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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

For the most demanding applications in mold and tool manufacturing, ultrashort pulsed laser structured surfaces sometimes do not meet the 
requirements for surface roughness. A subsequent polishing step in the same machine with the same beam source offers a time and cost effec-
tive solution. The novel approach of ultrashort pulse laser polishing with a pulse duration of 𝜏𝜏 = 10 ps is investigated experimentally and theo-
retically in the present study. It is shown that a low micro roughness is achieved with a melt pool depth between 1 and 3 µm in hot-working 
steel 1.2738, which allows a polishing process for surface structures with small and fine geometry features without influencing the structure 
itself. 
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1. Introduction 

Ultrashort pulse lasers have proven their advantage in high 
precision structuring with minimal thermal impact on the sur-
rounding material in many applications. However, if an excel-
lent surface quality is demanded (e.g. in lighting applications), 
the surface roughness has to be further decreased. Since the 
structure sizes are in the range of a few microns, manual pol-
ishing is too challenging for the subsequent polishing step. Ma-
chine-supported polishing processes also fail due to the some-
times complex and small structure sizes [1].  

To meet customer requirements, one approach is to apply an 
additional laser polishing process with long pulse durations in 
a separate machine [2,3]. Shortening this process chain by us-
ing ultrashort pulse laser polishing in the same machine as the 
ablation process is desirable in terms of time and cost [4,5].  

BRENNER et al. have shown that the ultrashort pulse laser 
polishing process is feasible but very sensitive [6]. A controlled 

heat accumulation is crucial to hit the narrow process window. 
A molten phase is needed to smooth the roughness peaks and 
polish the workpiece. The process dominating parameters are 
the applied fluence and the number of pulses per burst. 

According to WISSENBACH et al. the melt pool depth deter-
mines what maximum roughness depth is possible to smooth 
[7]. Therefore it is important to know the melt pool depth for a 
better understanding of the ultrashort pulse laser polishing pro-
cess. Due to its novelty, the influence of the process parameters 
on the melt pool depth and the influence of the melt pool depth 
on the roughness have not been investigated yet. These topics 
and furthermore the microstructure change in the surface layer 
as a result of the polishing process are addressed in the present 
study. 
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2. Experimental setup 

The specimens used in the experimental investigations are 
hot-working steel blanks (1.2738) with a thickness of 10 mm 
to provide dimensional stability. The blanks have a ground in-
itial surface with an average surface roughness of about 
𝑆𝑆𝑎𝑎 = 0.3 μm. The grinding grooves are straight and non-direc-
tional. The threshold fluence of this material is 
𝐹𝐹𝑡𝑡ℎ𝑟𝑟 = 0.12 J/cm² for a single pulse according to the logarith-
mic relationship between the single pulse peak fluence 𝐹𝐹0 and 
power specific volume ablation rate 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎̇ 𝑃𝑃𝑎𝑎𝑣𝑣⁄  [8–10]. 
However, it is questionable to transfer this value for burst pro-
cesses due to heat accumulation.  

The experiments are carried out on the 5-axis machining 
system AGIE CHARMILLES LASER P 1000 U from GF MACHIN-
ING SOLUTIONS. The machining system is equipped with an in-
frared (𝜆𝜆𝐿𝐿 = 1064 nm) ultrashort pulse laser beam source from 
EDGEWAVE. It provides a maximum average power of 
𝑃𝑃𝑎𝑎𝑎𝑎 = 50 W and a pulse duration of τ = 10 ps. The adjustable 
pulse repetition frequency ranges from 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟  = 250 kHz to 
2 MHz. The seeder frequency is 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  = 49.8 MHz which also 
determines the temporal distance between the consecutive 
pulses within a pulse train while burst processing. The laser is 
focused on the specimen surface with a focal length of 
𝑓𝑓 = 125 mm. The focus diameter (1/e²) measured with a cam-
era based beam profiler is about 2𝑤𝑤0 = 37 μm.  

Square fields with an edge length of 5 mm are polished on 
the steel blanks with varying process parameters. Preliminary 
tests have shown that smaller fields can lead to heat accumula-
tion between two subsequent repetitions, depending on the pro-
cess parameters used. However, this form of heat accumulation 
should be excluded in favor of better reproducibility and com-
parability. The scanning of the field is performed in a straight 
and bidirectional way with the galvanometer scanner INTEL-
LISCAN III 14 from SCANLAB. The scanning direction is rotated 
by an angle of 90° after each repetition, so that the scan vectors 
of subsequent layers are perpendicular to each other. 

