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Surface structuring by remelting with laser radiation is a new approach to shape metallic surfaces
(“WaveShape”). In this structuring process, surface material is reallocated in its molten state
instead of being removed, because the process is based on the new active principle of remelting.
The surface structure and the microroughness result from a laser-controlled melt pool due to surface tension. Basic research has been conducted with promising results, especially for the hot work
steel 1.2343. Since remelting is a thermally driven process, significant differences between metallic
materials were expected due to their thermophysical properties such as thermal conductivity,
absorption coefficient, viscosity, heat capacity, etc. Therefore, the presented research soughed to
expand the spectrum of processable materials. Within the framework of our investigation, we compared the achieved structure height as well as melt pool dimensions for six different materials.
Furthermore, we successfully tested new structuring strategies such as not linearly shaped scanning
vectors to create innovative surface structures on all materials investigated. The biggest structures
were achieved on the titanium alloy Ti6Al4V and the nickel based super alloy IN718. Finally, an
approach of reverse structuring was investigated in order to erase existing structures and achieve a
smoothed rewriteable metallic surface. The results show that surface structuring by laser remelting
is well suited to process a wide range of different metals and to achieve a broad variety of different
C 2017
structures as well as to effectively erase existing surface structures such as milling marks. V
Laser Institute of America. [http://dx.doi.org/10.2351/1.4972414]
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I. INTRODUCTION

The surface of a part or product strongly influences its
properties and functions. Some of these are, e.g., abrasion,
corrosion, and scratch resistance, haptic properties as well as
the visual impression to the customer. Therefore, many plastic
parts have structured surfaces such as leather textures on car
dashboards. Conventional surface-structuring processes often
a)
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share two crucial disadvantages. First, after the structuring
process itself, some kind of surface finishing is often needed,
based on another technology, which means a substantial additional expense. Second, virtually all conventional surfacestructuring processes are based on the removal of material,
which is wasted without any further use during processing.
A new approach to shape metallic surfaces with laser radiation is surface structuring by laser remelting (WaveShape). In
this process, no material is removed but reallocated while molten. This structuring process is based on the new active
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principle of remelting in comparison with the conventional
structuring by photochemical etching or structuring by laser
ablation, both of which remove material. Surface structure and
low microroughness result from a laser-induced melt pool due
to surface tension.1
II. STATE OF THE ART
A. Surfi Sculpt#

In competition to the surface structuring by laser remelting
process, there is only one other structuring process based on
the redistribution of material during remelting the surface. This
so called SurfiSculpt# process is related to the WaveShape
process and was published by Dance and Buxton.2 The structuring is achieved using an electron or laser beam and was
developed and patented by The Welding Institute (GB). Within
this process, an energetic beam is focused on a metallic surface,
which creates a melt pool and evaporates material. The focused
beam is moved with high processing speeds (>500 mm/s) over
the surface to a defined ending point [Fig. 1 (left top)]. At the
beginning of the remelted track, a hill is created; while at the
end of the track, where the energetic beam is turned off, a
depletion is generated. Due to repeated remelting of the same
track, this process is amplified and singular structures
comparable to pillars with aspect ratios of up to 30:1 are
generated [Fig. 1 (left bottom) and Fig. 1 (right)].3
In order to avoid the required vacuum for electron
beams, Hilton and Blackburn tested this process also for
laser beams.3,4 They used an Yb fiber laser (max. output
power 200 W) in combination with a galvonometric laser
scanning system for a fast beam movement. In comparison
to the electron beam process, the active principle remained
to be the same. A combination of surface tension gradient
and vapor pressure due to localized evaporation of material
leads to a redistribution of material in the direction opposite
to the scanning direction of the laser beam.
Generally, all of these singular structures included a
peak and a related depletion, so that a structuring of areas
was achieved by combining large numbers of these singular
structures. A thermal treatment was limited locally around
the generated structures. The investigations for this process
showed strong interdependencies between process
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parameters and achieved structures, which have been widely
unexplored and not yet understood. So far, an appropriate
warmth management of the treated sample seemed to be crucial, because in theory identical structures shaped differently
with altered distance to one another.4 In addition, due to
throw-offs of the melt pool during processing, the generated
structures had generally a rough surface.
B. Surface structuring by laser remelting

