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The surface topography plays an important role in the design of a function-optimised surface. Therefore, the influence of
topography with microsized structures produced by laser surface texturing (LST) is experimentally examined under lubricated
sliding conditions. The structured specimens were made of AISI 51200 (DIN 100Cr6) hardened to about 800HV. Concerning
the requirements of tribological testing without any debris caused by the preprocessing, the structuring was carried out using a
picosecond laser system (Trumpf TruMicro) with 6 ps pulse duration. A laboratory pin-on-disc tribometer (Plint TE-92 HS) was
used for the tests, which were run under wet conditions with counterbodies made of bronze and steel at a nominal contact pressure
of up to 4MPa and sliding speeds between 0.04 and 2.0m/s. Furthermore, start-stop cycles with accelerating and decelerating
shares were used to simulate an automotive start-stop system. In the tribological experiments, a significant reduction of the friction
coefficient was observed compared to sliding pairs without microstructured pin surfaces. Whereas no measureable wear occurred
on the steel pins and discs, the bronze discs showed a significant amount of wear and the microstructures on the pin surfaces mated
against bronze discs were almost completely filled with wear debris.

1. Introduction

Since the transport sector accounts for a big share in
anthropogenic CO

2
emissions, there is a need to reduce fuel

consumption in this area. In passenger cars, about one-third
of the fuel energy is used to overcome friction.These friction
losses can be broken down to braking and rolling resistance
on one side and losses in the engine and transmission on
the other side [1]. There are possibilities to reduce friction
by engineered surfaces particularly in the area of engine and
transmission.

Besides the early work of Zum Gahr [2] who showed
the importance of topography on the frictional system recent
research has shown that a structured topography can lead to
positive effects regarding a tribological system.Microdimples

or generally structures separated from each other on sur-
faces in lubricated systems can produce a wedge flow effect
which leads to an increased hydrodynamic pressure in the
contact which is able to reduce friction significantly [3, 4].
Conversely interacting channel-like structures on the surface
can increase friction coefficient caused by an increased oil
flow out of the contact area [5]. Also in dry experiments
structured surfaces can lead to beneficial conditions. In such
case surface dimples can be filled with particles resulting
from wear during the running-in period of the system [6].
Furthermore in slow velocity regimes with high load surface
dimples can act as lubricant reservoirs and therefore reduce
the risk of wear in mixed lubrication regimes [7]. Therefore,
in this paper, a variation of size values of the structures
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was carried out in order to examine their influence on the
tribological system.

2. Surface Engineering

2.1. Surface Texturing. The structured specimens were made
of AISI 51200 (DIN 100Cr6) hardened to about 800HV and
ground to a roughness of about 0.1𝜇m (𝑅

𝑎
). In order to

receive structures which meet the requirements for tribo-
logical testing, the surface texturing was carried out with a
picosecond laser (Trumpf TruMicro) with 6 ps pulse duration
and a wavelength of 1030 nm. Because of the short pulse
duration it is possible to machine the structures with no
burrs resulting from melted material as they would occur
using laser systems with pulse durations in the nanoseconds
regime [8]. The influence of laser parameters was reviewed
in order to analyze the resulting geometrical structure sizes
and possible burr formation on the structure sides. The
experiments were carried out with a repetition rate of 20 kHz
in line mode. Line mode in this case means that dimple
structures are ablatedwhilemoving the beamover the surface
fast enough to receive a distance between the structures
(negative pulse overlap). Because of the fast movement and
the long time span between two pulses at one specific position
it is possible to avoid heat accumulation effects or particle
shielding. The structures were afterwards analyzed using a
confocal microscope (Nanofocus) with lateral accuracy of
0.3 𝜇m and axial accuracy of 10 nm.

2.2. Results of Laser Surface Texturing. As already shown
theoretically in [8] or experimentally, for example, in [9], the
ablation rate 𝐿 for low peak laser fluences (𝜙

0
< 1 J/cm2) per

pulse can be described with 1/𝛼 as the optical penetration
depth of the electromagnetic wave inside thematerial and the
ablation threshold 𝜙th by the expression

𝐿 = 𝛼
−1 ln(
𝜙
0

𝜙𝛼th
) , (1)

while for higher peak fluences (𝜙
0
> 1 J/cm2) the logarithmic

dependence can be described by

𝐿 = 𝛾 ln(
𝜙
0

𝜙𝛾th
) , (2)

where 𝛾 stands for the heat penetration depth inside the
material. While working with high peak fluences even at
ultrashort pulse durations, a so-called strong ablation takes
placewheremoltenmaterial appears [10]. Adding the number
of repetitions 𝑛 to (1) results in the ablated depth ℎ of a dimple
structure in the gentle regime,

ℎ = 𝑛𝛼
−1 ln(
𝜙
0

𝜙th
) , (3)

which can be used to model the ablated depth based on the
laser parameters.

