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Abstract: Laser cutting is a thermal cutting process based on material melting that results in charac-
teristic features of the cut edge. The dross in particular is a crucial quality-determining feature which
occurs especially when processing higher sheet thicknesses. The influence of the dross geometry
on the fatigue behavior of AISI 304 was investigated in this work. Using iterative experimental
design, samples with different dross geometries were produced by varying laser cutting parameters.
Four characteristic dross geometries were identified and used to classify manufacturing parameters:
dross-free, small droplets, large droplets and very coarse dross. Fatigue tests were performed up to
107 load cycles and revealed a dependence of the fatigue behavior on the dross geometries due to their
different notch effects. It was found that the dross dominated the fatigue strength only above a certain
dross height. At low dross heights, the surface relief of the cut edge dominated fatigue strength. The
different cut edge properties (surface relief and dross) depend on the process parameters during laser
cutting. Gas pressure and feed rate in particular showed a significant influence. The findings of this
work provide information about the fatigue behavior’s dependence on dross geometry, which can be
transferred to higher sheet thicknesses or complex sample geometries.

Keywords: laser cutting; stainless steel; fatigue behavior; dross formation; notch effect

1. Introduction

Laser cutting as a thermal cutting process offers an efficient solution for the processing
of sheet metal components. Compared with other cutting processes such as punching, laser
cutting offers a high amount of flexibility in terms of material selection, material utilization,
shaping and an easy integration into industrial processes [1,2]. The quality of the laser cut
edge is typically evaluated by determining roughness, dross adhesion and heat-affected
zone. In the context of laser cutting, dross refers to incompletely ejected, re-solidified
material at the lower cutting edge of the workpiece. The differentiation between the dross
shapes and the dross-free cutting edge is not uniformly defined [3]. Classifications from
literature include dross-free, very coarse dross and droplets [4,5]. One of the reasons for
this is that the edge characteristics of a component are often application-related.

The dross formation originates from the laser cutting process. When the laser beam
contacts the workpiece, a cut kerf is formed, separating the material into two parts and
resulting in two cut surfaces. Olsen described the fundamental mechanisms leading to the
formation of the cut kerf and thereby to the appearance of three different zones during laser
cutting [6,7]: the zone of energy input, the zone of bulk material and the so-called melt film,
which is the interface between the solid and liquid material. The latter includes the cutting
front and the direct interaction zone between the laser, gas beam and material. The melt
film and cutting front are illustrated in Figure 1 and result in a fine grooved surface with
dross adhered to the lower end.
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observed on the surface of the laser cut edge and therefore differs fundamentally from 
mechanical cut edges, where effects such as work hardening can occur because of the 
introduction of plastic deformation into the material [8,9]. This leads to an increase of 
dislocation density in the cutting area [10,11]. 

The laser cutting process is strongly dependent on the selected process parameters. 
Although there has been a lot of progress in the optimization of these parameters, 
challenging cutting geometries and higher sheet thicknesses and materials result in dross 
formation [12]. The decisive aspect here is the ratio between molten material volume, i.e., 
the melt film thickness and the material removal rate [13]. If the amount of molten material 
cannot be ejected sufficiently, dross formation is the consequence. The melt film thickness 
is mainly determined by laser power, feed rate and focal position. High power, low feed 
rate and a large spot size on top of the material lead to large melt film thickness. The 
material removal is dependent on the gas jet conditions inside the cut kerf. A combination 
of a thick melt film together with insufficient gas pressure can lead to minor melt ejection 
because excessively low shear stress is exerted to the melt film, which results in dross 
attachment [14–16]. Furthermore, the feed rate determines the inclination of the cutting 
front. If the feed rate increases, the inclination angle rises, which leads to a strongly curved 
and turbulent gas jet. As a result, the melt removal becomes irregular, resulting in 
pronounced dross formation [17–19]. 