 The selection of parameters represents an excerpt from the 
broad parameter study by BRENNER et al. [6]. An overview of 
the used parameter settings is given in Table 1. 

Table 1. Overview of the parameter settings used in this experimental work. 

Pulse per burst 𝑃𝑃𝑃𝑃𝑃𝑃 [-] 14–20 
Fluence 𝐹𝐹0 [J/cm²] 0.065–0.165 
Repetition frequency 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 [kHz] 2000 
Scan speed 𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 [m/s] 4.5 
Line distance 𝐿𝐿𝐿𝐿 [µm] 4.5 
Number of repetitions 𝑁𝑁 [-] 2–128 
Spot diameter 2𝑤𝑤0 [µm] 37 
Initial surface roughness 𝑆𝑆𝑎𝑎 [µm] 0.32  

3. Measuring methods 

3.1. Surface roughness 

The main goal of laser polishing is to achieve a low rough-
ness. In order to validate this purpose, the laser scanning mi-

croscope (LSM) VK-9700 from KEYENCE is used for the to-
pography measurement. The images for measuring the rough-
ness have a size of 270 x 202 µm². Three neighboring fields are 
measured at once to estimate the statistical variation of the 
roughness of one polished square field. 

The quality of laser machined surfaces is quantified by the 
surface roughness 𝑆𝑆𝑎𝑎  (μm) that is calculated from an optical 
surface topography measurement and can be seen as an exten-
sion of the more common 𝑅𝑅𝑎𝑎-value in one dimension [11]: 

𝑆𝑆𝑎𝑎 =
1
𝐴𝐴∬ |𝑧𝑧(𝑥𝑥, 𝑦𝑦)| 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝐴𝐴
 (1) 

 
The raw LSM images are post-processed with the software 

MOUNTAINSMAP from DIGITAL SURF that corrects the tilt and 
filters the surface roughness 𝑆𝑆𝑎𝑎 by spatial wavelengths 𝜆𝜆. The 
𝑆𝑆𝑎𝑎-spectrum is divided into three spatial wavelength ranges: 
micro (<10 µm), meso (10–80 µm) and macro roughness (80–
320 µm) [12]. Previous evaluations have shown that a look at 
the general roughness without the division into spatial wave-
lengths does not lead to useful results, because the grinding 
grooves, which are mainly responsible for the macro rough-
ness, overshadow the other roughness components. Further-
more, in the case of periodically ablated surface structures, for 
instance, it is not intended that the corresponding waviness is 
eliminated. It is known that short pulse durations tend to polish 
only within short spatial wavelengths anyway [13]. The con-
clusion is that the focus of this work lies on the influences on 
the micro and meso roughness, which is also the roughness 
range responsible for a glossy surface [12]. The roughness 
components with spatial wavelengths 𝜆𝜆 below 1.6 µm are cut 
off due to the resolution limit of the LSM. The error bars of the 
𝑆𝑆𝑎𝑎-values represent the standard deviation from three measure-
ments. The roughness of the initial surface filtered by spatial 
wavelengths is given in table 2.  

Table 2. Roughness of the initial surface filtered by spatial wavelengths. 

Initial surface micro roughness 𝑆𝑆𝑎𝑎 [µm] 
(1.6 < 𝜆𝜆 < 10 µm) 0.12 

Initial surface meso roughness 𝑆𝑆𝑎𝑎 [µm] 
(10< 𝜆𝜆 < 80 µm) 0.15 

3.2. Melt pool depth 

A small melt pool depth is required when the geometry of very 
fine structures must not be influenced by the polishing process. 
To measure the melt pool depth, the specimens are separated 
with a cut-off wheel perpendicular to the last scan direction. 
The halves are embedded in a cold-curing polymer for further 
preparation. The specimen are then mechanically ground in 
stages from coarse to fine and finally polished. The polished 
cross sections are etched in Nital (3% nitric acid, 97% ethanol) 
for 45 seconds to increase the contrast between the basic struc-
ture and the melting layer. The melt pool depth is then deter-
mined using the average of the layer thickness through 30 
points at regular intervals perpendicular to the specimen sur-
face. The error bars of the melt pool depths 𝑧𝑧𝑚𝑚 represent the 
whole range of detected values. 
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3.3. Microstructure of the surface layer 

The microstructure of the melting layer is examined using 
electron backscatter diffraction (EBSD). EBSD is an analytical 
method of scanning electron microscopy, which delivers mor-
phological (grain size) and crystallographic (grain orientation 
and phase) information about the microstructure of the melting 
layer. 

