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Abstract: Sheet metals with thicknesses  > 8  mm have a 
distinct cutting performance. The free choice of the opti-
cal configuration composed of fiber diameter, collimation, 
and focal length offers many opportunities to influence 
the static beam geometry. Previous analysis points out 
the limitations of this method in the thick section area. 
Within the present study, an experimental investiga-
tion of fiber laser fusion cutting of 12 mm stainless steel 
was performed by means of dynamical beam oscillation. 
Two standard optical setups are combined with a highly 
dynamic galvano-driven scanner that achieves frequen-
cies up to 4 kHz. Dependencies of the scanner parameter, 
the optical circumstances, and the conventional cutting 
parameters are discussed. The aim is to characterize the 
capabilities and challenges of the dynamic beam shaping 
in comparison to the state-of-the-art static beam shaping. 
Thus, the trials are evaluated by quality criteria of the cut 
edge as surface roughness and burr height, the feed rate, 
and the cut kerf geometry. The investigation emphasizes 
promising procedural possibilities for improvements of 
the cutting performance in the case of fiber laser fusion 
cutting of thick stainless steel by means of the application 
of a highly dynamic scanner.

Keywords: beam shaping; dynamic; intensity distribu-
tion; laser fusion cutting; oscillation.

1  Introduction
The market for laser material processing is divided into 
micro and macro applications. The global market growth 
for laser systems for material processing was 8% in 2014 
with a net worth of up to US$11.6 billion. The macro range 
has a share of about three quarters. Both appropriate tech-
nologies, high-power laser beam cutting and welding, had 
the strongest economic expansion next to the precision 
processing from the micro sector. Main revenues were 
generated in the metal sector. The sales figures of the laser 
machine manufacturers prove that the solid state lasers 
are comparable to the CO2 laser sources [1–7]. Since the 
beginning of the 21st century, many researchers published 
the advantages of solid state lasers against CO2 lasers for 
the range of thin sheet cutting as well as the present chal-
lenges for thicker materials [8–24].

The approaches to improve the cut quality from the 
fiber laser are manifold, but the idea is always to adjust 
the spatial intensity distribution of the laser spot to the 
demanded application. The geometrical properties could 
be influenced as well as the intensity distribution itself. 
Both procedures belong to the static beam shaping 
methods, which means that the beam is modified before 
the machining process starts. An advantage of a uniform 
intensity distribution is the sharp edge of the focus spot, 
which creates a high-defined transition between treated 
and untreated zones. The so-called ‘top-hat shaper’ con-
sists of refractive or diffractive optics [25–27]. Another 
possibility is the geometrical modification of the laser 
beam shape. Imaginable solutions for the cutting branch 
would be to change the optical setup to utilize different 
beam dimensions [9, 24], separate single beams into pat-
terns [28, 29], or generate two focal spots in one beam 
[30]. An optical configuration that creates a larger focal 
spot is commonly discussed to improve the cutting perfor-
mance for thicker sheets [31]. This method increases the 
interaction zone of the laser beam and material surface, 
but limits the achievable intensity. The optical setup is the 
minor influencing factor of the cutting performance for 
15 mm-thick stainless steel plates at a steady power level www.degruyter.com/aot
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[32]. One suggestion is that heat conduction is the limiting 
factor on the maximum cutting rates [28]. A recommenda-
tion is the utilization of beam oscillation to obtain quasi-
static heat conduction, meaning: the relaxation time of 
the atoms is higher than the required time for one oscil-
lation period [31].

Beam oscillation is a dynamic method of beam 
shaping, which implies a superimposed modification of 
the beam regarding the feed direction during the process. 
Thus, the beam oscillates around the generated cut kerf 
and, thereby, shapes the interaction zone into an arbitrary 
geometry. A main advantage is the maintained intensity 
distribution of the fiber laser beam because every influ-
ence on the process is performed by the spatial and tem-
poral modification of the energy deposition. Two of the 
most noted applications for beam shaping through oscil-
lation are the electron beam welding [33–35] and laser 
beam welding [33, 36–42]. Cutting applications have been 
investigated for flame cutting [43–45] and fusion cutting 
[46, 47]. The dynamic beam shaping in the case of the 
laser beam fusion cutting were compared with conven-
tional static beam shaping. The results highlight the beam 
oscillation as a promising method to improve the cutting 
performance of fiber laser for the thick material range 
[47]. The present investigation aims to continue the com-
parison of the concept of dynamic beam shaping via fast-
moving mirrors and the static beam shaping with rigid 
lenses. The basis is a comprehensive cutting series of two 
optical configurations. Furthermore, dependencies of the 
scanner parameters and the conventional cutting param-
eters will be outlined.