Tani et al. related the dross formation to the temperature fields of the melt film [20]. 
It was argued that the temperature decreases from the cut kerf entry to the exit. 
Furthermore, when increasing the cutting speed, a temperature gradient from the inside 
of the melt film to the edges was observed. The temperatures in the edge areas were close 
to the re-solidification temperature of the material, which led to dross adhesion. 

With regards to the dross shape, Yilbas and Schuöcker demonstrated that surface 
tension was an important force leading to the formation of droplets [12,21]. Whether these 
droplets detached from the lower cut edge was dependent on the pressure balance in the 
droplet [21]. If a droplet was already formed at the lower cut edge, detachment of the 
droplet was favored by increasing the gas pressure. This could also reduce droplet 

Figure 1. Schematic illustration of the laser cutting process highlighting the important zones: zone of
energy input (laser beam and gas jet), zone of the material and cutting front (violet) and melt film
(red) acc. to [5].

Melting and resolidification lead to a finer-grained microstructure, which can be
observed on the surface of the laser cut edge and therefore differs fundamentally from
mechanical cut edges, where effects such as work hardening can occur because of the
introduction of plastic deformation into the material [8,9]. This leads to an increase of
dislocation density in the cutting area [10,11].

The laser cutting process is strongly dependent on the selected process parameters. Al-
though there has been a lot of progress in the optimization of these parameters, challenging
cutting geometries and higher sheet thicknesses and materials result in dross formation [12].
The decisive aspect here is the ratio between molten material volume, i.e., the melt film
thickness and the material removal rate [13]. If the amount of molten material cannot be
ejected sufficiently, dross formation is the consequence. The melt film thickness is mainly
determined by laser power, feed rate and focal position. High power, low feed rate and a
large spot size on top of the material lead to large melt film thickness. The material removal
is dependent on the gas jet conditions inside the cut kerf. A combination of a thick melt film
together with insufficient gas pressure can lead to minor melt ejection because excessively
low shear stress is exerted to the melt film, which results in dross attachment [14–16].
Furthermore, the feed rate determines the inclination of the cutting front. If the feed
rate increases, the inclination angle rises, which leads to a strongly curved and turbulent
gas jet. As a result, the melt removal becomes irregular, resulting in pronounced dross
formation [17–19].

Tani et al. related the dross formation to the temperature fields of the melt film [20]. It
was argued that the temperature decreases from the cut kerf entry to the exit. Furthermore,
when increasing the cutting speed, a temperature gradient from the inside of the melt
film to the edges was observed. The temperatures in the edge areas were close to the
re-solidification temperature of the material, which led to dross adhesion.

With regards to the dross shape, Yilbas and Schuöcker demonstrated that surface
tension was an important force leading to the formation of droplets [12,21]. Whether these
droplets detached from the lower cut edge was dependent on the pressure balance in
the droplet [21]. If a droplet was already formed at the lower cut edge, detachment of
the droplet was favored by increasing the gas pressure. This could also reduce droplet
diameters. It was also found that droplets which were initially sheared off by the gas flow
could not form a spherical shape, but took on a very coarse shape.

The cut edge phenomena resulting from the laser cutting process act as manufacturing-
induced defects and accelerate fatigue crack initiation, which causes a reduction in the
fatigue strength [22,23]. This was intensively investigated on laser-cut AISI 304. Pessoa
et al. showed that dross adhesion at the laser cut edge dominated as the fatigue crack
initiation site [24,25]. A comparison of laser-cut and polished specimens showed a 38%
drop in the fatigue strength of the material. The crack initiation sites of the specimens with
dross were located at the dross and the crack initiation sites of the polished specimens
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were located at inclusions near or on the specimen surface. In the investigations of Mateo
et al., dross-affected samples of the metastable austenitic steel AISI 301LN showed a
strength loss of 17% compared with polished samples [26]. Wanski et al. observed that
applying a pre-deformation resulted in detachment of droplets [27]. The detachment
behavior of the droplets was influenced by the connection of the droplets to the base
material. Accordingly, weakly attached droplets detached during pre-deformation. This
resulted in the material showing higher fatigue strength. The detachment effect occurred
mainly in the first 20% elongation during preforming. Zeuner et al. observed that at
significantly higher deformation levels, the melt adhesions partially detached, leading to
the formation of notches [28]. These served as the origin of crack initiation under cyclic
loading and significantly reduced the fatigue strength. After the removal of the dross,
the surface relief of the laser-cut edge takes over the role of the dominant crack initiation
site [26]. Deburred specimens showed a 21% strength decrease compared with polished
material [24,25]. Thomas et al. argued that an irregular surface relief led to sharp valleys
on the cut edge, which could lead to an increase in stress [29].