Surface structuring by laser remelting (WaveShape) is
based upon the physical interrelationship between a modulation of melt pool volume and the dependent movement of
the three-phase line that determines the resulting surface
topography while the molten material solidifies. In laser polishing, changes in the volume of the melt pool are undesirable,5–10 but in structuring by remelting, the melt pool
volume can be precisely modulated, for example, by a modulation of laser power. As a consequence of induced modulation of melt pool volume, the resulting surface topography is
generated by the same mechanism as shown for ripple formation during laser polishing.11
Figure 3 (left) shows the process principle of surface
structuring by laser remelting. A thin surface layer
(<100 lm) is molten and solidifies afterward. The direction
of the solidification follows the melt pool surface. At constant laser power, the melt pool surface is approximately flat
and no structuring occurs. An increase in laser power results
in an increase of melt pool volume. Furthermore, density
changes from solid to liquid as well as thermal dilatation
lead to a bigger volume of the molten material. The melt
pool surface is thus bulged outward [Fig. 3 (left)].
The material becomes structured as the molten material
solidifies, following the bulged surface. If the laser power is
decreased, the process works exactly the other way around.
Therefore, by modulating laser power while a thin surface
layer is remelted, structuring can be achieved (Fig. 3, left).
A controlled modulation of melt pool volume is essential
for structuring by laser remelting. Height, size, and form
of the produced surface topography depend directly on
average melt pool volume, and on the absolute change and
time-dependent alteration rate of the melt pool volume.
While the average size of the melt pool determines the

FIG. 1. SurfiSculpt, upper left: process principle, down left: singular structure, right: scanning electron microscopy picture of an exemplary surface structured
using singular structures.17
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FIG. 2. Left: Schematic of the active principle for surface structuring by laser remelting. Right: Schematic of process principle.

structural resolution of the produced structures, absolute
change and the time-dependent alteration rate of the melt
pool volume determine height and symmetry of the produced
structures. In order to achieve periodic structures, the laser
power is modulated sinusoidally at average laser power PM
with an amplitude of PA and a wavelength k (Fig. 3, right
top). While the laser power was modulated, the laser beam
with diameter dL was moved unidirectionally over the surface by a 3D laser scanning system at a defined scanning
velocity vscan and track offset dy. The wavelength k of the
modulated laser power was equivalent to the wavelength of
the remelted structures. In order to obtain compact areas
instead of single tracks, an overlap of the remelted tracks
was necessary (Fig. 3, right bottom).12–15

III. EXPERIMENTAL SETUP

For surface structuring by remelting (WaveShape), an
experimental setup was used that included a self-build fibercoupled (Ø300 lm; NA ¼ 0.2) Q-switch neodymium-doped
yttrium aluminium garnet solid-state laser (kem. ¼ 1064 nm;
PL,max ¼ 400 W; M2 > 30, rise and fall time: trise ¼ tfall ¼ 3.6 ms).
The optical setup mainly served to project the laser fiber onto
the work piece surface (Fig. 2). Motorized apertures and a zoom
telescope allowed the laser beam diameter to be changed continuously in the range of dL ¼ 125 lm up to dL ¼ 800 lm. A 3D
laser scanning system enabled a fast, three-dimensional movement of the focused laser beam on the work piece surface.
During the structuring process, the laser beam could be
directed over the work piece surface with velocities up to

FIG. 3. Left: Photograph of the experimental setup. Right: Schematic of laser beam path and crucial optical elements.
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5 m/s and an acceleration of up to 100 g. An f-theta objective
with a focus length of fT ¼ 163 mm was used to focus the
laser beam. Structuring took place in a process chamber that
was filled with inert gas to avoid unwanted oxidations while
the surface was remelted. The remaining oxygen concentration within the chamber was monitored and adjusted to a
defined level by an adapted closed-loop control. In addition
to three “optical” axes for fast laser beam movement, five
mechanical axes (three linear and two rotatory) were used
for aligning the work piece surface relatively to the laser
beam. Overall, work pieces with maximum dimensions of
300  300  100 mm3 could be processed in this experimental setup using all eight axes.14,15
IV. EXPERIMENT
A. Methodology and surface analysis

The main process parameters for the WaveShape process
are average laser power PM, laser power amplitude PA, laser
beam diameter dL, and wavelength of laser power modulation k. The most important parameter for characterization is
structure height h. The interrelationship of laser power
amplitude and structure height was investigated as they
depend on wavelength, laser beam diameter, and number of
repetitions. For this purpose, single tracks with a minimum
length of six times the wavelength were remelted on a sample made of different materials. The samples were cylindrical with a diameter of 80 mm and flat on both sides. The
initial surface topography for each side of the sample was
prepared mechanically by grinding, resulting in an average
surface roughness of Ra < 0.4 lm.
For each set of process parameters, five single tracks
were structured in order to increase the confidence level.
After structuring, the topography of all single tracks was
obtained by noncontact method of white light interferometry
(WLI) using a NewView7300 made by Zygo. Figure 4 (top)
shows a miscolored on-sight of a single track, which was
structured from the left to the right. The colors represent the