2  Experimental procedure
Laser fusion cutting experiments were performed with a fiber 
laser at a 1.07 μm wavelength. A laser output power of 3 kW and 
a randomly polarized beam were utilized for all investigations, as 
well as a conical gas nozzle and nitrogen as an assist gas. Stand-
off distance between nozzle and sheet surface was kept constant. 
Figure 1 represents the general setup of the experiment. The cho-
sen optical setups are standard configurations for laser fusion cut-
ting, on the one hand of thin metal sheets and, on the other hand 
for thick plates. Both are summarized in Table 1. Stainless steel 
sheets AISI 304 (1.4301) with a thickness of 12  mm were applied 
as a work piece. The specifications of the scanner are outlined in 
Table 2. The oscillation movement is characterized by the Lissa-
jous figure. In turn, this pattern is described by the frequency and 
amplitude for both mirrors in the X- and Y-direction, as well as the 
phase shift ϕ that defines the positioning offset of the two oscil-
latory motions. These additional five scanner parameters interact 
with the conventional cutting parameters as focal plane, feed rate, 
gas pressure, etc.

Figure 1: Schematic construction of the setup.

Table 1: Laser beam parameters.

Beam parameters   Setup 1   Setup 2

Used output power P   3 kW
Fiber diameter d   100 μm
Collimation length fcol   100 mm
Focus length ffoc   125 mm  200 mm
Focus radius w0 (86%)   59 μm   97 μm
Rayleigh length zR   1.1 mm   3 mm
Beam quality factor M2  9.1

Table 2: Specifications of the scanner.

Scanner parameters   Data

Maximum amplitude (at 2 kHz sinus)  3.1 mrad
Typical speed   40 rad/s
Maximum speed   50 rad/s
Repeatability    < 22 μrad

The aim of the cutting experiments was to determine the best cut 
edge quality at maximum reachable cutting speeds for selected scan-
ner parameter combination. The main criteria for cut quality are the 
absence of burr and a homogenous, smooth appearance of the cut 
edge. Evaluation of the cut was performed via roughness measure-
ments of the cut edge according to DIN EN ISO 4288:1998-04 at three 
positions on each cut edge – 1 mm below the upper cut edge, half of 
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the sheet thickness, and 1 mm above the lower cut edge and is depicted 
in Figure 2. To assess the surface roughness, a classification was used, 
as depicted in Table 3. Furthermore, an inspection of the burr was 
accomplished. The metrology is refined and, thus, the levels deviating 
from Goppold et al. [47]. The cut length of the sample is divided into 
five sections in which the maximum burr height is detected separately 
by image processing as illustrated in Figure 3. The average burr height 
is determined referring to the calculation of the surface roughness Rz 
as seen in equation 1. The classification of the burr levels in Table 4 
depends upon the Gaussian distribution of the measured burr heights 
in its entirety.
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The last evaluation step is the so-called performance, a combination 
of the single normalized criteria surface roughness, burr, and the 

Figure 2: Scheme of the surface roughness measurement.

Table 3: Classification of the surface roughness criterion.

  Mean value 
Rz  ≤  50 μm

  Mean value 
Rz ≥ 50 μm

Standard deviation Rz   ≤  20 μm  1   3
Standard deviation Rz  ≥ 20 μm   2   4

Figure 3: Scheme of the burr measurement.

Table 4: Classification of the burr criterion.

Level   Height of burr (mm)

1   xmax  ≤  0.5
2   0.5 < xmax  ≤  1.0
3   xmax > 1.0

achieved cutting speed vc. The empirically ascertained calculation in 
the case of laser fusion cutting can be seen in equation 2. The smaller 
the resulting value is, the better is the cut quality. The burr has a 
higher weighting than the surface roughness, based on the priori-
ties known from the daily industrial cutting business. The reference 
speed vreference amounts to 0.4 m/min and was determined by cutting 
trials with static beam shaping.
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3  Results and discussion
The principle of laser beam fusion cutting is based on 
the interaction of laser radiation and material to gen-
erate a melt pool. The molten material is ejected by an 
inert gas jet with a pressure of up to 20 bar. A precondi-
tion of the melting procedure is the heat conduction of 
the material. Heating up a material with a Gaussian near 
energy distribution of the laser beam and low specific 
heat conduction of the processed material causes an 
inhomogeneous temperature distribution and, as a con-
sequence, a highly dynamic melt pool. The static beam 
shaping does not influence the temperature gradient 
because the intensity distribution is still Gaussian. The 
melt pool dynamic could be only decreased by reducing 
the heat conduction effect by means of a shorter interac-
tion time. The reason is that a longer interaction time 
causes energy accumulation and local vaporization, 
which result in a higher cut edge roughness. Obviously, 
a highly dynamic process like laser beam fusion cutting 
needs a highly dynamic beam-shaping method. The 
authors’ idea is to work with a high intensity laser beam 
but minimized local interaction time to decrease melt 
pool turbulence and heat conduction losses. Precondi-
tion is the implementation of a highly dynamic scanner 
in the cutting equipment.