The studies cited show that the condition of the laser cutting edge has a decisive influ-
ence on the cyclic load capacity. The dross adhesion is of particular interest since the notch
effect causes a significant fatigue strength decrease. However, when comparing the results
of Pessoa et al. and Mateo et al. it is noticeable that the strength-reducing effect showed
significant differences. No accurate characterization of the dross was performed, which
makes it difficult to interpret the reason for the high differences in fatigue strength loss.

Therefore, this work investigated in more detail how different cutting parameters and
accordingly different dross conditions influence the fatigue strength. It was shown that
the dross geometry is the dominating crack initiation site above a critical dross height and
this has so far not been addressed systematically enough. While there are studies on the
influence of different cutting parameters on the cyclic loading capacity of laser cut AISI 304,
the present work addressed this question from a novel angle by emphasizing the influence
of the dross parameters rather than the manufacturing parameters. Dross topographies
where quantified by digital light microscopy and laser-cut surfaces classified according
to the degree of dross formation before determining the fatigue behavior for each dross
classification. This results in a more generalized understanding of the impact that dross
formation has on fatigue properties and is especially useful for complex manufacturing
processes and high sheet thicknesses where not only the manufacturing parameters, but
specifically the application, material and target geometry influence dross formation.

2. Materials and Methods

The experiments can be separated into two phases. The first phase focusses on the
generation of different dross shapes by process parameter variation. The aim was to gener-
ate droplets, very coarse dross and dross-free laser-cut edges which were highlighted in
Section 1. Based on those results, representative dross geometries for further investigations
were selected in phase two to prepare samples to be used for fatigue testing.

2.1. Sample Preparation and Laser Cutting Parameters

The object of investigation was the influence of the dross shape on the fatigue strength
which is relevant for high sheet thicknesses. The tests should be carried out up to 107

load cycles to investigate the transition area between high cycle fatigue and very high
cycle fatigue. Therefore, to perform the tests in a time-effective manner, a resonance
testing machine was used. However, the loads that would be necessary for testing high
sheet thicknesses cannot be met by the testing machine. Therefore, tests were carried out
exemplarily on 2 mm thick stainless steel sheets. By means of intensive parameter variation,
dross shapes, as they can occur on thick sheets, were realized. In this way, the results can
be transferred to higher sheet thicknesses. The chemical composition of the 2 mm thick
material is shown in Table 1. All samples were taken from the same batch.
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Table 1. Chemical composition of AISI 304 acc. to the manufacturer.

Element C Si Mn P S N Cr Ni

wt.% 0.0262 0.361 1.412 0.0311 0.0038 0.0455 18.07 8.032

The laser cutting experiments were performed with a disk laser of the type TruDisk
5001 (Trumpf, Ditzingen, Germany). The laser beam was transmitted by an optical fiber
with a diameter of 100 µm. The beam collimation was performed with a 100 mm collimation
lens and a 200 mm focusing lens. The characteristics of the laser beam were determined by
beam diagnostics using the FocusMonitor FM+ (PRIMES, Pfungstadt, Germany) and are
listed in Table 2.