FIG. 4. Schematic for single track analysis (Ref. 14).
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height of the structure in z-direction, where red indicates big
heights and blue indicates small heights.
Based on these measurements, structure height and
wavelength of a single track were analyzed half-automated
along a longitudinal section of the track (Fig. 4, middle). An
adapted, one-dimensional fast Fourier transformation was
used to analyze this longitudinal section in terms of spatial
frequencies, phases, and corresponding amplitudes (Fig. 4
bottom). To precisely determine main spatial frequency and
corresponding modulation amplitude, zero-padding was generally used, which led to a declining ringing effect near the
dominant peaks. The spatial wavelength was defined as the
inverse of spatial frequency (k ¼ f1), while the amplitude
equaled structure height h.12,14,15
B. Elementary composition of materials

One of the main scopes of this investigation was to
broaden the spectrum of processable materials for surface
structuring by laser remelting. Despite the academic interest
for the cause and effect relationship of process parameters
and material properties, the choice of the materials was
driven by two main criteria.
The first was a difference in the basic element of the
alloy, e.g., iron, titanium, cobalt, and nickel. The second
criterion was to choose alloys with a high relevance for
industrial use, e.g., in automotive, aerospace, medical engineering, or die and mold making. Figure 5 shows a tabular
overview of the materials investigated and their elementary
composition. The composition of materials shown in Fig. 5
is based on the information delivered by the suppliers rather
than own measurements.
C. Sample preparation and intensity distribution

The sample preparation was the same for all materials.
All samples were cut from round cylindrical semifinished
rods with diameters in the range of 80–100 mm and a thickness of 16–18 mm. First step in preparing the surfaces was
a plan parallel milling (parallelism: 25 lm, Roughness:
Ra < 0.4 lm) of the round samples (Fig. 6, right).
Second step was to remelt the surfaces with laser radiation (melt depth 60–80 lm) in order to achieve a homogenization of element distribution and evaporation of
nonmetallic inclusions (e.g., sulphur, phosphor, oxides, etc.)
in the remelted surface layer. After remelting the surface
finishing was done by fine grinding to a roughness

FIG. 5. Tabular overview of materials investigated and their elementary
composition.
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FIG. 6. Left: Intensity distribution of laser beam in focal plane. Right: Photography of prepared sample surface (e.g., IN718).

Ra < 0.4 lm. Before processing, the surfaces were cleaned
using ethanol and an ultrasonic bath. A laser beam diameter
of dL ¼ 250 lm with a top-hat intensity distribution was used
for all experimental investigations shown in this work (Fig. 6
left).
V. RESULTS AND DISCUSSION
A. Laser power amplitude

power amplitude. It scaled linearly down to h ¼ 4.9 6 0.6 lm
at 25% of the maximal laser power amplitude. The second
highest structures were achieved for IN718 with h ¼ 8.9
6 1.0 lm at PA,max. For all other materials, the structure
height scaled basically the same. From h ¼ 1.2 6 0.4 lm at
PA ¼ 0.25  PA,max, it scaled linearly to h ¼ 4.4 6 0.8 lm at
PA ¼ PA,max.
B. Wavelength

To investigate to which extent structure height h depends
on laser power amplitude PA, the laser power amplitude was
varied in four equidistant steps according to Formula (1).
This was carried out for dL ¼ 250 lm and vscan ¼ 50 mm/s

The laser power never exceeded Pvap. The effect was
investigated for six different materials (see Fig. 5). After the
work piece surface was structured, a digitized longitudinal
section of each single track was analyzed. Figure 7 shows
structure height in dependence on relative laser power amplitude PA, rel. A linear regression analysis for the structure
height in dependence on PA shows that the structure height
scales linearly with increasing laser power amplitude PA.
The biggest structure height of h ¼ 20.9 6 1.1 lm for
a single track was achieved for Ti6Al4V and full laser

