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Laser surface texturing of alloy steel 42CrMo4+QT (AISI 4140) was studied in order to significantly increase the friction 

coefficient of tribological systems. Two different surface topologies were investigated to functionalize the contact surface, 
such as dimple-shaped micro structures and deep welding dots. The dependencies of the laser processing parameters on the 
characteristics of these micro-scaled surface structures were evaluated. The coefficient of friction µ, the static coefficient for 
dimple-shaped and kinetic for dot textures respectively, was determined in experimental torsion tests. Dimple-shaped micro 
structures were processed by using q-switched near-infrared laser pulses. The dimple diameter, wall height, and wall hard-
ness were analyzed depending on both pulse energy and laser spot size. The maximum static coefficient of friction of dim-
ple-shaped specimen was measured to be µ = 0.53, tested against fine grinded steel surfaces. This is almost twice the friction 
coefficient of the non-laser processed fine grinded reference contact surface which was determined of µ = 0.3. In a second 
approach, singular deep welding dots were fabricated by using high-power continuous wave laser radiation emitted by a 
single mode fiber laser. The geometric dimensions of these lenticular dots were studied depending on irradiated laser power 
and laser exposure time. Torsion testing of deep welding dot patterned surfaces indicated steadily increasing slipping curves 
with a maximum kinetic coefficient of friction of µ = 0.82 as obtained with the largest investigated torsion angle of 3°. 

Keywords: friction, coefficient of friction, laser surface texturing, dimple-shaped, micro structure, 
deep welding dot 

1. Introduction 
Laser surface texturing (LST) has attracted great atten-

tion in tribology because of its promising potential to im-
prove the frictional performance of tribological systems in 
terms of efficiency, load capacity, wear resistance, and life-
time. Most of the studies conducted so far in this research 
field have been focused on friction reduction, among others 
demonstrated in [1-6]. Therein micro-dimpled laser tex-
tures were identified as most effective to decrease the fric-
tion torque of mechanical components. These dimples usu-
ally function as micro-hydrodynamic bearings, micro res-
ervoirs for lubricant retention or micro-traps for wear parti-
cles of sliding systems applicable, for example, in seals, 
piston rings, and thrust bearings.  

However, only minor research has been done with the 
aim to increase the friction coefficient. In [7] it is recently 
reported that the static coefficient of friction of frictional 
engaged connections (cam, press fittings) can be increased 
by laser fabricated molten and re-solidified bulged micro 
structures. In this study, a near-infrared q-switched laser 
system was used to produce lines of overlapping pulses in 
order to roughening the mating surfaces. In another study, 
the effect of pulse energy and number of pulses was exam-
ined with the aim to fabricate high frictional stainless steel 
surfaces [8]. As a general trend it was reported that higher 
pulse overlap resulted in increased friction coefficients, but 
no direct correlation between each other was found. As a 
disadvantage, long processing times were being considered 

as limitation of the presented technologies for industrial 
applications. This is mainly due to the fact that highly over-
lapping laser pulses are necessarily required to produce the 
laser texture.  

In this work, laser surface texturing of alloy steel 
42CrMo4+QT (AISI 4140) was studied in order to signifi-
cantly increase the friction coefficient. Two different sur-
face topologies were investigated to functionalize the con-
tact surface, isolated dimple-shaped micro structures pro-
duced by near-infrared q-switched laser pulses, and deep 
welding dots achieved by single mode continuous wave 
laser irradiations. Fabrication of dimple-shaped structures 
using single pulse laser irradiations with large spatial dis-
tance between each other, however, enables faster pro-
cessing speeds, compared to high pulse overlap processing 
as reported in the literature. This seems to be beneficial for 
prospective industrial applications of the technology. 

The dependencies of the laser processing parameters on 
the characteristics of the micro-scaled surface structures 
were evaluated using micrographs recorded by scanning 
electron microscope (SEM) and topography measurements.  