The experimental matrix investigates different fre-
quencies, amplitudes, and phase shifts resulting in 
various Lissajous figures (circle, ellipse, horseshoe, and 
eight). The amplitude and frequency could optimize the 
heat conduction because they influence the beam veloc-
ity, which determines the interaction time and, therefore, 
the heat conduction and, in turn, could avoid the forma-
tion of heat accumulation. The amplitude itself affects 
also the cut kerf size. The oscillation pattern has a general 
impact on the local energy input as depicted in the beam 
measurements in Figure 4.

In the case of a circular beam oscillation, the laser 
beam interacts nearly homogenous to the cutting front. 
There is only a difference of the beam velocity vector 
between the left and right cut kerf wall because the 
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Figure 4: Beam measurement of different Lissajous figures, (A) and 
(B) FX:FY = 1, AX:AY = 1, ϕ = 90°/270°, (C) and (D) FX:FY = 2:1, AX:AY = arbi-
trary, ϕ = 0°/90°, (E) FX:FY = 1:1, AX:AY = arbitrary, ϕ = 180°, (F) FX:FY = 2:1, 
AX:AY = arbitrary, ϕ = 22°/225°.
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Figure 5: Rotational direction for Lissajous figure circle and ‘8 perpendicular to the cut kerf’; influence of phase shift to the velocity vector 
of the beam, relative to the feed direction.

rotational direction differs as illustrated in Figure 5. The 
pattern ‘8 perpendicular to the cut kerf’ has the same 
interaction time and rotational direction for the left and 
right cut edge.

Figure 6 contains the selected operating points in 
dependence of the Lissajous figure for both optical setups 

and two possible demands: good quality or highest 
achievable cutting speed at tolerable quality. The included 
letters represent the cutting performance converted to the 
American grading system by means of Table 5.

The origin of the following discussion is the refer-
ence sample, created with the state-of-the-art static beam 
shaping. The reference feed rate is 0.4 m/min, and the cut 
quality is evaluated as mark D. In combination with the 
dynamic beam shaping, both setups increase the achieva-
ble cutting speed by about 30% as well as improve the cut 
quality. Thus, the efficiency of the cut process is enhanced. 
Setup 1 exhibits a wider range on reached cutting speeds 
in comparison to setup 2, which is almost constant even 
for the varying demands.

Hence, the available parameter range is more stable 
in the case of setup 1. The first result of the trials is a better 
cutting performance for setup 1, as expected, because the 
smaller focus spot provides higher intensities and, thus, 
improved absorption behavior, which influences the melt 
flow positively.

Both setups improved the cut quality. Each operating 
point of Figure 6 originates from a design of experiment 
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for each individual Lissajous figure. The discussion here-
after will state how the single criteria burr and surface 
roughness were influenced by the scanner parameters one 
time. For that purpose, the Lissajous figure with the best 
performance was chosen based on Figure 6. As the second 
outcome of the investigation, the pattern ‘8 perpendicular 
to the cut kerf’ performs the best cut. The dependency of 
scanner parameters and the quality criteria are illustrated 
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Figure 6: Cutting speed for different Lissajous figures in the case 
of good quality or maximum achievable feed rate for both optical 
setups and 12 mm stainless steel; (A) setup 1; (B) setup 2.

Table 5: Transformation of the performance criterion to the 
American grading system.

Mark  Performance criterion

A   Performance  ≤  0.5
B   0.5 < performance  ≤  0.7
C   0.7 < performance  ≤  0.9
D   Performance > 0.9

in Table 6 by means of area charts. Each cuboid represents 
the design of experiment. The pattern ‘8 perpendicu-
lar to the cut edge’ is determined by the frequency ratio 
FX:FY = 2:1 and a phase shift of 0° or 90°. The distinction 
between the two phase shifts is attributed by the rotational 
direction of the Lissajous figure. The aim is to check if the 
rotational direction has an impact on the cut. Three more 
parameters are necessary for a complete description of the 
pattern: the frequency in the X direction, the amplitude in 
the Y direction, and the amplitude ratio AX:AY. The ampli-
tude will be assigned as the multiple of the beam radius ω0 
in the focal plane. The beam measurements of Figure 4C 
and D are examples of the discussed beam shape. A full-
factorial design of experiment is not possible because of 
the infinite scanner parameter combinations. The present 
trials attempt to accomplish the technical confinements of 
the scanner. These limitations are perceptible in the area 
charts below by the white marks. Especially, high frequen-
cies combined with high amplitudes are not achievable.