Table 2. Characteristics of the beam source.

Characteristics Data

Beam parameter product/mm mrad 4.4
Focal diameter/µm 192

Rayleigh length/mm 2.1
Beam quality M2 13.0

The test plan with process parameter variations for phase one is summarized in Table 3
with the aim to generate droplets, very coarse dross and dross-free laser cut edges. This
classification was used for the work to define the representative dross geometries. In this
work, cut edges with dross adhesions below 50 µm were considered as dross free. The tests
were carried out iteratively within the defined limits of the test plan. A conical nozzle with
a diameter of 1.8 mm was used. For the focal position, positive values and negative values
were defined as above and within the specimen’s surface, respectively.

Table 3. Process parameters and their limits for exploration of dross parameter space in phase one
of testing.

Parameter Limits

Laser power PL/kW 2 and 4
Assist gas pressure ρGas/bar From 7 to 15

Feed rate v/m·min−1 From 2 to 20
Focal position dZ/mm From +2 to −1
Stand-off distance/mm 0.5 and 3

The manufactured laser cut edges were examined with a digital light microscope of the
type VHX-5000 (Keyence, Osaka, Japan). From the numerous cut edges with different dross
geometries, representative dross geometries were selected for fatigue testing in phase two.

In the following, specimens were pre-deformed to a total elongation of 28%. This was
carried out to correspond to the characteristic material behavior of AISI 304, which shows a
deformation induced phase transformation of face-centered cubic (fcc) γ-austenite into a
body-centered cubic (bcc) α’-martensite [30] and pays tribute to the likely process history
of sheet metals in application. Furthermore, because of the investigations of Wanski et al.,
it is known that the dross can detach because of a pre-deformation [27]. Since in the present
work the influence of the dross shape on fatigue was in the focus of the investigation, any
such effect had to be avoided. Therefore, prior to fatigue testing, an examination of the
attachment of the dross to the base material after pre-deformation was carried out. For
this purpose, three specimens were manufactured for every realized dross geometry and
tensile testing was conducted. In addition to the dross shape, the requirement that the
dross did not detach as a result of pre-deformation was the second selection criterion for
the laser-cut parameter sets. From the numerous cut edges with different dross geometries,
representatives which did not show detachment of dross in the tensile tests were selected
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for fatigue testing. The application of a uniform pre-deformation process ensured that
all specimens were comparable, as they were manufactured from the same sheet and
therefore had the same chemical composition. Light microscopic images of the laser-cut
edges were taken before and after pre-deformation [31]. Furthermore, it should be noted
that very strong adiabatic heating occurs in AISI 304 during the fatigue testing at high test
frequencies. However, pre-deformation counteracts this adiabatic heating [32].

After the selection of the dross geometries for further investigations in phase two,
a series of 15 to 25 specimens were manufactured for fatigue testing with the specimen
geometry shown in Figure 2. In order to qualitatively compare the cut edges of the
respective dross geometries, the average dross heights h were determined as cut edge
characteristics. The dross height is the distance between the full volume of the sample and
the maximum distance to the most pronounced dross adhesion at the lower cutting edge
as depicted in Figure 3 over the parallel length of 15 mm and was determined using the
distance-measuring tool of the light microscope.
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To evaluate the effect of the dross shapes in comparison to the strength of the base
material, a reference specimen series was manufactured, which was polished after cutting
using different grits of sandpaper up to P2500 to remove the laser-cut edge and ensure a
uniform specimen surface.