Adequate laser textures were produced on ring-shaped 
standardized specimen and tested against non-laser pro-
cessed fine grinded counterparts by using a friction test 
bench. Finally, the coefficients of friction obtained in these 
measurements were correlated to the surface topographies 
and their interdependencies have been discussed.  
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2. Experimental details 
2.1 Laser texturing procedure 

Laser surface texturing was studied with the aim to sig-
nificantly increase the friction behaviour of tribological 
contact surfaces. The specimens used in this study were 
standardized cylindrical test bodies made of alloy steel 
42CrMo4+QT (AISI 4140). On top of these bodies, there 
was a fine grinded planar ring-shaped friction surface with 
an average roughness of RZ  < 3.6 µm. These friction con-
tact areas were laser textured with two different surface 
topologies. The first texture, dimple-shaped micro struc-
tures, was produced by isolated pulse irradiations using a q-
switched laser. While the other, singular deep welding dots, 
was fabricated using high-power continuous wave laser 
radiation emitted from a single mode fiber laser. Laser tex-
turing was performed by utilizing galvanometer scanner 
systems in order to focus and deflect the laser beams across 
the friction surface. The most important laser and pro-
cessing parameters used in this work are summarized in 
Table 1.  

Table 1: Laser parameters. 

Parameter q-switched  
laser 

single mode cw 
fiber laser 

Wavelength [nm] 1064 1070 

Laser power [W] 45 3,000 

Max. pulse energy [mJ] 9 - 
   Pulse duration /   
   Exposure time 0.11  500 … 2,000 

Focal length [mm] 100 230 

Focus diameter [µm] 70 21 

 
2.2 Coefficient of friction testing 

The coefficient of friction µ for laser textured surfaces 
was measured using a friction test bench as shown in Fig-
ure 1. In this setup, the laser surface textured test speci-
mens were pressed against fine grinded counterparts of 
similar shape using different nominal surface pressures of 
30 MPa, 100 MPa, and 300 MPa, respectively.  

                        
Figure 1: Test bench (left) and test specimen setup  

(right) as used to determine the coefficient of friction  
of laser textured surfaces, the ring-shaped friction 

 surface on top of the test bodies is indicated. 

To achieve these contact pressures, pre-load forces of 
15.9 kN, 53.0 kN and 159.0 kN were set with the hydraulic 
normal force actuator. The nominal surface contact area at 
the interface between the laser textured specimen and the 
counterpart was determined by the inner and outer ring 
diameter of di   = 15.0 mm and do  = 30.0 mm. This yielded 
an effective friction diameter of Dm = 23.33 mm, calculated 
according to equation (1). 

𝐷𝑚 =
2
3 ∙
𝑑𝑜3 − 𝑑𝑖3

𝑑𝑜2 − 𝑑𝑖2
 (1) 

In the friction test, the twisting angle was increased 
continuously with a speed of 0.5° per second until the 
twisting angle of 3.0° was reached. The nominal preload 
force FN, the torque T and the twisting angle φ were rec-
orded continuously. The resulting slipping curves are 
shown for example in Figure 2, obtained by plotting the 
torque versus the twisting angle. In the plot, three individu-
al dimple-shaped laser textured surfaces were tested against 
fine grinded counterparts. 

 
The coefficients of friction were derived from the slip-

ping curves by using an evaluation method introduced in 
[9]. According to this method, two distinct friction coeffi-
cients μ0.1 and μmax were analyzed. The static friction coef-
ficient µ0.1 was obtained from the torque maximum for 
twisting angles in the range φ ≤  0.1°. The friction coeffi-
cient µmax, by contrast, was derived from the frictional 
torque maximum that was obtained in the twisting angle 
measuring range up to 3.0°. Using these torque values and 
by taking into account the pre-load force FN and effective 
friction diameter Dm, the coefficient of friction was calcu-
lated according to equation (2).  

𝜇 =
2 ∙ 𝑇
𝐹𝑁 ∙ 𝐷𝑚

 (2) 

Three different types of friction are classified in this 
work depending on the characteristic of the recorded slip-
ping curve. The friction types are defined on the basis of 
typical load-slip response presented in [10] as follows:  

To
rq

ue
 [N

m
] 

         Twisting angle [°] 

Figure 2: Slipping curves obtained in torsion testing of three 
dimple-shaped laser textured friction surfaces using 100 MPa 
surface pressures; the method used to determine the maximum  
coefficient of friction and the friction coefficient at 0.1° twist-

ing angle is shown, a schematic taken from [10] to indicate 
three types of friction characteristics is presented. 
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Type A:  steep rising slipping curve with pronounced 
torque maximum before slipping is recorded,      
the torque decreases with further curve progression, 
Type B: steep rise of the slipping curve at the begin-
ning to a maximum, followed by stable or slightly in-
creasing curve progression,  
Type C:     flat slope of the slipping curve and steadily in-
creasing friction with increasing torsion angle.  