The influence of different pulse energies (and resulting
peak fluence) and number of repetitions on the depth of
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Figure 1: The ablated depth of dimples in AISI 52100 as a function
of the peak fluence and the number of repetitions per position.
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Figure 2: Squared diameter of the ablated dimples as a function of
the peak laser fluence, LIPSS, at the edge of a dimple structure.

the dimples is shown in Figure 1. The experimental results
followhere quite reasonable (𝑅2 = 0.98) the theoretical values
calculated by using (3) with the fitted values𝛼−1 ≈ 9.5 nmand
𝜙th = 0.21 J/cm

2.
The influence of peak laser fluence and the repetitions

on the ablated squared diameter area on the surface are
shown in Figure 2. The values were obtained by converting
the measured results of the square of the dimple diameter
versus the logarithmic pulse energy. Because of the linear
dependence of the pulse energy and the peak laser fluence
the focus diameter can be easily calculated [11].

As already noted in [9] for up to 100 pulses the damage
threshold (intersection between extrapolated squared diam-
eter and 𝑥-axis) in steel decreases with increasing repetitions
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Figure 3: SEM pictures of dimples showing rough surfaces due to “Laser Induced Periodic Surface Structures” (LIPSS). (a) Structure 1. (b)
Structure 2. (c) Structure 3.

caused by incubation effects. Incubation appears to be the
result of the storage cycle of thermal stress-strain energy
induced by a laser pulse [12]. This effect can be described by
the following equation [9]

𝜙th (𝑛) = 𝜙th (1) 𝑛
(𝑆−1) (4)

with an additional incubation factor 𝑆 leading to a decrease
of the threshold from the very first laser pulse on the
surface 𝜙th(1). Equation (4) would lead to a nonrealistic small
threshold value for a very high number of repetitions but
fits fairly well the examined parameter range of up to 1000
repetitions (𝑆 = 0.88) in this and other work, for example,
[9].

Like shown in Figure 2 for more than 200 pulse rep-
etitions the damage threshold converges into the resulting
thresholds with 500 or 1000 pulses. This means that the
maximum achievable dimple diameter is reached after 200
repetitions. Like in other work [13] the generation of LIPSS
(Laser Induced Periodic Structures) was observed near the
ablation threshold. Because of the Gaussian intensity dis-
tribution this roughening of the surface takes place on the
sides of the ablated dimple structure (Figure 3) leading to
a presumption of increased absorption in this area, thus
reducing the ablation threshold.This could be an explanation
of the observed incubation effect besides other theories based
on the stored stress-strain energy resulting from the heated
material [12].With that information at hand a specific dimple
structure size (depth, diameter) can be predicted and set.

The variable dimple parameters in this work were the
structured area, the dimple diameter, and depth. These
structures were ablated with similar framework conditions
like the preliminary tests. The exemplary structures for the
tribological tests shown in Figure 3 had a diameter of 54 𝜇m
(structures 1 and 2 with a structured area ratio 20%) and
100 𝜇m (structure 3 with a structured area ratio 35%). The
structured depth was 1.5 𝜇m (“1”), 2.8𝜇m (“2”), and 1.1 𝜇m
(“3”), respectively.

2.3. Tribological Tests. The structured steel pins were tribo-
logically evaluated in unidirectional sliding contact using
a laboratory pin-on-disc tribometer (Plint TE-92 HS) with
counterbodiesmade of bearing bronze (155HV,𝑅

𝑎
= 0.5 𝜇m)

and steel AISI 51200 (800HV, 𝑅
𝑎
= 0.1 𝜇m). The tests

were run under wet conditions (Shell Rimula R6 ME 5W-
30 @ 80∘C with a flow rate 720mL/h) with normal loads of
60 and 120N (contact pressure of 2 and 4MPa for a pellet
surface diameter of 6mm). All tests were started with a
normal load of 60N at the highest speed of 2.0m/s, which
was then reduced down to 0.04m/s in 12 steps holding
each for 120 s. This Stribeck velocity ramp was repeated
twice and afterwards 50 start-stop cycles with accelerating
and decelerating shares (accelerating from 0 to 2m/s within
10 s//running at 2m/s for 5 s//decelerating from 2 to 0m/s
within 10 s) were run to simulate an automotive start-stop
system. The complete test procedure consisting of 2 Stribeck
velocity ramps and 50 start-stop cycles was then repeated
with a normal load of 120N.