2.2. Fatigue Testing

Fatigue tests were executed according to DIN EN 50100. The experiments were
carried out on the TESTRONIC resonance testing machine (Russenberger Prüfmaschinen,
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Neuhausen am Rheinfall, Switzerland) at a test frequency of f~80 Hz. The specimens were
clamped by means of a hydraulic clamping device and cooled with compressed air to avoid
pronounced heating of the specimens during fatigue testing. This was controlled by a
pyrometer (Fluke Process Instruments, Berlin, Germany). The fatigue tests were carried out
at a stress ratio of R = 0.1. As a failure criterion, a frequency drop of 2 Hz was chosen. After
reaching at least 107 load cycles without significant frequency drop, the test was assessed
as run out. The results were plotted in a S-N diagram and if two specimens at a load level
reached the limit load cycle number 107, this load level was considered to be an estimate
for the fatigue strength. When a run-out and a break resulted at one load level, a lower
load level was tested to verify that two run-outs resulted. However, this is not a statistically
validated value. Failed samples were investigated by means of fracture surface analysis
using a JSM 6610LV (JEOL, Tokyo, Japan) scanning electron microscope (SEM) in order to
determine the crack initiation location of the samples.

3. Results and Discussion
3.1. Phase One: Systematic Production of Different Dross Shapes and Influence of the Laser
Cutting Parameters on Dross Geometry

In phase one, different dross shapes were successfully produced with the applied
range of process parameters and divided into three classes based on the average dross
height h of the left and right cutting edge:

• Dross-free h < 50 µm;
• Droplets 50 µm < h < 1000 µm;
• Very coarse dross h > 1000 µm.

The diagram in Figure 4 depicts the resulting dross shapes for varying process param-
eters. Here, a dot shows the resulting dross geometry at constant feed and gas pressure,
but at varying focal positions and laser powers. It can be seen that the parameters gas
pressure, feed rate, focus position and laser power had an impact on the resulting dross
geometry. While feed rate and gas pressure had an impact on the dross shape across
the whole tested parameter space, laser power and focus position only led to significant
geometry changes in the process parameter area highlighted in gray. The dashed line on
the feed axis symbolizes the separation limit at a laser power of 2 kW. This means that at
feed rates above v = 10 m/min and a laser power of 2 kW, the cutting was impossible.

The following relations can be inferred from the diagram:

• Feeds below 15 m/min led to laser-cut edges with dross;
• In the range of feed rates below 15 m/min, decreasing gas pressures led to higher

dross volume;
• In the range of feed rates above 15 m/min, decreasing gas pressures led to lower dross

volumes or dross-free cutting edges.

It could be seen that the dross volume decreased with increasing feed rate. If the
feed rate remained unchanged, the gas pressure was the decisive factor as to whether
drossed or dross-free cut edges were produced. The diagram shown in Figure 4 shows
the transition from droplets (light blue) or a very coarse dross (red) to a cut edge defined
as dross free (green). Whether droplets or very coarse dross are produced during laser
cutting depends on the ratio between molten and removed material [33]. The feed rate
determines the interaction time between the laser beam and the material. As the feed rate
decreased, the interaction time between the laser beam and the material increased, leading
to an increase in energy input. As a result, the amount of material or the melt film thickness
in the cut kerf also increased. It is possible that the material ejection was too low for the
amount of material and resulted in the formation of droplets or very coarse dross on the
lower cut edge. Another observation in the diagram shown was that at higher feed rates
from v = 15 m/min, increasing the gas pressure to pGas = 15 bar caused a transition from
a dross-free cut edge to a cut edge with attached droplets. An increase in pressure at the
cut kerf exit resulted in a very high pressure difference with respect to the atmospheric
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pressure. Duan et al. pointed out that excessively high pressure differences result in not
ejecting the melt tangentially from the cutting kerf, but pushing it against the side walls [19].
This possibly prevented the droplets from detaching from the lower cutting edge, resulting
in droplets being formed despite high gas pressure. In contrast, at lower feed rates below
v = 10 m/min, a reduction of the gas pressure to pGas = 7 bar resulted in a higher dross
volume and thus led to very coarse dross. Therefore, the material removal provided by the
gas flow was too small for the amount of molten material, which led to the formation of
very coarse dross. Consequently, it can be stated that the process parameters feed rate and
gas pressure, especially in combination, have a decisive influence on the dross formation
and geometry.
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Regarding the investigated laser power of 2 kW and 4 kW, it can be stated that no
significant influence on the dross shape could be observed in the tests carried out here.
However, in the diagram in Figure 4, a separation limit at 2 kW is marked on the feed
axis. This means that no cuts could be produced at PL = 2 kW with a feed rate above
v = 10 m/min. The applied power was too low at these feed rates, so that the material
could not be separated. At high feed rates, the interaction time between the laser beam
and the workpiece decreases, which means that less energy is available for the melting
process [34]. Thus, a laser power of 4 kW enabled a larger process window, but this had no
influence on the dross shape.