The influence of wavelength vscan on structure height
was investigated as well. The wavelength was varied as a
multiple of the doubled laser beam diameter. Figure 8 shows
the structure height in dependence on wavelength for
dL ¼ 250 lm and vscan ¼ 50 mm/s. The dynamics of the laser
beam source were limited by the time the laser power
required to rise and fall to its maximum, while avoiding
evaporation, down to its minimum required to create a melt
pool. If modulation frequency fmod ¼ vscank1 equaled or
exceeded 100 Hz, the effective output laser power amplitude
PA,eff was reduced as compared to the nominal laser power
amplitude PA,nom (e.g., for fmod ¼ 100 Hz: PA,eff  80%
PA,nom). In Fig. 8, a process frequency fmod ¼ 100 Hz was
only achieved for a wavelength of k ¼ 0.5 mm and is one
explanation for a reduced structure height.
The maximum structure height for all materials was
observed at k ¼ 1 mm (Fig. 8). The biggest structure height

FIG. 7. Structure height h in dependence on laser power amplitude PA
for six different materials (dL ¼ 250 lm, vscan ¼ 50 mm/s, k ¼ 1 mm, PM
¼ 95–105 W, PA,max ¼ 45 – 55 W; PM and PA adapted to material).

FIG. 8. Structure height in dependence on wavelength of laser power
modulation for six different materials (dL ¼ 250 lm, vscan ¼ 50 mm/s, PM
¼ 95–105 W, PA,max ¼ 45 – 55 W; PM and PA adapted to material).

PA ¼ a 

PA;max
;
4

a ¼ 1; 2; 3; 4:

(1)
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was achieved for Ti6Al4V and was h  21 lm for
vscan ¼ 50 mm/s. It decreased virtually linear to h  10 lm
at k ¼ 4 mm. Second highest structures (h  8.9 lm at
k ¼ 1 mm, virtually linear decrease to h  4.2 lm at
k ¼ 4 mm) were achieved for IN718. The structure height for
all other materials showed virtually the same structure height
(h  4.0 lm) in dependence on wavelength. These results
were representative for all scanning velocities and wavelengths investigated. The highest structures throughout the
whole investigations were achieved on Ti6Al4V.
Furthermore, the results shown in Fig. 8 indicate that
even bigger structure heights might be achieved for bigger
laser power gradients, respectively, bigger modulation frequencies. Since the modulation frequency of the used laser
beam source has been limited to fmod ¼ 100 Hz, structuring
using laser beam sources with shorter rise and fall times, and
therefore, bigger possible laser power gradients might
achieve even higher structures and will be the topic of future
investigations.
C. Number of repetitions

The prior investigations showed that structure height for
single tracks was limited to h ¼ 20.9 6 1.1 lm for Ti6Al4V
and to even smaller heights for other materials. Because the
laser power amplitude could not be increased further without
some material ablation or creating a discontinuous process,
the number of passes of the same structuring process step
were investigated. Therefore, the number of passes were
increased up to 32 by subsequential doubling starting at
n ¼ 1 repetition.
In Fig. 9, the structure height is shown in dependence on
number of passes (repetitions) for the six materials investigated. By increasing the number of passes the structure
height was also increased for all materials. However, the
slope of the increase in structure height significantly differed
for these materials. For a wavelength of k ¼ 2 mm, the biggest structures were again achieved for Ti6Al4V. The structure height rose from 16 lm after one pass up to 140 lm after
32 passes, which was nine times the structure height
achieved after one pass. The smallest structure height and
the smallest slope of increase were achieved for V2A (AISI:
304). The structure height was approx. 4 lm after one pass
and was increased up to approx. 16 lm after 32 passes.
Nonetheless, that was a fourfold increase of structure height
compared to the structure height achieved after one pass.
Furthermore, a saturation of structure height was observed,
i.e., for IN718 at approx. 38 lm as well as for V2A at
approx. 16 lm after 16 passes. Whether this is an effect primary depending on the number of passes or the material was
neither investigated nor clarified.

Temmler et al.

FIG. 9. Structure height in dependence on number of repetitions n for six different materials (dL ¼ 250 lm, vscan ¼ 50 mm/s, k ¼ 2 mm, PM ¼ 95–105 W,
PA,max ¼ 45–55 W; PM and PA adapted to material).

between starting and end point. A typical micrograph of
a cross section for a remelted track on IN718 is shown in
Fig. 10. The dimensions of the remelted track and heat
affected zone are marked in orange and green, respectively.
Since the size of the melt pool presumably has a significant influence on the resulting structure height, both width
and depth of the remelted tracks for all six materials were
measured. Based on this data for melting width and depth for
these materials, the melt pool volume was estimated in
dependence on laser power. The base area of the melt pool
was estimated to be circular with a radius of the size that
equals half the width of the remelted track. The phase front
between molten and solid material within the bulk material
had a rather complex shaped geometry and could not be
properly measured after the remelting process. Therefore,
the shape of the melt pool was simplified to a spherical shape
and the melt pool volume was estimated to be


p
3
2
2
(2)
 width þ depth :
Vmelt   depth 
6
4
The estimated melt pool volume Vmelt in dependence on
laser power for Ti6Al4V, Inconel 718, 1.2343, CoCr28Mo,
100Cr6, and V2A are shown in Fig. 11. The estimated melt
pool volume for Ti6Al4V lasted from Vmelt ¼ 0.6 6 0.25
 106 lm3 at PL, min ¼ 50 W to Vmelt ¼ 18.5 6 1.27  106 lm3

