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In addition to coatings, microstructures can increase abrasion-resisting quality of sheet bulk metal 

forming tools by influencing friction conditions. The use of ultrashort pulsed lasers offers a possibil-

ity for manufacturing flexible microstructures with very high precision. Thus the processing with 

picosecond laser allows the generation of structures with dimensions down to the range of single 

microns. Because of the characteristic ablation process temperature sensitive materials can be struc-

tured without any heat transfer into the material. Applying appropriate processing parameters avoids 

complex post-finishing processes because of the achieved good structure qualities without any melt 

and any material throw-up. For implemention of a fast structuring process with high ablation rates it 

is shown, that only fluences near the ablation threshold allow a processing result of high quality and 

with the maximum ablation efficiency. 

Keywords: Ablation efficiency, Ablation quality, Microstructuring, Picosecond laser, Ultrashort 
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1. Introduction 

 

In mechanical forming processes as well as in all areas 

of industrial production the focus is increasingly lying on 

saving energy and material resources. Within processes 

with frictional movements the tribological conditions in the 

contact zone of the friction partners determine significantly 

the process boundaries, product quality and wear [1,2].  

The occurrence of friction between the components re-

sults in local heating of the contact regions, so that me-

chanical properties change. This material modification e.g. 

in hardness or in brittleness effects an increased wear of the 

tool. Thus the reproducibility of the manufacturing process 

decreases, which ultimately limits the tool life. Therefore 

tool life is closely associated with the friction conditions. 

Coatings consisting of amorphous carbon layers on the 

tool surfaces offer a possibility for an adaption of the tribo-

logical conditions to the strains in the metal forming pro-

cess [3,4]. Another method, which can influence the coeffi-

cient of friction locally, can be realized by microstructures 

on the tool surfaces. Different studies have shown that dif-

ferent friction conditions are adjustable by the shape and 

the arrangement of the microstructures. This local change 

of friction values is necessary in sheet bulk metal forming 

processes because of the strains during the different opera-

tions of sheet and bulk metal forming. In sheet metal form-

ing only low surface pressures exist, while bulk metal 

forming is generally characterized by high surface pres-

sures and surface enlargements [5]. An example for an in-

crease in coefficient of friction is shown in figure 1a. The 

illustrated crossed arrangement of channels can support the 

supply of lubricants, but on its own increases the friction 

value. In contrast, the circular craters shown in figure 1b 

can fulfill a function as oil lubricants and therefore also 

decrease the friction value.  

 

Those microstructures can be generated by erosive, etching 

or cutting techniques. Another opportunity, which depends 

less on material properties such as electrical conduction or 

hardness, is offered by the use of the laser beam. As previ-

ous studies have shown the usage of an excimer laser is a 

suitable method for structuring almost any material [6]. 

While the principal suitability of the structuring results, 

generated for change in friction value has been demonstrat-

ed, nevertheless there are some disadvantages of this struc-

turing technique. Due the pulse duration of some nanosec-

onds the material ablation is caused by a sudden melting, 

evaporation and plasma formation of the irradiated zone [1]. 

But as a result of the existence of melt during the ablation 

process material throw-ups at the margin of the microstruc-

tures arise. This burr can also have negative effects on fric-

tion conditions and therefore has to be removed by an addi-

tional processing step.  

To overcome this characteristic of short pulse laser ab-

lation the usage of ultrashort pulsed lasers can be useful. 

Fig. 1  (a) Crossed channels and (b) craters as an example 

for microstructures in polished steel surfaces [2] 
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Due the pulse duration in the range of pico- or femtosec-

onds the irradiated material will be only influenced in the 

region of the optical penetration depth, if suited laser pa-

rameters are applied. Therefore the meanwhile melt state 

can be avoided.  

Furthermore structuring with ultrashort pulsed lasers 

offers the possibility to generate structures with dimensions 

down to the range of single microns. Another advantage in 

use of ultrashort pulsed lasers is the absence of the mask 

projection technique, which is used during the structuring 

with excimer lasers. Thus different structure arrangements 

can be easily realized by varying the movement path of the 

laser beam. Also there will not exist friction changing inter-

faces which can result form a concatenation by the mask 

covered areas. 