In the case of setup 1, the surface roughness has one 
minimum at a frequency of 1 kHz, amplitude of 0.5ω0, 
amplitude ratio of 2:1, and 0° phase shift. For 0° phase 
shift is the lowest burr height at a frequency of 2 kHz, 
amplitude of 1.5ω0, and an amplitude ratio range from 2:1 
to 3:1. There is no operating point that combines minima 
for both quality criteria. At 90° phase shift varies the cir-
cumstances. The optimal surface roughness and burr are 
both exhibited at a frequency of 1 kHz, amplitude of 1.5ω0, 
and an amplitude ratio range from 1:1 to 2:1. Hence, at these 
adapted scanner parameters, there is a low surface rough-
ness and coincident slight burr realizable. The phase shift 
90°, the laser beam rotates toward the cut front, reaches 
better results in the case of setup 1. One possible explana-
tion is the melt flow. The laser beam melts material on the 
kerf walls and acts as a force to transport the melt away 
from the generating cut edges at the same time, to avoid 
solidifications and consequently minimize the surface 
roughness.

For the second setup, the phase shift has no signifi-
cant influence on the resulting cut edge with respect to 
the quality criteria. The minimum surface roughness is 
reached at a frequency of 2.5 kHz, amplitude of 1.4ω0, and 
an amplitude ratio of 2:1. The lowest burr height is inde-
pendent of the amplitude. At small frequencies of about 
1 kHz and an amplitude ratio of 1:1 or frequencies of 2 kHz 
and an amplitude ratio of 3:1, there are minima indicated. 
The entire location is not detectable because the limita-
tions of the scanner are attained. The suggestion is to 
detect, so far, just local optima, which are also observed 
for setup 1. A statistical analysis of the trials outlines the 
frequency as the main influencing scanning parameter 
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Table 6: Overview of the criteria surface roughness, burr, and cutting performance in dependence of scanning parameters in the case of 
the Lissajous Figure ‘8 perpendicular to the cut kerf’ for both setups.

Setup 1 (ω0 = 59 μm, zR = 1.1 mm)

Setup 2 (ω0 = 97 μm, zR = 3 mm)
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Figure 7: Cut edges of 12 mm stainless steel for (A) setup 1 com-
bined with the dynamic beam shaping; (B) setup 2 combined with 
the dynamic beam shaping; (C) state-of-the-art cut with static beam 
shaping at 3 kW laser output power; (D) state-of-the-art cut with 
static beam shaping at 6 kW laser output power.

Figure 8: Cut kerf geometry of 12 mm stainless steel for (A) state-of-the-art cut with static beam shaping at 3 kW laser output power; 
(B) setup 1 combined with the dynamic beam shaping; (C) setup 2 combined with the dynamic beam shaping.

on the cutting performance. Hence, the expectation is to 
reach a global optimum with enhanced scanner technol-
ogy that enables higher frequencies accompanied with 
higher amplitudes.

Setup 1 exhibits no clear dependency between surface 
roughness and burr height. At 0° phase shift are both cri-
teria contrary. If the surface roughness is minimized, the 
burr will be increased and the other way around. The 
cuboids for 90° phase shift and a high amplitude value 
of 1.5ω0 illustrate a straight correlation between surface 
roughness and burr. Setup 2 has some accordance regard-
ing the position of the optima from the quality criteria. 
Especially for the lower frequencies is that perceptible in 
the cuboids.

The best cutting result for setup 1 utilizing the pattern 
‘8 perpendicular to the cut kerf’ is achieved at a frequency 
in the X direction of 1 kHz, amplitude in the Y direction 
of 1.5ω0, and an amplitude ratio of 1:1 by 90° phase shift. 
In the case of setup 2, the operating point is located 
at a frequency in the X direction of 2 kHz, amplitude in 
the Y direction of 1.4ω0, and an amplitude ratio of 2:1 
with a phase shift of 0°. These adapted scanner param-
eters optimize the surface roughness as well as the burr 
height compared with the reference samples. The sample 
cut with setup 1 combined with the scanner achieved for 
both quality criteria level 1 and 0.55 m/min cutting speed. 
This matches a performance of A+. The sample of setup 2 
comes up with level 2 for the burr, level 1 for the surface 
roughness, and 0.5 m/min cutting speed that translates to 
a performance of mark B+. By way of illustration, the cut 
edges are depicted in Figure 7. The state-of-the-art refer-
ence sample is also included and, furthermore, a state-
of-the-art sample cut with increased laser power up to 
6 kW. The beam oscillation technology exhibits almost no 
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burr. The static beam at 3 kW laser output power effected 
higher surface roughness in the lower part of the cut edge. 
The reason is that the melt is not completely ejected. The 
increased laser power reached a similar surface roughness 
as the dynamic beam shaping. However, there are melt 
attachments visible on the lower cut edge.