D. Melt pool volumes

Two main characteristics of remelted single tracks are
width and depth of the remelted material. The size of remelting depth and width was evaluated and measured by micrographs of cross sections of single tracks. Each single track
was remelted at constant laser power. The length of each
track was 20 mm and the track was cut in the middle,

FIG. 10. Cross section of a laser remelted single track on IN718
(dL ¼ 250 lm, vscan ¼ 50 mm/s, PL ¼ 100 W) (Ref. 15).
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FIG. 11. Estimated melt pool volume in dependence on laser power for six different materials (dL ¼ 250 lm, vscan ¼ 50 mm/s).

at PL, max ¼ 170 W, whereas the estimated melt pool volume
for IN718 lasted from Vmelt ¼ 0.33 6 0.22  106 lm3 at
PL, min ¼ 50 W to Vmelt ¼ 7.15 6 0.71  106 lm3 at PL, max
¼ 145 W and for CoCr28Mo it lasted from Vmelt ¼ 0.38
6 0.24  106 lm3 at PL, min ¼ 65 W to Vmelt ¼ 5.49 6 0.72
 106 lm3 at PL, max ¼ 170 W. The dependence of melt pool
volume on laser power is virtually quadratic as can be
expected from the estimation made.
Nonetheless, the slope of melt pool expansion as a function of laser power strongly depends on material properties,
especially thermophysical properties such as thermal conductivity, absorption coefficient, viscosity, heat capacity,
etc. The estimated melt pool volumes were the biggest for
Ti6Al4V and IN718. This corresponded very well with the
observation that the biggest structure heights were achieved
for these materials.
E. Heat conductivity

Until now, it is still unknown which thermophysical
properties of materials are predominantly influencing the
process of surface structuring by laser remelting and to
which extend they do. A qualitative and furthermore quantitative investigation of the correlation between thermophysical properties and, e.g., structure height or structure form is
therefore of special interest. Especially, the understanding of
the interaction between laser radiation and material during
the structuring by laser remelting process shall be deepened.
A first step to achieve a deepened understanding was
done by a comparison of structure height for different materials and their thermal conductivity (Fig. 12). The biggest
structure height (h  21 lm) was observed for Ti6Al6AV
with the lowest thermal conductivity of approx. 11 W/mK at
room temperature. The second biggest structure height
(h  8.5 lm) was achieved for IN718 (kW ¼ 15.1 W/mK).
The structure height for the other materials was in the range
of 3–5 lm after single track processing and the thermal
conductivities for these materials were in between kW
¼ 17.6 W/mK for CoCr28Mo and kW ¼ 37.6 W/mK in each

case at room temperature. Overall, this comparison gave
nothing more than a first hint of how structure height and
thermal conductivity might be correlated. But rather than
the thermal conductivity of the solid phase at room temperature, the temperature dependent thermal conductivity in
the molten phase between melting end evaporation points
is of significantly higher interest for this consideration.
Unfortunately, these kinds of information about thermophysical properties of molten materials are scarce, but will be
gathered as much as possible for investigations to come.
F. Scanning strategies

In previous investigations, an extensive structuring of
metallic surfaces was achieved by generating unidirectional,
parallel, and overlapping single tracks. This scanning strategy already enables to create a variety of different structures
like waves, bumps, or asymmetric structures like leather textures. One innovative approach is to create new structures by
an interfering combination of different wavelengths, amplitudes, and phases. Another promising approach was investigated within this paper and was basically based on shape
variation of scanning vectors and track overlap.

FIG. 12. Structure height in dependence on thermal conductivity for five different materials.
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FIG. 13. Left: Schematic of two dimensional laser power modulation for a sinusoidal shaped scanning vector. Right: Photograph of structure created on
CoCr28Mo using laser power modulation shown on the left (dL ¼ 250 lm, kx ¼ 1 mm, ky ¼ 1 mm, PM ¼ 100 W, PA ¼ 50 W, dy ¼ 50 lm, n ¼ 1, hmax  40 lm).