The focal position showed an influence in the transition area of the dross shapes. At
the point v = 10 m/min and pGas = 7 bar, droplets or dross-free cut edges were observed at
a focal position of dZ = −1 mm, whereas very coarse dross was visible at a focal position of
0 mm. A focus position of dZ = 0 mm caused a higher intensity of the laser beam on the
workpiece surface and caused a narrower cut kerf. It is possible that a narrow kerf resulted
in inefficient gas injection. This caused a more viscous melt film and led to dross adhesion.
Furthermore, significantly higher dross volumes were observed at a focus position of
dZ = +2 mm compared with the focus positions dZ = −1 mm and dZ = 0 mm. A focus
position above the workpiece surface causes a wider cut kerf, which increases the amount
of material and thus the melt film thickness in the cut kerf [33,34]. Therefore, the material
removal was too low to efficiently discharge the molten material volume, which led to
larger dross volumes.
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3.2. Phase Two: Fatigue Behavior of the Representative Dross Geometries

In the second phase of this work, different dross shapes were selected for fatigue
testing. Since it was noticed that the diameters and the average dross height h of the
droplets differed considerably, an additional subdivision of the droplets into large droplets
and small droplets was made. The selected dross shapes are shown in Figure 5 and
consisted of (a) dross-free, (b) small droplets, (c) large droplets and (d) very coarse dross.
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Figure 6 shows the different S-N curves for the individual specimen batches classified
according to their different dross geometries, where the stress amplitude σa is plotted
over the number of load cycles N in a double logarithmic scale. Fractured specimens are
marked with a triangle, whereas specimens that reached the number of 107 load cycles
without significant frequency drop and were hence considered as run-outs are indicated by
a square with an arrow in the diagram. It can clearly be seen that there were differences
between the investigated laser-cut edge conditions regarding fatigue strength. The polished
reference specimen batch showed the highest fatigue strength of 387.5 MPa. The dross-free
specimen showed about 23% reduction in fatigue strength compared with the reference.
The small and large droplets led to a further reduction of the fatigue strength by 32% and
55% compared with the reference, respectively. The specimens with very coarse dross
had the lowest fatigue strength at about 125 MPa with a strength loss of 68%. The fatigue
strength of all specimens and its reduction compared with the polished reference batch are
summarized in Table 4.
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Table 4. Fatigue strength of the representative dross geometries and their reduction in fatigue strength
compared with the reference (polished).

Specimen Batch Fatigue Strength at 107

Load Cycles (MPa)
Strength Loss Compared to

Reference (%)

reference (polished) 387.5 -
dross-free 300 23

dmall droplets 262.5 32
large droplets 175 55

very coarse dross 125 68

Furthermore, it was noticed that the specimen sets with large droplets and very coarse
dross showed a low scatter and steeper slope of the curve at the individual load levels,
whereas the specimen sets with small droplets as well as the dross-free and reference
specimen sets showed a higher scatter and lower slope of the curve.