 
2.3 Geometric characterization 

The coefficient of friction highly depends on the form 
and orientation of the friction surface in contact with the 
counterparts. For this reason, form, waviness, and rough-
ness of the specimens used in friction measurements were 
analysed in order to ensure repeatable geometrical proper-
ties of the contact surfaces and thus friction measurement 
conditions. For this, a 3D surface evaluation method in-
cluding a high-precision form measuring instrument (MFU 
100, Mahr) was applied [11]. Therefore, a roughness stylus 
was used for holistic geometric characterization of the fric-
tion surface (Figure 3 a), a form stylus was used to analyse 
nominal form and orientation of the contact surface (Figure 
3 b), respectively.  

  
Figure 3 a: Holistic geometric characterization of a test specimen 

by using the roughness stylus; b) measurement of form and  
orientation of the contact surface by using a form stylus;  

c) 3D profile extracted from the friction surface measurement.  

From the 3D measurement data, the entire geometry of 
the laser textured friction surface was extracted and availa-
ble for characterization (Figure 3 c). As first approxima-
tion, and proved by several tests, it was proposed that the 
laser textured surface and the surface of the counterpart 
interact to a depth maximum of either 20 % for dimple-
shaped structures or 10 % for deep welding dots of this 
material ratio that was measured from the Areal Material 
Ratio Curve (Abbott curve) [11, 12]. The depth value, 
measured down from the maximum point of this curve, 
which corresponds to the specific material ratio (of either 
10 % or 20 %), defines the evaluation height c. In the fol-
lowing, this evaluation height was used to separate the laser 
produced structures and the substrate basic surface struc-
ture (basic roughness) in terms of their functionality. 

Figure 4 shows schematically the procedure used in this 
work to determine the friction-relevant surface parameters, 
such as number of islands NI, mean surface of the islands 
MSI, and mean volume of the material for a specific evalu-
ation height MVM. By cutting the measured surface as giv-
en in Figure 4 a at the evaluation height c, the number of 
islands NI = 3 was obtained (Figure 4 b). In the Figures 4 c 
and 4 d, the mean surface of islands (MSI = A1+A2+A3)/3) 
and the total material volume (V = V1+V2+V3) above the 
evaluation height c are indicated. The mean value of the 

volume of the material for a specific evaluation height 
MVM, however, was calculated from the functional volume 
parameters of the Abbott curve, as defined in [13]. 

 
Figure 4: Procedure used to determine friction-relevant  

surface parameters; from the measured surface (a) the number  
of islands (b), mean surface of the islands (c) and volume of  

the material above a specific evaluation height (d) were derived  
by using the evaluation height c. 

In addition to the 3D measurements, microstructural 
characterization and cross sections views of the laser tex-
tured surface were studied before and after the friction tests 
using SEM and optical microscopy micrographs. 

   
3. Results and discussion 
3.1 Dimple-shaped micro structures for static friction 
coefficient enhancement  

A laser textured alloy steel surface covered with sepa-
rated dimple-shaped micro structures is exemplarily pre-
sented in Figure 5. In this SEM micrograph, the distance 
between the dimples to each other is in the range of 
280 µm, which is little larger than the dimple size of 
160 x 250 µm² in width and length. The magnified micro-
graph shown in the upper right hand corner of Figure 5 
gives a closer view to an individual dimple structure. In 
this image, formation of the wall structure at the outer dim-
ple area but also material bulging in the center region can 
be observed. These heightening originated as a result of 
material melting and re-solidification potentially caused by 
laser induced plasma melt dynamics.         

 
Figure 5: SEM micrograph of a dimple-shaped laser  

textured friction surface, a magnified image gives a closer 
view to the wall formations originated at the outer area  

of the dimple due to re-solidification of molten material. 