1. Nonlinear scanning vector

The use of not linearly shaped scanning vectors enables
the creation of distorted structures, e.g., a sinusoidal distorted nub structure (Fig. 13). For the example shown, the
scanning vector and the starting point of each track was modulated sinusoidal. The resulting spatially resolved laser
power modulation is shown in Fig. 13, left. Due to this new
scanning strategy, additional process parameters or degrees
of freedom for a creation of structures were applicable, e.g.,
spatial wavelength, amplitude, phases of scanning vectors, or
shape of the starting point for consecutive tracks.
All kinds of continuous mathematical functions may be
used for not only the laser power modulation but also for
shaping the scanning vectors. An exemplary result for the
spatially distorted laser power modulation (Fig. 13 left) on
CoCr28Mo is shown in Fig. 13, right. The maximum structure height achieved on CoCr28Mo using this scanning strategy was hmax  40 lm after one repetition.
2. Rotating scanning vector

Another approach was not to use parallel scanning vectors rather than rotating scanning vectors. In this case, an
extensive structuring was not achieved by the overlap of parallel single tracks but each scanning vector was rotated, for
example, around its middle. Therefore, the starting and end
points of the scanning vectors were on a circle with defined
radius. The rotation itself and the quantity of single track
overlap were given by a track-to-track rotation angle.

However, the amount of overlap was not constant along the
scanning vector. It was highest at the rotation point and
decreased with bigger distance to it. The highest (or deepest)
structures were created in that rotation point, where the number or passes was maximal. Therefore, this process strategy
fits best if high singular structures shall be created. Anyhow,
for rotational angles bigger than 180 the right phase of the
sinusoidal modulated laser power has to be considered. In
that case, the surface will be structured at least partially from
opposite directions. Already produced structures will be significantly affected or even erased by the following structuring if the phase is not chosen accordingly.
A schematic of the process strategy for a rotating scanning vector is shown in Fig. 14, left. For each scanning vector, the starting position moves anticlockwise on a circle
with a constant radius.
3. Single scanning vector

All scanning strategies investigated so far were unidirectional. In each case, the laser beam had to be moved very
fast from the end position of one track to a new start position
of the following track in order to keep additional processing
times small. To avoid any additional processing time from
turning or jumping points, a new scanning strategy was
tested based on a continuous, not interrupted movement of
the laser beam. This was achieved by using a helical scanning vector. The laser beam moved in a helical way in the
form of an Archimedean spiral over the surface while

FIG. 14. Left:Schematic of laser power modulation for a unidirectional, rotating scanning vector. Right: Photograph of a rotational symmetric structure created
on Ti6Al4V (dL ¼ 250 lm, r ¼ 5 mm, k ¼ 2 mm, Da ¼ 1 , PM ¼ 100 W, PA ¼ 50 W, hmax  300 lm).
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FIG. 15. Left: Schematic of laser power modulation for a helical scanning vector. Right: Photograph of a helical structure created on V2A stainless steel
(dL ¼ 250 lm, dy ¼ 30 lm, rmin ¼ 0.25 mm, rmax ¼ 5 mm, k ¼ r  p/6, PM ¼ 100 W, PA ¼ 50 W, hmax  50 lm).

modulating laser power sinusoidal. Using this scanning strategy, delay times or tracking errors of the laser scanning system became virtually negligible. A schematic of the process
principle for a helical scanning vector is shown in Fig. 15,
left.
A scanning strategy using a helical scanning vector was
tested interalia for the stainless steel 1.4301 (AISI: 304). In
this case, the number of waves per rotation had to be defined
before processing as well as inner and outer radii of the
helix. The slope of the helix was defined as the track offset
and the smaller the track offset was the bigger are the structure heights. Additional process parameters were the scanning directions, which could be from the outside to the
inside or vice versa as well as clockwise or anticlockwise.
Furthermore, a bending of the spiral arms could be achieved
by an adapted phase shift of the sinusoidal laser power modulation per rotation. In Fig. 15, right, the maximum structure
height of hmax  50 lm was achieved on the outer radius of
the helix on 1.4301 (AISI: 304).
4. Sample for demonstration