Figure 4 shows Stribeck curves derived from tests with
ground and microstructured pins against both C93200
(ASTM B505) bearing bronze and steel AISI 51200 discs at
constant sliding speeds. The lowest friction coefficient for
steel/steel as well as steel/bronze sliding pairs was found
for couples with microtextured pins. In contact with bronze
discs at 60N the tribological behaviour of pins with surface
structures 1 and 2 resulted in a reduced friction coefficient
compared to the ground reference pin. The use of pins with
structure 3 however resulted in higher friction below 1m/s
(Figure 4(a)). For the steel/steel sliding pairs structures 1
and 3 led to a decreased friction coefficient and structure
2 led to an increased friction coefficient (Figure 4(b)). The
normal load of 120N resulted in higher friction coefficients
of all tested sliding pairs and only the pin surfaces with the
“best” structures, structure 2 for bronze and structure 1 for
steel, resulted in a significantly reduced friction coefficient
in relation to the ground reference surface (Figures 4(c)
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Figure 4: Friction coefficient versus sliding speed for pins with 3 different structure sizes and a ground reference pin mated against (a, c)
bronze and (b, d) steel during Stribeck velocity ramps at normal loads of (a, b) 60N and (c, d) 120N.

and 4(d)). In the case of bronze discs the average friction
reduction achieved by the “best” structure 2 was between 25
and 30% at both normal loads. Only for sliding speeds of
0.1m/s and below the positive effect was less pronounced.The
effectiveness of the structured topography was lower for the
steel/steel sliding pairs. Here the “best” structure 1 led to a
friction reduction of 20 to 25% at 60N and of 5 to 10% at 120N
for sliding speeds up to 1m/s.

The positive effect of a microstructured surface was also
evident during the start-stop tests. Figure 5 exemplary shows

acceleration curves from start-stop tests at 60N for the sliding
pairs with ground pins and pins with the “best” structures,
respectively. The friction coefficients measured under the
transient conditions were significantly higher than that under
the steady state conditions shown before (see Figures 4 and
5), which could be attributed to oil film breakdown in the
idle state and the need to build up the lubricant film during
acceleration. For the steel sliding pair friction reduction with
structure 1 amounted to about 15% over the complete speed
range from 0.04 to 2m/s (Figure 5(b)). On the other side
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Figure 5: Friction coefficient versus sliding speed for ground and structured pinsmated against (a) bronze and (b) steel during the acceleration
ramp of the start-stop cycles at a normal load of 60N.
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Figure 6: SEM pictures of microstructured pins after tribological tests in contact with (a, c) bronze and (b, d) steel discs. (a, b) Structure 1
and (c, d) structure 3 (arrow indicates the sliding direction).

structure 2 led to a friction reduction of about 15% only
at sliding speeds of 0.5m/s and above for the steel/bronze
sliding pair. A significant improvement of the frictional
behavior for this sliding pair could not be detected below
0.2m/s (Figure 5(a)).

After the complete test procedure with overall 4 velocity
ramps and 100 start-stop cycles at normal loads of 60 and
120N no measureable wear occurred for the steel pins as well
as the steel discs. On the other hand the bronze discs showed
a significant linear wear in the range from 5.4 𝜇m (tested
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Figure 7: (a) Topography and (b) surface profile of pins with structure 3 after a tribological test in contact with bronze.

versus pin with structure 2) to 7.5 𝜇m (tested versus pin with
structure 3).

The differences in wear behavior were also clearly visible
on the surfaces of the pins after the tests. Figure 6 shows
SEM pictures of worn steel pins after tests versus bronze
(Figures 6(a) and 6(c)) and steel (Figures 6(b) and 6(d))
discs. The material worn away from the bronze discs was
preferentially transferred to the dimples on the pin’s surface,
which were almost completely filled up with bronze. Actually
the material’s transfer led to the formation of veritable bumps
on the pins (see Figure 7). The surfaces of the pins, which
were run versus steel discs, were characterized by a slight
smoothing of the surface roughness and the ground of the
dimples was still clearly visible without notable wear particles
(Figures 6(b) and 6(d)).

3. Conclusion

The results of the tribological tests clearly illustrate that,
especially under mixed lubrication conditions, the optimized
dimples can lead to a significant reduction of friction. The
positive effect of the dimples can mainly be attributed to
three mechanisms. In the low wear regime dimples can
result in a positive hydrodynamic effect which results in an
increased thickness of the oil film. The effectiveness of a
specific dimple geometry thereby strongly depends on the
experimental conditions (e.g., load, sliding speed, viscosity
of the lubricant, . . .) [5, 14]. The second positive effect is the
trapping of wear particles. This effect is typically discussed
to be of importance only during the running-in period
until the dimples are either sealed by agglomerated wear
particles or completely filled up with debris [6, 15]. Our
results showed that even completely filled dimples can have
a positive hydrodynamic effect if a preferred adherence of
wear particles at the dimples results in the formation of
bumps. Such a reversedmicrotexturing was successfully used
in hard disc drives [16, 17].The third effect often postulated in
literature is the storing of lubricant in the dimples (secondary

lubrication effect) [7, 18, 19]. The results of our start-stop
experiments point out the importance of this effect, as empty
dimples resulted in a significant friction reduction during
the acceleration of the steel/steel sliding pair, whereas the
completely filled dimples did not reduce friction at low sliding
speeds for the steel/bronze sliding pairs. The negative effect
of an increased local contact pressure at the bumps seems to
overcompensate for the positive effect of the lubricant storage
in the surrounding of the former dimples.
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