Figure 6 a presents a cut-out of 3D measurement data as 
extracted from the dimple-shaped laser textured friction 
surface given above in Figure 5. From this surface profile, 

a c b 
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the friction-relevant geometrical parameters of the laser 
texture were evaluated by cutting the profile at the evalua-
tion height c = 17.2 µm, determined at 20 % material ratio. 
The resulting height profile is shown in Figure 6 b. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 a: 3D measurement data extracted from the dimple- 
shaped friction surface given above in Figure 5; b) friction-

relevant surface obtained by cutting the laser textured surface at 
the evaluation height c = 17.2 µm and 20 % material ratio. 

The static coefficient of friction of dimple-shaped laser 
textured surfaces was studied depending on the size and 
shape of the dimple structures. For this, the wall height of 
the outer dimple region and the dimple diameter were var-
ied by the applied laser parameters. The influence of the 
distance between the processing plane (used to laser texture 
the friction surface) relative to the focal plane on the wall 
height and dimple diameter is presented in Figure 7. In 
addition, the energy of the laser pulses irradiated to the 
friction surface was varied. The diameter of the dimples 
made in focal plane position is about 120 µm which is larg-
er than the focus spot diameter of the laser beam (70 µm). 
This is potentially affected by the impinging high-energy 
laser pulses of 470 J/cm² fluence those might cause steel   
 

 
Figure 7: Wall height of dimple-shaped micro structures  
versus distance between processing plane and focal plane; 
the pulse energy was varied between 6 mJ and 9 mJ; SEM  

micrographs of the dimples processed with 9 mJ pulse energy  
are shown (def. denotes defocused processing position). 

melting in greater regions than the focus spot area. Further 
it can be assumed that the dimple size depends on the pulse 
duration which was 110 ns in this study. Thus, using these 
long pulses, the molten/ablated region has been potentially 
extended as a result of heat diffusion out of the focal area. 

As indicated in Figure 7, dimple diameter and wall 
height increased with either higher pulse energy or longer 
distance between processing plane and focal plane or both. 
The increase of the dimple size with longer distance be-
tween laser irradiated friction surface and focal plane (de-
noted in Figure 7 as def.) is mainly induced by defocusing 
the divergent laser beam. As a result, expanding the laser 
spot caused larger irradiation areas and thus larger diameter 
of the molten wall structure. With further defocusing the 
spatial beam profile changed to elliptical beam shape.  

Using the single pulse processing regime, the maximum 
wall height of about 8 µm was obtained by irradiating puls-
es with the highest available energy of 9 mJ. In this case, 
the friction surface to be textured was placed 1.8 mm un-
derneath the focal plane. For these processing conditions it 
can be supposed that the ratio between laser energy (to melt 
the material) and intensity (induces plasma pressure) is 
reasonably effective to form high dimple walls. As already 
mentioned above, the dimple walls will potentially arise as 
a result of plasma melt dynamics.  

For the shorter distances between processing plane and 
focal plane, however, pulses of higher intensity irradiated 
the friction surface due to the smaller laser spot sizes. 
Therefore it can be suggested that material abla-
tion/evaporation was dominant and thus less amount of 
melting was produced. This was probably the main cause 
for the lower height of the dimple walls those have been 
formed in less defocused laser texturing, as can be seen in 
Figure 7. For laser pulses irradiated to the substrate placed 
farther away than 1.8 mm from the focal plane, by contrast, 
the intensity seems to be too low to form the wall structure. 
This is mainly due to the larger spot size of the laser beam 
irradiated at this larger defocused substrate position. 

 
Figure 8: Wall height versus pulse number obtained  
for different positions of the processing plane relative  

to the focal plane; the pulse energy was 9 mJ. 

To further increase the height of the dimple walls, mul-
tiple numbers of laser pulses were irradiated at the same 
place. Figure 8 plots the wall height versus number of irra-
diated pulses; the position of the processing plane relative 
to the focal plane was varied. It can be seen that the wall 
height increased steadily with higher pulse number. A max-
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imum height of 16 µm was achieved with 10 pulses of 9 mJ 
energies and 1.0 mm defocused processing plane. 