In order to conclude the investigations for alternative
scanning strategies and to put the results in a representative
and concise form, a demonstrator sample made of hot work
steel 1.2343 (AISI: H11) was produced with selected structures (Fig. 16).
The corporate logos of RWTH Aachen University and
Fraunhofer ILT were put in the first row, because the development of surface structuring by laser remelting has been
exclusively driven by these two institutions. The laser power
modulation for the aperiodic structuring strategy was unidirectional and adapted to the width of the symbols. The laser
power rose until the middle of a symbol and declined then
linearly toward the end of a symbol. Commonly used models
were the basis for structures and patterns in the second row,
e.g., leather textures from automotive interiors. Examples for
not linearly shaped scanning vectors and track offsets are
given in the third row. In the middle of row, four and five
examples for rotating scanning vectors are shown. In these
two cases, the phase of the sinusoidal laser power modulation was shifted once by 90 and once by 270 . In the first
case, an indentation and, in the second case, a hill were created in the middle with a structure depth or height of more

than 300 lm. The additional structures in the fourth and fifth
rows are a set of helical structures with different heights
based on the number of repetitions and different bending of
the spiral arms (Fig. 16).
G. Active wave reduction (AWR) and rewriteable
metals

The processing strategy with the rotating scanning vector already showed that a precise adaption of the phase shift
was necessary in order to avoid a subsequential reduction or
even erasure of already produced structures. This finding
shows that surface structuring by laser remelting can not
only be used to produce structures but also to erase already
existing structures just by redistribution of material instead
of ablating them. Therefore, surface structuring was tested as
an approach for laser polishing to actively reduce the waviness of a surface by an adapted, spatial resolved laser power
modulation (AWR).16
Prior to the first experiments, a feasible chain of process
steps was developed in order to implement a process step for
AWR (Fig. 17). The initial surface for the AWR process
chain was a milled or turned surface with a relatively big distance between milling and turning marks to enable a fast
mechanical preprocessing. Before laser polishing, a prepolishing step was carried out using high scanning velocities in

FIG. 16. Photograph of a demo sample made of tool steel 1.2343 (H11)
showing a broad variety of different structures.
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FIG. 17. Approach for reduction of surface waviness by “AWR” (adapted from Ref. 16).

order to achieve a basic smoothing of structure peaks. This
step was recommended to smooth the mesoroughness containing small wavelengths that do not contribute to the actual
roughness value Ra or to the waviness, which was of special
interest within the framework of this investigation. After prepolishing, the surface was measured by WLI. Based on the
measured data, a laser power modulation was calculated in
dependence on the surface structure, so that the material was
redistributed from the tops into the valleys of the structure.
The laser power amplitude, track offset, and number
of repetitions were chosen in dependence on structure
height, dominant wavelengths, scanning velocity, and laser
beam diameter based on process diagrams from previous
investigations. Subsequently, the active reduction of the
surfaces’ waviness was achieved by a spatial resolved
“antistructuring” based on an adapted laser power modulation. To determine the exact phase and position of the structure was a special difficulty and needed to be solved before
processing. After AWR, the surface was measured again by
WLI to examine the quality of the achieved surface smoothing. Dependent on the result of this examination, more laser
polishing process steps might have been applied to the surface in order to get the required surface quality. Afterward,
the surface was ready for a potential, further surface finish
step. That could have been a microlaser polishing step in
order to increase the gloss of the surface significantly or any

other conventional process step to achieve, e.g., a mirror-like
finished surface.
Single process steps are shown in Fig. 18 (top) based on
measurements made with white light interferometry of a prepolished surface (left: initial surface), a surface after laser
polishing with constant laser power (middle: passive laser
polishing), and a surface after laser polishing with spatially
resolved and adapted laser power (right: active wave reduction). The horizontal lines in each measurement indicate
cutting planes for longitudinal sections shown in Fig. 18,
bottom. While the cut out of the WLI measurement is
approx. 10  10 mm in size, the profile plot shows the full
length of the initial or laser polished areas of approx. 40 mm.
A black solid line was chosen for the profile of the initial
surface, a blue-dashed line for the passive laser polished profile, and an orange-fine dashed line for the profile after active
wave reduction. The peak to valley height of the profile for
the initial surface was approx. 120 lm and the distance of
milling marks was approx. 2 mm. The microroughness of
the initial surface was already smoothed by the prepolishing,
which basically made the calculation of an adapted modulation of laser power a bit easier. The same result could
have been achieved by an adapted filtering algorithm before
calculations. The roughness of the initial surface was
Sa ¼ 12.1 6 0.1 lm. For passive laser polishing, a standard
set of parameters were chosen that proofed to be very