This paper focuses on the influence of selected laser pa-

rameters on the result of surface treatment with regard to 

ablation and structure quality, ablation efficiency and pro-

cessing speed. Correspondingly in this paper the 

knowledge of generating microstructures is created. Based 

on this, friction tests with different defined and previously 

simulated structure sizes and arrangements can be carried 

out. 

 

2. Theoretical background 

If material is radiated with an ultrashort laser pulse and 

the material-depending energy threshold is exceeded, mate-

rial is removed in the radiated zone and a crater arises. By 

increasing the pulse energy within the regime above the 

threshold the crater diameter D rises up. This correlation 

between the diameter and the pulse energy respectively the 

peak fluence Φ0 can be described by equation 1 [7], which 

is based on the Gaussian shaped intensity distribution of a 

laser beam. Thereby w0 defines the beam radius at the beam 

waist and Φth defines the threshold fluence:  

  )ln(*²*2² 0
0

th
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φ
φ

=           (1) 

The dependency of the ablation threshold on the num-

ber of pulses N can be described in a model according to 

Yee [8]. This model explains the decline of the threshold 

fluence Φth as a result of an increase of N. This so-called 

incubation effect can be quantified by the accumulation 

factor S according to equation 2, in which Φth,1 defines the 

threshold fluence for one laser pulse:  
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The ablation process of metals induced by ultrashort la-

ser pulses can be described by the Two-Temperature-Model 

[9]. The condition for an application of this model is that 

the timescales of energy coupling between electrons and 

phonons has to be larger than the pulse duration itself. 

Hence the typical cold ablation based on photochemical 

effects induces the material removal [10]. The depth of the 

crater resulting from this typical ablation is given by the 

optical penetration depth δ. So that by the knowledge of the 

crater depth zabl the optical penetration depth can be deter-

mined as a function of increasing peak fluence according to 

equation 3 [11]:  
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3. Method of examination 

For the final generation of structure geometries which 

are suited for influencing friction, the knowledge of the 

correlation between the laser parameters and the resulting 

ablation geometry and quality is necessary. For this pur-

pose crater structures were produced by applying selected 

settings of the process parameters peak fluence Φ0 and 

number of pulses N. Additionally the possibility of scaling 

the process speed by increasing the pulse frequency fP was 

verified under observation of a change in ablation quality 

and efficiency. 

3.1 Material and sample treatment 

The used target material was tool steel 1.3343, which is 

a so-called high-speed steel and contains the listed chemi-

cal elements according to [12], as shown in table 1. The 

polished surfaces of the samples which are available in the 

shape of discs with 30 mm in diameter have an initial 

roughness of Ra = 0,020 µm. 

Before laser processing the sample surface was cleaned 

with acetone to remove any lubricant residues and thus to 

enable constant absorption conditions. For an evaluation 

after laser structuring a cleaning step in an ultrasonic bath 

is carried out to remove any ablated particles and debris. 

 

3.2 Experimental setup 

The ultrafast laser used for work was the picosecond la-

ser system Fuego
TM

 of the company Time-Bandwidth. This 

laser system provides a maximum average power of 50 W 

and 25 W at a maximum pulse frequency of fP = 8.2 MHz 

and the used wavelengths of 1064 nm or 532 nm. By using 

the pulse picker function the pulse frequency can be re-

duced down to the radiation of single pulses. The basic 

experiments were done with a pulse frequency fP = 50 Hz 

to avoid any heat accumulation by leading laser pulses. The 

optical setup contains each two beam expanders within the 

beam paths for both wavelengths. The movement of the 

laser beam on the sample at the infrared wavelength is car-

ried out by means of a Galvoscanner system hurryScanII. 

The existing spot diameter after focusing by an f-theta lens 

with the focal length f = 160 mm amounts to 2*w0 ≈ 31 µm. 

In contrast, the optical setup for the visible wavelength is 

realized with a sample movement by means of an axis sys-

tem from Aerotech. The expanded raw beam is focused 

with a lens of f = 100 mm focal length to the spot diameter 

2*w0 ≈ 35 µm. Every experimental condition has the sam-

ple size n = 3, as it is shown in the graphs. 

3.3 Analysis methods 

The surface topography was recorded by means of a la-

ser scanning microscope (LSM), so that the diameter and 

depth of the craters can be measured. The evaluation of the 

structure quality was implemented by using images gener-

ated with a light microscope and a scanning electron mi-

croscope (SEM). 