The characteristic geometry of the dimple-shaped micro 
structures obtained with multiple laser irradiations are 
presented in Figure 9. Pulses of 9 mJ energy were 
irradiated to the friction surface which was placed 2 mm 
underneath the focal plane. Significant changes of the wall 
shape can be seen with increasing pulse number. While 
crown-shaped walls featured with high number of islands 
originated with 1 or 2 pulses, closed ring walls were 
obtained with higher pulse numbers.  

 
Figure 9: Characteristic geometry of dimple-shaped  

micro structures depending on the irradiated pulse number;  
2 mm defocused laser pulses of 9 mJ were irradiated. 

The hardness of the molten and re-solidified walls 
formed at the outer dimple region was measured by using 
nano indentation technique. The imprint of a nano indenter 
on the wall structure can be seen in Figure 10 a (red encir-
cled). Figure 10 b plots the Normal displacement vs. Nor-
mal Force - curve as measured for the substrate as well as 
the walls produced with different processing parameters.  

In the Figures 10 c and 10 d, the hardness measuring 
points placed on the wall regions are indicated by red cir-
cles. In addition, a different appearance of the dimple/wall 
formation can be seen. In Figure 10 c, single laser pulses of 
higher intensity, obtained by 1.0 mm defocusing of 9 mJ 
pulses, were irradiated to the friction surface, forming a 
melt splattered outer dimple region. In Figure 10 d, by con-
trast, molten and re-solidified wall formations were ob-
tained by irradiating a 2.0 mm defocused laser pulse of 
9 mJ energy. The hardness of these dimple walls was 
measured independently from the processing parameters in 
the range of 784 ± 257 HV. This is almost twice the hard-
ness of the substrate of 398 ± 52 HV.   

 
Figure 10: Hardness measurement on dimple walls using nano 
indentation technique, a) imprint of a nano indenter on a dimple 
wall (red encircled), b) measurement curves, c) dimple-shaped 
micro structure achieved with a 1.0 mm defocused laser pulse  

of  9 mJ, d) dimple-shaped micro structure achieved with a  
2.0 mm defocused laser pulse of 9 mJ. 

For friction tests, three distinct dimple-shaped laser tex-
tures of varying geometrical characteristics were selected 
from the results achieved in the fundamental investigations 
presented above. The processing parameters applied to tex-
ture the friction surfaces as well as the resulting geomet-
rical texture parameters are summarized in Table 2.  

The smallest wall height of about 4 µm was measured 
for Texture #1. This is in the range of the mean surface 
roughness of the used specimen and is likely cause of the 
high scatter of the number of islands. The highest number 
of islands was found for Texture #2 while the ring-shaped 
Texture #3 is featured by the highest and most voluminous 
dimple-shaped wall structures achieved in this study.        

A closer view to the analyzed laser textured friction sur-
faces is given in Table 3. The presented SEM micrographs 
reveal a clear difference between the geometrical shape of 
the dimples produced with single laser pulses (Texture #1 
and #2) in comparison to the dimples processed with 10 
pulses (Texture #3). In addition, the static coefficients of 
friction as measured against non-laser processed fine 
grinded alloy steel counterparts are presented.  

Table 2: Processing conditions and geometrical texture  
parameters of the laser textures studied in static coefficient 
 of friction measurements, NI is the number of islands, MSI  

is the mean surface of the islands and MVM is the mean  
volume of the material for a specific evaluation height. 
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 Texture #1 Texture #2 Texture #3 
Pulse  
energy 9 mJ 9 mJ 9 mJ 

Processing 
plane 

 position 

1 mm  
defocused 

2 mm  
defocused  

2 mm  
defocused 

Pulse  
number 1 1 10 
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Dimple size 
(elliptical) 

200 µm x  
130 µm 

250 µm x  
160 µm 

250 µm x  
160 µm 

NI 2570 ± 2525 4594 ± 645 1787 ± 261 

MSI 485 ± 267 
µm² 

221 ± 42 
µm²  

710 ± 123 
µm² 

MVM 0.12 ± 0.02 
µm³/µm² 

0.31 ±0.01 
µm³/µm² 

0.55 ± 0.03 
µm³/µm² 

Dimple 
wall height 4 µm 7 µm 12 µm 

 

With reference to the static coefficient of friction of fine 
grinded friction surfaces, as measured to be µref  = 0.3 (in-
dicated in Table 3 by a dotted line), a significant friction 
increase was detected for laser textured friction surfaces. 
By using the classification of the friction characteristic in-
troduced in Figure 2, Texture #1 and #2 showing steep ris-
ing slipping curves with pronounced maximum correlate to 
type A. Texture #3, by contrast, matches better to type B 
due to a steep rise of the slipping curve at the beginning, 
followed by slightly increase with further curve progres-
sion. From this, it can be supposed that the friction behav-
ior will be substantially determined by the texture charac-
teristic of the friction surface. 