The beam shaping, static as well as dynamic, influ-
ences mainly the cut kerf geometry. The surface rough-
ness and burr are a consequence of the generated cut 
kerf. Figure 8 illustrates the differences between the beam 
shaping methods. Owing to the dynamic modification of 
the interaction zone of laser and material surface, the melt 
volume is slightly increased. The state-of-the-art cut with 
comparable power level has a cross-sectional area of the 
cut kerf of 4.5 mm2, whereas the beam oscillation reached 
5.2 mm2 for setup 1 and 5.4 mm2 for setup 2. The enlarge-
ment of the cut kerf takes mostly part on the sheet topside 
and is just about 0.3 mm. Despite the increased interaction 
zone of laser beam and material, the cut kerf geometry has 
not significantly changed. However, one suggestion for 
the improved cutting performance of the dynamic beam 
shaping depends upon the increased kerf width on the 
top, where the laser beam as well as the gas jet enters the 
material. The gas efficiency is probably raised above the 
usual 30%, which is coupled into the cut kerf and improve 
the melt ejection.

Setup 1 is the most beneficial in the performed trials. 
The small focus spot with corresponding short Rayleigh 
length is usually applied for laser beam cutting of thin 
sheets. The scanner enables the further utilization of the 
high intensity and simultaneously is the beam modified 
into an arbitrary shape. The five additional parameters 
from the scanner can create an infinite quantity of artifi-
cial focal spots. Independent of that is the Rayleigh length 
always increased. From experience, the Rayleigh length 
should be in the range of the sheet thickness for quality 
cuts. The artificial increased Rayleigh length by the 
dynamic beam shaping entails an optical setup, recom-
mended for thin sheets, to cut also thicker sheets. There 
is no more need to replace the optical configuration with 
changing cutting tasks.

4  Conclusion
The present investigation deals with the improvement 
of the performance in fiber laser cutting of thick stain-
less steel through beam oscillation technology. A man-
datory precondition is a highly dynamic scanner for the 
two-dimensional working field. The utilized scanner 
reaches frequencies of up to 4 kHz, that is the technical 

limitation for galvano-driven solutions. The present trials 
highlight the beam oscillation technology as a very prom-
ising method to improve the cutting performance for the 
thick material range. Two standard optical configurations 
combined with the dynamic beam shaping were com-
pared regarding their cutting performance. The smaller 
focus spot achieves better results because the beam 
shaping creates a new artificial focal spot, which meets 
the requirements of the cutting process. The generated 
cut kerf is enlarged at the topside by which the gas jet is 
more capable, and the melt ejection improved. After all, 
the cut quality as well as the productivity is enhanced 
compared with the state-of-the-art cuts with static beam 
shaping. The Lissajous pattern ‘8 perpendicular to the cut 
kerf’ was discussed more in detail because of conspicu-
ous good cutting results. Operating points are exhibited 
just as indications that the opportunity exists for a further 
improvement of the cut performance beyond the present 
confinements of the beam oscillation. Statistical analysis 
points out the frequency as the main influencing scanner 
parameter.

The investigation demonstrates advantages of a 
smaller focus spot, but there are also differences refer-
ring to the dependencies of the single parameters that 
are obvious between the two optical setups. The utiliza-
tion of dynamic beam shaping is complex, and there is 
still a need for adaptions of all process conditions: optical 
setup, material, sheet thickness, laser parameter, scanner 
parameter, etc.

The challenges for the future will be, on the one hand, 
the evolution of a simulation model that enables fore-
casts of scanner parameter combinations to the cut result. 
Therefore, many more dependencies have to be clarified 
to detect universal coherences between other Lissajous 
figures, optical setups, work piece materials, etc. On the 
other hand is the development of new technologies for 
scanner drives that overcome today’s limitations.

However, the dynamic beam shaping in combina-
tion with a standard optical setup for thin sheets is able 
to cut thicker materials in good quality. The vision of an 
all-rounder cutting machine that can be adapted to every 
customer demand with just one optic is one step closer.
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