Table 1 Chemical composition of steel 1.3343 [12] 

Element  C Cr Mo V W 

Share  i n  weight  per cent  0,9 4 5 1,9 6,4 
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4. Results and discussion 

4.1 Ablation threshold and penetration depth as a 

function of the wavelength and the number of pulses 

The dependency of the mean ablation threshold on the 

number of pulses has been examined for 1064 nm and 

532 nm wavelength. The mean threshold values have been 

determined by using equation 1. As it is visible in figure 2 

the mean threshold fluence decreases with increasing num-

ber of pulses. The reason for this correlation can be justi-

fied by the incubation effect.  

The material surface layer is changed by ablation and 

melt processes which are induced by the energy coupling. 

On the one hand the surface topography changes, on the 

other hand defects within the layer are induced. Sometimes 

also an oxidation of the surface occurs. This surface modi-

fications contribute to an increase in absorption and accord-

ingly to a decrease of the ablation threshold [8].  

 

  
This decrease in threshold fluence can be described by the 

incubation factor S, which has been determined to be S = 

0.69 ± 0.04 for λ = 1064 nm, according to equation 2. This 

value indicates a high dependence of the ablation threshold 

of the number of pulses. This is mainly attributed due to the 

initial state of the polished sample surface with its rough-

ness Ra = 20 nm. This roughness is strongly increased by 

previous laser pulses. For the wavelength λ = 532 nm the 

factor S = 0.81 ± 0.03 arises analogous. Both calculated 

values agree well with the usual values for metals 

[11,13,14]. 

Additionally these surface modifications are detectable 

by a slight decrease in the optical penetration depth δ with 

an increasing number of pulses N. The values for the num-

ber of pulses N = 50, which are calculated from the crater 

depth corresponding to equation 3, are δ = 7.9 nm at 

λ = 1064 nm and δ = 6.2 nm at λ = 532 nm. For the tenfold 

number of pulses N = 500 the optical penetration depths 

amount to δ = 6.3 nm respectively to δ = 5.2 nm.  

For a comparison of the wavelength-dependent experi-

mentally determined values of the ablation thresholds, see 

table 2, it is distinctive that for the microstructuring at the 

visible wavelength the material removal starts at lower 

fluences. One reason for this lower ablation threshold of 

the tool steel is the absorption at λ = 532 nm, which is 33 % 

higher than at λ = 1064 nm. Furthermore the optical pene-

tration depth for this visible wavelength is about 20 % 

smaller, so that the energy coupling of the photons towards 

the electrons occurs in a smaller region near the surface. 

 
But due to the approximately 20 % lower optical pene-

tration depth of the tool steel at λ = 532 nm the maximum 

energy amount, which is necessary for an exclusively cold 

removal, is less than at λ = 1064 nm. Accordingly, also the 

maximum ablation rate for a cold material ablation will be 

actually lower in the visible wavelength range than in NIR. 

Because of the lower maximum mean laser power, based 

on the frequency conversion, the potential for reduction of 

processing time at λ = 532 nm is smaller than at 

λ = 1064 nm. Due to these two facts the following detailed 

investigation of influencing the structure results have been 

carried out only in NIR. 

4.2 Structure quality depending on the peak fluence 

and the number of pulses 

In this section the ablation quality with regard to the 

impact of an increase in peak fluence will be described. For 

this purpose, the formation of melt on the structure ground 

and the margins will be observed. 

 

The material removal with peak fluences in an energy re-

gime just above the ablation threshold, as it is labelled and 

Table 2 Ablation thresholds for selected numbers of pulses 

 Φt h , 1 0 6 4  S-Φt h , 1 0 6 4  Φt h , 5 3 2     S-Φth,532 

N = 1 0.337 J/cm² ±0.013 J/cm² 0.207 J/cm² ±0.009 J/cm² 

N = 10 0.117 J/cm² ±0.007 J/cm² 0.083 J/cm² ±0.006 J/cm² 

N = 100 0.072 J/cm² ±0.006 J/cm² 0.055 J/cm² ±0.002 J/cm² 

N = 1000 0.054 J/cm² ±0.005 J/cm² 0.045 J/cm² ±0.005 J/cm² 

 