For EBSD analysis, a special sample preparation is required. 
To be able to examine the surface layer, the samples are coated 
with gold in a sputter coater to ensure surface conductivity. 
Subsequently, the samples are galvanically nickel-plated in an 
electrolysis bath to minimize edge rounding during the cross 
section preparation. The resulting nickel layer is about 20 µm 
wide. The samples are then hot-embedded in a conductive em-
bedding material, ground and polished in stages. The final pol-
ishing is carried out with colloidal SiO2 with a grain size of 
50 nm). The polishing is largely done manually. 

The field-emission scanning electron microscope JSM-
7000F of the manufacturer JEOL is used. The acceleration volt-
age is 15 kV, the sample current 30 nA. The analysis area 
measures 100 x 100 μm². The measurement data are post-pro-
cessed with the software ORIENTATION IMAGING MICROSCOPY 
(OIM) DATA COLLECTION from EDAX and evaluated with the 
associated software OIM ANALYSIS. 

4. Simulation model 

The simulation model used in this thesis is the same as the 
one used in the work of BRENNER et al [6]. In this section, the 
relevant physical backgrounds are summarized. The following 
equation describes the predominant energy balance of the en-
ergy absorbed by the work piece: 

𝐴𝐴 ∙ 𝐸𝐸𝑃𝑃 = 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸heat 

with 𝐸𝐸ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝐸𝐸𝑃𝑃 
(2) 

For ultrashort laser ablation a certain amount of the laser 
pulse energy 𝐸𝐸𝑃𝑃 incident on the sample surface does not con-
tribute to the ablation process and is deposited as residual heat 
(𝐸𝐸ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ) in the material. The percentage of this residual heat 
from the incident pulse energy 𝐸𝐸𝑃𝑃 is represented by the coeffi-
cient 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟. For the process of ultrashort pulse polishing with 
single pulse fluences below the ablation threshold, the energy 
contributing to ablation (𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) is assumed to be zero, so 
that the energy balance reads as follows: 

𝐴𝐴 ∙ 𝐸𝐸𝑃𝑃 = 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎⏞    
0

+ 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝐸𝐸𝑃𝑃 ⇔ 𝐴𝐴 = 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 (3) 

Considering the high pulse and line overlap, an incident 
pulse barely hits the initial ground surface with its absorptance 
of 𝐴𝐴  = 0.42. Therefore, the absorptance is assumed to be 
𝐴𝐴 = 0.44, which equals the average of the ex situ measured ab-
sorptance of ultrashort pulse polished surfaces. Assuming that 
the spatial laser intensity distribution follows a Gaussian beam 
profile and represents a surface heat source, the temperature 
raise at 𝑡𝑡 = 0 at the location (𝑥𝑥0, 𝑦𝑦0, 0) can be calculated by [14] 

𝑇𝑇𝑥𝑥0,𝑦𝑦0
𝑠𝑠.𝑝𝑝. (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) =

2𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝐸𝐸𝑃𝑃
𝜋𝜋𝜋𝜋𝜋𝜋 ∙ √𝜋𝜋𝜋𝜋𝑡𝑡(8𝜅𝜅𝜅𝜅 + 𝑤𝑤02)

∙ exp [
(𝑥𝑥 − 𝑥𝑥0)2 + (𝑦𝑦 − 𝑦𝑦0)

2

4𝜅𝜅𝜅𝜅

∙ ( 𝑤𝑤02

8𝜅𝜅𝜅𝜅 + 𝑤𝑤02
− 1)] ∙ exp [− 𝑧𝑧2

4𝜅𝜅𝜅𝜅
] 

(4) 

with laser pulse energy 𝐸𝐸𝑃𝑃, focus radius 𝑤𝑤0, density 𝜌𝜌, specific 
heat capacity 𝑐𝑐 and thermal diffusivity 𝜅𝜅. 