Friction measurements carried out on dimple-shaped 
surface textures yielded the highest static coefficient of 
friction of µ = 0.53, measured on Texture #2 at the twisting 
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angle of 0.1° and a surface pressure of 30 MPa, respective-
ly. At this low contact pressure, the dimples interact with 
the counter body surface. Friction tests using higher surface 
pressures, by contrast, yielded slightly lower static coeffi-
cients of friction, which were similar to the friction coeffi-
cient of the non-laser processed reference surface 
(µref  = 0.3). This behavior is potentially caused by the small 
height of the dimple walls (7 µm) compared to micro to-
pology and roughness of the fine grounded substrate 
(RZ  < 3.6 µm). At higher nominal contact pressure, the 
dimple wall structures could not penetrate deeper into the 
counter body surface and, as a result, the frictional effect is 
dominated by interaction between the fine grounded sub-
strate surface and the counter body surface. 

Table 3: SEM micrographs show the texture of the analyzed fric-
tion surfaces and the static coefficient of friction as measured 
against non-textured fine grounded counterparts with different 
contact pressures (30 MPa, 100 MPa, 300 MPa); the measured 
friction coefficient of non-textured friction surfaces µref = 0.3 is 

indicated by dotted lines. 

 Laser textured  
friction surface 

Static coefficient  
of friction µ 
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#1
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Considerably lower friction coefficients were measured 
for Texture #1 with a maximum of µ = 0.4 (with exception 
of µmax at 100 MPa). This might be caused by the lower 
wall height and/or reduced number of islands of Texture #1 
compared to Texture #2. However, a clear correlation be-
tween the static coefficient of friction and geometric dim-
ple texture parameters cannot be identified.  

From these finding it can be deduced that the value of 
static coefficient of friction cannot be predicted only from 
the knowledge of the geometric texture parameters. Thus, 
to holistically analyze the friction behavior of dimple-

shaped laser textures not only geometric surface parameters 
but also adhesion has to be taken into account. The latter 
has not been fully cleared up so far and further work is 
needed.  

 
3.2 Deep penetration welding dot textured surfaces for 
kinetic friction coefficient enhancement  

In a second approach, deep penetration welding dots as 
exemplarily shown in Figure 11 were investigated with 
regard to their feasibility for friction coefficient increase. 
The micrograph shown in Figure 11 b presents a cross sec-
tion of such a lenticular material bulge. Therein a deep 
penetration welding root can be observed, indicating deep 
penetration welding effects as potential dot formation 
mechanism. Welding roots as the result of keyhole for-
mation in deep melting pool are characteristic for deep 
penetration laser welding. Pores and voids can be seen in 
their central and deeper region.  

The characteristic properties of deep penetration weld-
ing dots, produced by using the continuous wave single 
mode fibre laser, depended greatly on the laser processing 
conditions. In this work, the dependencies of the dot di-
ameter, height, and hardness on the laser power were stud-
ied in the range between 300 W and 900 W. Three distinct 
laser exposure times of 500 µs, 1,000 µs, and 2,000 µs 
were investigated. The friction surfaces to be processed 
were placed in focal plane position where the laser beam 
was focused to a spot of 21 µm diameter, obtained by using 
the 230 mm f-theta objective.  

 
Figure 11: SEM micrographs of deep penetration welding  
dots produced in alloy steel, a) magnified view to a single  
deep penetration welding dot, b) cross section view of a  

welding dot, c) laser textured friction surface. 