Fig. 3 SEM images of the ablated craters for justifying 

the structure quality (λ = 1064 nm; fP = 50 Hz) 

Fig. 2 Pulse number-dependent mean ablation thresholds 

at λ = 1064 nm and λ = 532 nm 
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named with (I) in figure 4, is characterized by an absence 

of melt. Thus, there are neither material throw-ups at the 

margins nor melt residues within the crater, as it is shown 

in figure 3a. By using linear polarized laser radiation laser-

induced periodic surface structures (LIPSS) arise, which 

are typical for metals [15]. In this fluence regime these 

LIPSS determine the roughness of the structure ground. 

Specifically, the height and the periodicity of those ripples, 

which are pronounced perpendicular to the polarization 

direction of the incident laser radiation, amount less than 

300 nm at a pulse number N = 100. 

Deeper craters can be generated by increasing the num-

ber of pulses. In this case the roughness of the structure 

ground rises up slightly. This phenomenon is caused by the 

formation of additional LIPSS, which extend perpendicular 

to the before mentioned ripples, as seen in figure 3b. With a 

further increase of the crater depth the size of those regular 

sub-structures declines, see figure 3c. 

 If the peak fluence is increased, higher ablation rates 

can be achieved. In this fluence regime, labeled with (II) in 

figure 4, the formation of a melt film at the structure 

ground occurs already at low pulse numbers N, as shown in 

figure 3d. Accordingly, an irregular surface with a higher 

roughness is forming. The irregularities expand during a 

rise of number of pulses, see figure 3e. These large irregu-

larities can result in local higher crater areas, which are 

even expanded above the initial sample surface. Also at 

high pulse numbers a part of the occurring melt solidifies at 

the crater edges as throw-ups, see figure 3f. 

As a result, this fluence regime (II) is not suited for a 

generation of friction reducing microstructures. Thus, from 

these oberservations we can first derive that only low peak 

fluences can be used for structuring craters with low 

roughness and absence of material throw-ups. 

4.3 Influence of the fluence on the ablation efficiency 

The major reason for the decreasing structure quality of 

the ablated crater can be named by the formation of melt, 

as observed by the SEM images. 

 

 
 

But before the melt is visibly deposited on the material 

surface a heat influence of the radiated area and sometimes 

surrounding regions depending on the amount of coupled 

energy happens. This heat transfer to the parental material 

can be detected by a decline of the energetic ablation effi-

ciency, which is presented at the axis of ordinates on the 

right side of the graph in figure 4.  

It is seen that the energetic ablation efficiency falls con-

tinuously with increasing peak fluence. Though there is a 

peak fluence, where a maximum ablation efficiency can be 

reached. As Schmid described, this optimal fluence is pro-

portional to the ablation threshold, according to equation 4, 

and to the optical penetration depth δ [16]: 

thopt

e φφ *
2

²
,0 =                (4) 

With regard to the ablation threshold for N = 100, as 

listed in table 2, this optimal peak fluence can be calculated 

to Φ0,opt = 0.27 J/cm². So that, this optimal peak fluence is 

not covered by the considered peak fluences. Therefore 

only the decrease of ablation efficiency can be seen in fig-

ure 4. The optimal value of the fluence can be physically 

interpreted so far, that the incident energy of the laser pulse 

is completely absorbed within the optical penetration depth. 

Thus, only the area of optical penetration depth is affected 

by the coupled energy and eventually completely ablated. 

The impact of this physical effect is additionally visual-

ized by figure 5. Applying the same total peak fluence 

Φ0,tot different crater depths can be generated.  This 

cumulative amount of energy can be calculated by 

Φ0,tot = N * Φ0. As seen in figure 5, always the constella-

tion with lower peak fluence and therefore the higher num-

ber of pulses leads to the formation of a structure with a 

larger crater depth zabl.  

The better ablation efficiency at lower peak fluences al-

so causes this observation. Furthermore we can conclude 

that a desired rise of the crater depth will be easily realized 

by increasing the number of pulses, if the peak fluence has 

to be constant.  