For a burst with 𝑛𝑛 pulses and a scan speed 𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  along the 
𝑥𝑥-axis the temperature distribution follows [15] 

𝑇𝑇𝑥𝑥0,0𝑏𝑏 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = ∑ 𝑇𝑇𝑥𝑥𝑖𝑖,0
𝑠𝑠.𝑝𝑝.(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡𝑖𝑖)

𝑛𝑛−1

𝑖𝑖=0
 (5) 

Table 3 gives an overview about the material properties of 
hot-working steel 1.2738 at a temperature of 973.15 K that are 
used for the analytic simulation model. Taking the melting en-
thalpy into account, the melting temperature for 1.2738 is set 
to 2139.15 K. 

Table 3. Material properties of hot-working steel 1.2738 at a temperature of 
973.15 K used for the simulation of the temperature distribution during ultra-
short pulsed polishing processes. 

Material properties 1.2738 

Density 𝜌𝜌 [kg/m³] 7600 

Heat capacity 𝑐𝑐 [J/kg/K] 550 

Thermal diffusivity 𝜅𝜅 (∙ 10−6) [m²/s] 6.699 

Specific melting enthalpy 𝑞𝑞𝑚𝑚 [kJ/kg] 209 

Melting temperature 𝑇𝑇𝑚𝑚 [K] 1759.15 

Melting temperature enthalpy corrected 
𝑇𝑇𝑚𝑚,𝑞𝑞 [K] 2139.15 

Absorptance 𝐴𝐴 [-] 0.44 

 

5. Results and Discussion 

5.1. Influence of fluence and pulses per burst 

The influence of the applied fluence on the melt pool depth 
and the roughness is investigated in this part of the work. 
Square fields are laser polished on the ground initial surface 
with two repetitions (𝑁𝑁  = 2). The fluence 𝐹𝐹0  is varied from 
0.100 to 0.165 J/cm² for 𝑃𝑃𝑃𝑃𝑃𝑃  = 14 and from 0.065 to 
0.140 J/cm² for 𝑃𝑃𝑃𝑃𝑃𝑃 = 20. 

The melt pool depth reveals an approximately linear de-
pendency on the fluence used in the investigated parameter 
range. The greater the energy throughout a burst, the deeper the 
heat penetrates the bulk material. This thermal energy causes 
the temperature to rise above the melting point to a certain 
depth in the workpiece, which is eventually the measured melt 
pool depth.  

The micro roughness, on the other hand, shows a global 
minimum in the range of 𝐹𝐹0 = 0.120–0.140 J/cm² for 𝑃𝑃𝑃𝑃𝑃𝑃 = 14 
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(see Fig. 1) and 𝐹𝐹0 = 0.085–0.110 J/cm² for 𝑃𝑃𝑃𝑃𝑃𝑃 = 20 (see Fig. 
2). If the energy input is too low, it does not induce a suffi-
ciently deep melt pool for a good micro polishing result. How-
ever, as soon as the melt pool becomes too large, the dynamics 
of the melt causes a roughening of the surface [16]. In addition 
to that, material evaporation begins, as the process surpasses 
the ablation threshold. For 𝐹𝐹0 > 0.155 J/cm² at 𝑃𝑃𝑃𝑃𝑃𝑃 = 14 and 
for 𝐹𝐹0 > 0.130 J/cm² at 𝑃𝑃𝑃𝑃𝑃𝑃 = 20 the processed surface ex-
ceeds the micro roughness of the ground initial surface, which 
is 𝑆𝑆𝑎𝑎  = 0.12 µm. Good micro polishing results are achieved 
when the melt pool depth is about 𝑧𝑧𝑚𝑚 = 1–2 µm for 𝑃𝑃𝑃𝑃𝑃𝑃 = 14 
and 𝑧𝑧𝑚𝑚 = 2–3 µm for 𝑃𝑃𝑃𝑃𝑃𝑃 = 20. The meso roughness also fol-
lows the shape of the micro roughness curve but with a global 
minimum at a greater fluence. It can only be successfully 
smoothed with 𝑃𝑃𝑃𝑃𝑃𝑃  = 20, namely from 𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  = 0.15 µm to 
0.10 µm, but not with 𝑃𝑃𝑃𝑃𝑃𝑃 = 14. The meso roughness stays un-
changed in the best case of 𝑃𝑃𝑃𝑃𝑃𝑃 = 14. 

 

Fig. 1. The influence of the single pulse peak fluence 𝐹𝐹0 on the micro rough-
ness 𝑆𝑆𝑎𝑎 (1.6 < 𝜆𝜆 < 10 µm), meso roughness 𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (10 < 𝜆𝜆 < 80 µm)  and the 

melt pool depth 𝑧𝑧𝑚𝑚 at 𝑃𝑃𝑃𝑃𝑃𝑃 = 14. 