Figure 12 a plots the diameter of deep penetration weld-
ing dots as a function of laser power. It can be seen that the 
diameter varied in the range between 220 µm and 310 µm. 
In general, the diameter increased with higher laser power 
and longer exposure times. Figure 12 b presents the height 
of the produced dots which was measured by using an opti-
cal digital microscopy. In the investigated parameter range 
the maximum dot height was 73 µm, obtained with either 
800 W laser power and 500 µs exposure time or 500 W and 
1,000 µs, respectively. For these parameter sets, however, a 
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great scatter of the height values of more than 40 % was 
detected that will cause irregular friction surface condi-
tions. This, in turn, will potentially adversely affect the 
performance of the tribological systems.  

Regular friction surfaces covered with deep penetration 
welding dots of similar geometry to the previous ones but 
considerably smaller standard deviation (height: 70 µm ± 
7 %; diameter 312 µm ± 3 %) were produced with 500 W 
laser power and 2,000 µs exposure time. The aspect ratio of 
these dots was 0.22, obtained by dividing the dot height by 
the dot diameter.    

 

 

 

 
Figure 12: Influence of laser power and exposure time  
on a) diameter, b) height, and c) Vickers hardness of  
deep penetration welding dots as produced by single 

mode continuous was fiber laser irradiations. 

The hardness of the deep penetration welding dots was 
evaluated by Vickers hardness measurements. In Figure 12 c 

it can be seen that hardness increased with higher laser 
power and longer laser exposure from about 550 HV0.05 to 
800 HV0.05. This is considerably higher than the hardness 
of the non-laser processed alloy steel substrate which was 
measured of about 400 HV0.05. 

Figure 13 a presents the 3D profile of a typical deep 
penetration welding dot laser textured friction surface 
where the evaluation height c was 50.2 µm. The individual 
dots were produced with 500 W laser power and 2,000 µs 
exposure time; the dot density as the dot number per area 
was 3.2 dots/mm². 3D-analysis of a series of four of this 
friction surface yields an averaged total dot number of 
1655 ± 103 per friction surface. This quantity is little lower 
than the theoretical dot number of 1696 dots per friction 
surface. Imperfect dot formation at the edges of the speci-
mens was suggested as main reason for the lower experi-
mentally achieved dot value (see Figure 11 c).  

In addition, a little number of skips (averaged to be 10 
per friction surface) and height artefacts (about 5 per fric-
tion surface) have been observed on the laser textured fric-
tion surface which further affected the experimental dot 
number. For example, magnified images of these skips and 
height artefacts are shown in Figure 13 a. 

 

 
Figure 13 a: 3D profile of a deep penetration welding dot  

laser textured friction surface where the evaluation height c  
was 50.2 µm, b) distribution of the dot heights evaluated  

for a laser textured specimen surface. 

Figure 13 b presents the distribution of the individual 
dot height values depending on their absolute height level. 
It can be seen that about 90 % of the dots were produced 
with a height in the range between 80 µm and 110 µm. The 
increased number of dots having a height smaller than 
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50 µm is most likely due to irregular melt structures those 
originated next to the deep penetration dots, as shown in 
the SEM micrograph presented in Figure 13 b. This height 
is identical to the evaluation height c which was deter-
mined of 50.2 µm at 20 % material ratio from the Areal 
Material Ratio Curve. It is worth mentioning that the dot 
heights achieved in 3D profile analysis have found to be 
20 µm larger than the dot heights presented in Figure 12, 
which were obtained using the digital optical microscope.  

The aspect ratio of the deep penetration welding dots 
can be varied by moving the laser beam across the sample 
surface in a circular fashion. For the studied laser power 
ranging between 300 W and 1,000 W it was found that the 
dot diameter enlarged with greater rotation radius and/or 
higher laser energy input caused by lower scan speeds.  

 
Figure 14: SEM micrograph of deep penetration welding  

dots produced with a single mode NIR continuous wave fiber 
laser beam of 750 W laser powers; the scan speed and the  

rotation radius were varied in order to vary the aspect ratio. 

For example, Figure 14 presents welding dots produced 
with 750 W laser power; the scan speed and the rotation 
radius were varied in the range from 50 mm/s to 500 mm/s 
and 50 µm to 140 µm, respectively. Thereby the maximum 
dot height of 120 µm was obtained with 50 mm/s scan 
speed and 70 µm radius. The maximum aspect ratio of 
these dots was 0.30 that is larger than the aspect ratio men-
tioned above using stationary irradiation conditions of 0.21. 

