 9 mm periodicity) significantly reduce the initial and final
COF compared to the polished reference. The maximum friction
reduction with respect to the initial and final COF can be observed
for the line-like pattern with a periodicity of 6 mm (measured with
a ball diameter of 6 mm and a normal load of 0.5 mN). The initial
COF for this surface pattern is reduced by a factor of 2.25 while the
final COF after 200 sliding cycles shows an improvement of a factor
of 3.7. Those results are in very good agreement with previous
published research work by the authors showing a more pro-
nounced friction reduction for smaller periodicities [3,4,18]. In
addition to that, Gachot et al. (in collaboration with co-workers
from the Imperial College) performed some numerical simulations
discussing the influence of the pattern periodicity [30]. In this
study, they could demonstrate that smaller periodicities lead to a
reduced contact area thus significantly lowering the resulting COF.
This matches quite well with the obtained trend that the largest
friction reduction is observed for the smaller pattern periodicity.

The resulting wear volumes for the polished reference and the
laser-patterned surfaces for normal loads of 10 and 15 mN were
estimated based upon white light interferometric images (dis-
played in Figs. 6 and 8) and cross-section plots. Since there are
almost no visible wear scars in the case of smaller normal loads, no
wear volume could be estimated by WLI for 0.5 and 1 mN. For 10
and 15 mN, the respective wear track width and depth were
measured ten times by WLI and the averaged values were
multiplied by the wear track length (600 mm) in order to estimate
the wear volume. However, it should be mentioned that this is just
an approximation of the resulting wear volume since the re-
spective wear track shape is assumed to be circular (circular seg-
ment). The results of this analysis are summarized in Fig. 9 as a
function of the applied normal load and the ball diameter.

Considering the mean values and the respective standard de-
viations, it is clearly noticeable that the laser-patterned surfaces do
not lead to an improved wear performance irrespective of the
adjusted periodicity. As already discussed, this can be explained by
the severe plastic deformation and abrasive wear thus completely
destroying the laser-patterns for these normal loads. With regard
to the ball diameter and the applied normal load, no significant
difference between the polished reference and the laser-patterned
surface can be seen.
4. Conclusions

The aim of this study was to study the load-dependent run-in
and wear behaviour of line-like patterns with different periodi-
cities (6 and 9 mm) fabricated by DLIP. For this purpose, dry sliding
tests were performed on a ball-on-disk tribometer using four
different normal loads and two ball diameters. In order to analyse
the respective frictional and wear response, the temporal evolu-
tion of the COF was discussed in detail. Additionally, the resulting
wear tracks were examined by light microscopy, white light in-
terferometry and scanning electron microscopy in order to char-
acterise the underlying friction and wear mechanisms. Dependent
on the applied normal load, clear differences in the temporal
evolution of the COF and consequently in the run-in as well as
wear behaviour can be observed. For small normal loads (0.5 and
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1 mN), the underlying friction and wear mechanism is adhesion-
dominated. In the case of higher normal loads (10 and 15 mN),
plastic deformation and abrasion are the most important con-
tributions. In terms of friction reduction, the laser patterning was
only effective when using small normal loads (0.5 and 1 mN). In
this context, the surface pattern with a periodicity of 6 mm (ball
diameter of 6 mm) revealed the most pronounced friction reduc-
tion (initial and final COF) by a factor of 2.2 and 3.7, respectively.
For higher normal loads (10 and 15 mN), no beneficial effects re-
garding a possible friction reduction could be observed due to the
complete degradation of the laser-pattern under these contact
pressures. Regarding the wear volume and the respective wear
performance, no beneficial effects of the laser patterning could be
observed.
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