FIG. 18. Top: WLI measurements of milled surface after prepolishing (left), after prepolishing and passive laser polishing without laser power modulation
(middle), and after prepolishing and polishing with active wave reduction using an adapted laser power modulation (right). Bottom: Profile plots of cross sections (above) for initial waviness (black; solid), passive laser polishing (blue; big dashes), and active wave reduction (orange; small dashes).
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effective in reducing the roughness and achieving a proper
laser polishing result on the hot work steel 1.2343. The chosen parameters were in detail: dL ¼ 250 lm, PL ¼ 100 W,
vscan ¼ 50 mm/s, dy ¼ 50 lm, and the scanning direction was
chosen perpendicular to the milling marks (parallel to the
longitudinal section). As the profile for the passive laser
polishing (blue-dashed line in Fig. 18 bottom) shows a
reduction of roughness and structure height of approx. 20%
was achieved. This resulted in a peak to valley height
of approx. 64 lm and a surface roughness of Sa ¼ 10.6
6 0.2 lm. A far bigger reduction of surface roughness was
achieved by the laser polishing method of active wave reduction. Using a spatially resolved and adapted laser power
modulation, the initial roughness was reduced by more than
86% to a roughness value of Sa ¼ 1.61 6 0.1 lm. In comparison to passive laser polishing, an additional process step was
necessary in order to measure the initial surface and calculate and adapted laser power modulation, but the surface
roughness could be reduced many times over. Nevertheless,
process parameters and processing time were basically
the same (dL ¼ 250 lm, PL ¼ 100 6 50 W, vscan ¼ 50 mm/s,
dy ¼ 50 lm), but the effectiveness of smoothing the waviness
of the initial surface was multiplied virtually without any
ablation of material. Therefore, the active wave reduction
proofs to be feasible for a significant smoothing of structured
metallic surfaces without ablation of material. This might be
a first step for completely rewriteable metallic surfaces.

Furthermore, new scanning strategies based on not linearly shaped, rotating, or continuous scanning vectors were
successfully tested on different materials. The results of the
process development of different structures for a variety of
different materials were summarized on a demonstration
sample made of hot work steel 1.2343. Therefore, a broad
spectrum of different structures and surface features is available for surface structuring by laser remelting.
Finally, the investigations showed that surface structuring
by laser remelting is also applicable as a method of laser polishing. In this case, the laser power modulation was used to
redistribute material from already existing structure peaks into
its valleys. Surface structures with a height of more than
120 lm and a surface roughness of Sa ¼ 12.1 6 0.1 lm were
significantly smoothed by more than 86% to a surface roughness of Sa ¼ 1.61 6 0.1 lm in two process steps. In contrast to
conventional laser polishing, an additional process step was
necessary to measure the surface and then calculate an adapted,
spatial resolved laser power modulation. Since virtually no
material was lost during the antistructuring process, surface
structuring by laser remelting can be used for erasing structures
and then “rewriting” the surface with new structures without
loss of material. This opens up the possibility of rewriteable
metallic surfaces. Especially, generating and erasing of surface
structures is achieved using the same process principle.

VI. SUMMARY AND CONCLUSION

This work has been partially funded by Volkswagen
Stiftung and the German Federal Ministry for Education and
Research (BMBF). The authors would like to thank the
Volkswagen Stiftung for their generous sponsorship of the
research project WaveShape. Also, the authors would like to
thank the BMBF for their generous sponsorship of the
research project “EffiLas.” The results above were acquired
partially using facilities and devices funded by the Federal
State of North-Rhine Westphalia within the Center for
Nanophotonics under Grant No. 290047022.

Surface structuring of metals by laser remelting is a
structuring process virtually without ablation of material.
The investigations for different, highly relevant materials
(Ti6Al4V, IN718, CoCr28Mo, H11, 304, 100Cr6) for industrial applications showed that for all these materials structuring by laser remelting is an applicable process. The highest
structures were generated on Ti6Al4V and on IN718. For all
the other materials, surface structure heights were achieved
that were in the same region of approx. 5 lm after one structuring step. In general, surface structuring by laser remelting
shows a linear dependency of structure height on laser power
amplitude for all materials, while the biggest structure
heights for single tracks after one structuring pass were
achieved for a wavelength that equals approx. four times the
laser beam diameter. A comparison with the generated melt
pool volumes during the remelting process showed that the
biggest structure heights were achieved for those materials
with the biggest melt pool volumes generated. In conclusion,
structure height is scalable by two process parameters. One
is the laser power amplitude, the other one is the number of
passes of identical structuring steps. However, for some
materials (IN718 and V2A), a saturation of structure height
was observed after 16 repetitions. A first correlation of structure height with thermal conductivity shows that the biggest
structure heights were observed for materials with small heat
conductivity. Since the investigations were limited to a just
few materials and the thermal conductivity for the molten
phase were not available, this hypothesis has to be proven in
further investigations.
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