Table 4: Laser processing conditions and geometrical  
parameters of the deep welding dot textures studied in 

coefficient of friction measurements. 
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 Texture #1 Texture #2 Texture #3 
Laser  
power 500 W 500 W 350 W 

Exposure 
time 2,000 µs 2,000 µs n.a. 
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speed 0 / n.a. 0 / n.a. 30 µm / 

700 mm/s 
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 Dot 
diameter 330 µm 330 µm 274 µm 

Dot 
height 70 µm 70 µm  70 µm 

Aspect  
ratio 0.21 0.21 0.26 

Dot  
density 3.2 dots/mm² 2.0 dots/mm² 3.2 dots/mm² 

In the friction measurements, three different deep pene-
tration welding dot surface textures were tested against 
non-laser processed fine grinded counterparts. The laser 
processing conditions as well as geometry parameters of 
the studied dot structures are presented in Table 4.  

SEM micrographs of the laser textured surface and the 
respective kinetic coefficient of friction values obtained are 
presented in Table 5. The slipping curves for all three in-
vestigated deep welding dot textures indicate a slipping 
characteristic according to type C. This means that the 
torque increased continuously during testing of deep pene-
tration welding dot textured friction surfaces, and the quot-
ed maximum friction value is not for static but for kinetic 
friction. The geometric dot parameters seem to have less 
influence on static friction at 0.1° twisting angle because 
for all three variants almost similar friction coefficients 
were determined, ranging between µ0.1 = 0.35 … 0.42. The 
coefficient of friction increased with larger twisting angle 
to values in the range between µmax = 0.6 … 0.7. As already 
mentioned for static friction, also for kinetic friction no 
significant influence of the geometrical texture parameters 
was found. This was with exception of Texture #1 where 
the maximum coefficient of friction was µmax = 0.82, tested 
at 100 MPa contact pressure. In comparison to the dimple 
shaped laser textures discussed in the previous section, the 
friction coefficients µ0.1 of the deep welding dot textured 
surfaces were determined of similar value.  
 
Table 5: Laser processing conditions and geometrical parameters 

of deep welding dot textures studied in coefficient of friction 
measurements. 
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Conclusion 
Laser surface texturing of alloy steel 42CrMo4+QT 

(AISI 4140) was studied with the aim to increase their coef-
ficient of friction. For two different surface textures the 
dependencies of the processing conditions (laser power, 
focus position, exposure time) on their geometrical charac-
teristic were investigated.  

The coefficient of friction µ of the laser textured fric-
tion surfaces was determined in experimental torsion tests 
using a friction test bench. In this assembly, the laser tex-
tured specimens were pressed against non-laser processed 
counterparts of similar shape using different surface pres-
sures of 30 MPa, 100 MPa and 300 MPa, respectively.  

The first laser texture, a dimple-shaped micro structure, 
is characterized by molten and re-solidified micro-walls 
appearing at the outer area of the laser irradiation zone. 
These substructures were potentially formed by plasma and 
melt dynamics. To achieve wall heights up to 8 µm, fo-
cused Nd:YAG laser pulses with a maximum energy of 
9 mJ were irradiated. The dimple diameter, wall height, and 
wall hardness were studied depending on both the pulse 
energy and the size of the laser spot at the sample surface. 
By using this technology, the maximum static friction coef-
ficient has nearly doubled to be µ = 0.53, compared to non-
laser processed reference surfaces where the friction coeffi-
cient was µref = 0.3. The frictional behaviour of dimple-
shaped friction surfaces correlated to type A, showing steep 
rise of the slipping curve with a pronounced torque maxi-
mum.  

As a second laser texture, singular deep welding dots 
were fabricated by using high-power continuous wave laser 
radiation emitted by a single mode fiber laser. The geomet-
ric dimensions of these lenticular dots were studied de-
pending on irradiated laser power and laser exposure time. 
A maximum height of 120 µm and a width of 400 µm were 
obtained and, moreover, the hardness increased with higher 
laser power to a maximum of 800 HV. The frictional char-
acteristic of these structures correlate with type C. The 
maximal kinetic friction coefficient obtained in the meas-
urement range was µ = 0.82. No significant influence of the 
dot density and the aspect ratio was found. 
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