 

Fig. 2: The influence of the single pulse peak fluence 𝐹𝐹0 on the micro rough-
ness 𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (1.6 < 𝜆𝜆 < 10 µm), meso roughness 𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (10 < 𝜆𝜆 < 80 µm) 

and the melt pool depth 𝑧𝑧𝑚𝑚 at 𝑃𝑃𝑃𝑃𝑃𝑃 = 20. 

Fig. 3 shows the simulated melt pool depths 𝑧𝑧𝑚𝑚 as a function 
of 𝑃𝑃𝑃𝑃𝑃𝑃  and 𝐹𝐹0  in comparison to the real measurements. The 
smaller the number of pulses per burst, the higher the single 
pulse peak fluence needs to be to reach the melting temperature 
of the material. After 𝑧𝑧𝑚𝑚 > 1 µm the melt pool depth increases 
approximately linearly with increasing fluence, which was also 
the result of the experimental analysis. 

The average deviation of the simulated melt pool depth from 
the real depth is about 0.5 µm. The calculated melt pool depths 

tend to be underestimated in the simulation for small energy 
inputs and overestimated for large energy inputs. The reason 
for that might lie in the simplified material properties like the 
thermal diffusivity or the absorptance. 

Another finding from the simulation is that the temperature 
on the surface does not sink below the material specific melting 
temperature after a start-phase of 10 applied pulses. A contin-
uous melt pool is guided along the scan vector, as already de-
scribed by BRENNER et al. [6]. 

 

Fig. 3. Results for the induced melt pool depths 𝑧𝑧𝑚𝑚 from the simulation model 
with 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 = 0.44. 

5.2. Influence of number of repetitions 

A fluence of 𝐹𝐹0 = 0.110 J/cm² at 𝑃𝑃𝑃𝑃𝑃𝑃= 19 is used to inves-
tigate the influence of the number of repetitions on the mi-
cro/meso roughness and the melt pool depth. The applied num-
bers of repetitions are 2, 8, 32 and 128. The tests are conducted 
under ambient air. The results are shown in Fig. 4. 

 

Fig. 4. The influence of the number of repetitions 𝑁𝑁 on the micro roughness 
(1.6 < 𝜆𝜆 < 10 µm), meso roughness (10 µm < 𝜆𝜆 < 80 µm) and the melt pool 

depth 𝑧𝑧𝑚𝑚 at 𝑃𝑃𝑃𝑃𝑃𝑃 = 19, 𝐹𝐹0 = 0.105 J/cm². 

The melt pool depth 𝑧𝑧𝑚𝑚 increases as the number of repeti-
tions increases. Saturation can be assumed here, but not before 
𝑁𝑁 > 128. The increasing melt pool depth can be explained by 
an increasing absorption mainly due to oxidation [17,18]. At 
some point, the absorption is increased to such an extent that 
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the melt pool and thus also the melt dynamics cause a roughen-
ing of the surface (see section 5.1). A rougher surface then re-
sults in a higher absorption again [18,19]. 

The micro roughness does not change significantly from 
𝑁𝑁 = 2 to 8, but there is a strong increase from 8 to 32 repeti-
tions. When applying more than 𝑁𝑁 = 32, it seems like the micro 
roughness undergoes a saturation. In contrast to that, the meso 
roughness drops significantly from 𝑁𝑁 = 2 to 8 which is a strong 
indicator that roughness components of larger spatial wave-
lengths need more repetitions and/or a deeper melt pool to be 
smoothed.  

For the first time, ablation is detected during ultrashort pulse 
laser polishing although the single pulse fluence 𝐹𝐹0 is below 
the threshold fluence 𝐹𝐹𝑡𝑡ℎ𝑟𝑟 of the material. To exclude heat ac-
cumulation through subsequent repetitions, the test for 𝑁𝑁 = 128 
is repeated, but with a delay of 5 seconds after every two repe-
titions. As can be seen in Fig. 5, the result remains the same.  

 

Fig. 5. Micrographs of the cross-section polish after 128 repetitions at 
𝑃𝑃𝑃𝑃𝑃𝑃 = 19, 𝐹𝐹0 = 0.105 J/cm² (a) without a delay between the repetitions; (b) 

with a delay between the repetitions. 