 

Thus, for possible highest energy-efficient ablation flu-

ences slightly above the ablation threshold are relevant for 

microstructuring. Specifically the selected fluence should 

not exceed the tenfold value of the ablation threshold. As a 

result for processing within this lower energy regime the 

ablation rate is very low. But for an industrial application 

the required high removal rates and thus short process 

times have to be implemented. Therefore the pulse fre-

quency must be increased far beyond the investigated 

fP = 50 Hz.  

Fig. 4 Influence of an increasing peak fluence on depth per 

pulse and ablation efficiency 

Fig. 5 Correlation between crater depth and total peak 
fluences 
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4.4 Influence of the pulse frequency on structure quali-

ty and ablation efficiency 

Accordingly to the findings described before, an inves-

tigation of the ablation behavior as a result of a change of 

the pulse frequency is necessary for a final acceleration of 

the structuring process. For this purpose a fluctuation in 

crater cross-sectional area Aabl as a function of the pulse 

frequency fP was investigated. The peak fluence and the 

number of pulses were kept constant as well. First, it is 

visible by figure 6 that the structure quality remains ap-

proximately the same. This means, that the roughness of 

the structure ground is set due to the arised LIPSS again. 

For a comparison of the crater geometry including diameter 

and depth, it is visible that the diameter slightly decreases 

by a growth of the pulse frequency, as seen in figure 6b. 

Also the measured crater cross-sectional area decreases 

significantly.  

 

Observing the crater cross-sectional area as a function of 

the pulse frequency this drop is also visible at higher flu-

ence, as seen in figure 7. This decline in ablation efficiency 

is caused by plasma shielding, which implies that the trail-

ing laser pulse is partly reflected and scattered by the ablat-

ed particles in the plasma of the leading pulse [17]. There-

fore less energy of the laser beam hits the surface and can 

be coupled to the material, so that the trailing pulses are 

influenced by ablated material. The efficiency drop is sig-

nificant at the higher peak fluence Φ0,opt = 2.7 J/cm² as the 

induced plasma has an higher density due to the higher 

pulse energy. 

Already at lower pulse frequency a slight rise of abla-

tion efficiency occurs. This increase towards 200 kHz re-

spectively 50 kHz can be attributed to the heat accumula-

tion. In addition, the determination of the crater dimension 

is fraught with a higher measurement uncertainty because 

of the described melt formation at higher peak fluences. 

With reference to the almost horizontal graph for the 

lower fluence it can be seen that a scaling of the structuring 

process for crater generation is possible. As seen in figure 6 

the structure quality of the ablated craters at pulse frequen-

cies of fP = 0.05 kHz, fP = 200 kHz and fP = 1 MHz are 

quite similar and also sufficient, because they do not have 

any irregularities. Thus, the processing time for structuring 

tool steel can be reduced by a factor of 20 thousand with 

only a significant loss in ablation efficiency for the relevant 

low peak fluences.  

 

 
5. Summary and outlook 

It can be concluded, that microstructures in the shape of 

craters with a high structure quality can be generated by 

using the picosecond laser with a wavelength at 

λ = 1064 nm and also at λ = 532 nm. The optical penetra-

tion depths at these wavelengths are quite short. Because of 

a sligthly longer penetration depth at λ = 1064 nm bigger 

craters can be ablated without thermal influence of the sur-

rounding material compared to λ = 532 nm. However, only 

a limited energy regime is useful for a material removal 

without melt formation and consequently material throw-

ups. This energy regime for cold ablation is slightly wider 

in NIR than in VIS due the longer optical penetration depth. 

Thus higher ablation rates are possible at λ = 1064 nm. 

Therefore only fluences below the tenfold value of the 

ablation threshold are suited for producing structures with a 

sufficiently smooth bottom. Because of the achieved struc-

ture qualities no post processing is necessary. 

Applying these low fluences allows structuring with 

sufficient quality while reaching maximum ablation effi-

ciency. Because of the resulting low ablation rates and long 

structuring process an increase in pulse frequency is neces-

sary. As it is shown within this paper, a significant change 

in the ablation efficiency occurs with higher pulse frequen-

cy. Therefore a scaling of the ablation process is not simply 

possible. Despite differing structure geometries for selected 

pulse frequencies the same structure qualities can be 

achieved at low peak fluences. These parameters are suited 

for generating defined crater geometries and selected struc-

ture arrangements to quantify friction change on forming 

tools. 
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