The heat accumulation during one burst causes preheating 
that adds energy to the incident pulses so that a lower pulse 
energy is needed to evaporate material. After 𝑁𝑁 = 128 the ab-
lation depth is 𝑧𝑧𝑎𝑎𝑎𝑎𝑎𝑎  = 6.75 µm, which corresponds to an aver-
age ablation depth of 𝑧𝑧𝑎𝑎𝑎𝑎𝑎𝑎  = 0.05 µm per repetition. In practical 
applications, where a low roughness is required, only a low 
number of repetitions would be chosen. Considering the much 
smaller absorption prevailing in that regime, the actual removal 
rate is probably much lower.  

This observation disproves the assumption made for the 
simulation that no energy flows into the ablation during ultra-
short pulse laser polishing. It is assumed that good polishing 
results are always accompanied by a small amount of ablation. 

5.3. Structural change of the surface layer 

Based on the determined melt pool depths, two parameter 
sets are selected for the EBSD analysis: The parameter set 
𝐹𝐹0 = 0.10 J/cm² at 𝑃𝑃𝑃𝑃𝑃𝑃 = 14 has a relatively shallow thermal 
impact, while 𝐹𝐹0 = 0.11 J/cm² at 𝑃𝑃𝑃𝑃𝑃𝑃 = 20 induces a relatively 
deep melt pool. The ground initial surface is also analyzed as 
reference. The crystal orientation map of the specimen with in-
verse pole figure (IPF) coloring is shown in Fig. 6. 

The microstructure of the bulk is very coarse and randomly 
oriented. The melting layer clearly stands out in the images 
with its much finer microstructure that is also randomly ori-
ented and uninfluenced by the last scan directions. There is no 
obvious heat-affected zone that might be visible as change in 
the microstructure. The thin layer of the fine microstructure in 
the blank that is not laser treated probably stems from the sam-
ple preparation steps, particularly the cross grinding and the 
mechanical polishing that leads to rounded edges. 

 

 

Fig. 6. IPF-images from the EBSD-Analysis. 

6. Conclusion 

The results of this work prove that ultrashort pulse laser pol-
ishing is particularly suitable for reducing the roughness of 
very fine structures due to the relatively small melt pool depth 
of 𝑧𝑧𝑚𝑚 = 1–3 µm. It has been shown that a too large melt pool 
depth has negative effects on the surface quality. The simula-
tion model predicts the melt pool depth with an average accu-
racy of 0.5 µm. The melt pool depth increases with increasing 
fluence and pulses per burst. Surprisingly, the number of repe-
titions also shows a positive correlation with the melt pool 
depth. Heat accumulation due to subsequent repetitions could 
be excluded as a reason. The increasing melt pool depth prob-
ably stems from an increasing absorptance due to oxidation and 
roughness. While the micro roughness (1.6 µm < 𝜆𝜆 < 10 µm) 
remains constant from 2 to 8 repetitions, the meso roughness 
(10 µm < 𝜆𝜆 < 80 µm) decreases significantly. The minimal ab-
lation in the range of <50 nm per polishing layer has been ob-
served for the first time but it is negligible for industrial appli-
cations. EBSD analysis has shown that the solidified melt pro-
duces a very fine-grained microstructure of random orientation 
in contrast to the coarse microstructure of the bulk. 

For future research, USP polishing under an inert gas atmos-
phere should be investigated as it has demonstrated good pol-
ishing results in conventional laser polishing due to the sup-
pression of oxidation. Another promising approach of conven-
tional laser polishing is the application of a homogeneous in-
tensity distribution of the focal spot (top-hat profile) to avoid 
local material evaporation in the center of the Gaussian beam 
[13]. 

The feasibility of laser polishing using fs-pulses has to be 
tested as well. In terms of surface quality and ablation effi-
ciency the fs-laser already outperforms the ps-laser in micro-
structuring of metal surfaces. Therefore, a sequential process 
chain using fs-ablation and fs-polishing is desirable. 
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the melt pool and thus also the melt dynamics cause a roughen-
ing of the surface (see section 5.1). A rougher surface then re-
sults in a higher absorption again [18,19]. 

The micro roughness does not change significantly from 
𝑁𝑁 = 2 to 8, but there is a strong increase from 8 to 32 repeti-
tions. When applying more than 𝑁𝑁 = 32, it seems like the micro 
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