In the following, the results of the fracture surface analysis of representative dross
shapes is presented. In case of the dross-free specimen set, the crack initiation sites were
at melt adhesions centered on the laser-cut edge as shown in Figure 7. Figure 7a shows
a specimen after cutting (before pre-deformation), where melt adhesions can be seen on
the laser-cut surface of the specimen. After pre-deforming (Figure 7b) the melt adhesions
were still clearly visible after the strong plastic deformation of the specimen. These melt
adhesions were crack initiation sites as proven in the SEM images in Figure 7c,d.

The fatigue crack initiation site at the laser-cut surface edge of the specimens with
small droplets started at different locations. Few specimens failed at the lower cut edge.
However, the majority of the specimens failed in an area consisting of fine grooves towards
the laser beam entrance edge, as is shown in Figure 8. Here, Figure 8a shows a specimen
before pre-deformation and after cutting. A distinct groove pattern is visible on the cut
edge. Figure 8b depicts the same specimen after pre-deformation and despite strong plastic
deformation of the cut edge, the distinct groove pattern is still clearly visible. There was an
area of very fine grooves in the direction of the laser beam entrance edge, which was the
crack initiation site. This is shown in the SEM images in Figure 8c as an overview and in
Figure 8d with a higher magnification.
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The specimens with large droplets failed exclusively at the dross. Figure 9 shows
an example of the fracture of a specimen with large droplets in different states. Here,
Figure 9a,b show the crack initiation site before pre-deformation and after pre-deformation,
respectively. In Figure 9b a pre-deformation-induced crack is depicted. The specimen failed
at this crack, as is shown in Figure 9c. The SEM image of the fracture surface is shown in
Figure 9d. The fracture surface of the specimen shows a ductile fracture area, which was
induced due to the pre-deformation, as well as a low-deformation fatigue fracture, which
extends from the ductile fracture region.

The specimen set with very coarse dross showed similar fatigue behavior as the
specimen set with large droplets. In this batch, pre-deformation induced cracking also
led to specimen failure, which is shown in Figure 10. Here, Figure 10a shows the area
where later on the crack initiation was situated before pre-deformation while Figure 10b
depicts the crack initiation after pre-deformation. The pre-deformation-induced crack seen
in Figure 10b acted as the crack initiation site during fatigue loading of the specimens,
see Figure 10c. This can be verified again in the SEM image as depicted in Figure 10d,
where the pre-deformation-induced ductile fracture region can clearly be separated from
the fatigue fracture region.

In summary, the experiments performed showed that the different dross shapes or
dross volumes had a prominent influence on the fatigue behavior. In particular, higher
dross volumes (large droplets and very coarse dross) were observed to show significantly
lower fatigue strength than the specimens with small dross volumes (small droplets and
dross free). The lower fatigue strength of the specimens with high dross volumes was
caused by pre-deformation-induced cracks in the dross layer. These served as initial
cracks from which fatigue cracks could propagate into the material under cyclic loading.
Accordingly, the crack initiation process was completely skipped and the fatigue strength
was dominated by the crack growth stage. For smaller dross volumes below 200 µm, no
pre-deformation induced cracks were observed in this work. However, this does not mean
that the pre-deformation did not cause material damage to these specimens.
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It was observed that, because of lower dross volumes, in several cases, other cut
edge features, i.e., the surface relief acted as crack initiation sites. This means that there is
competition between the different cut edge features for the most critical notch effect, which
is related to the dross height and shape. Furthermore, the laser cutting experiments of
phase one showed that the formation of the dross shape and dross height depends on the
process parameters of laser cutting. The dross formation was caused by the inefficient ratio
between molten and removed material. In this work, this was mainly influenced by the
parameters gas pressure and feed rate. However, it cannot be completely rejected that other
process parameters have an influence on the dross shape. Since the dross shape and dross
volume had an influence on the fatigue strength, it can be said that the fatigue strength also
depends on the process parameters of laser cutting and, further, that the fatigue strength is
influenced by the material melting and ejection behavior during the cutting process. While
no direct correlation between process parameters and fatigue strength were established
in this paper, the distinguishing features of the irregular surface condition of the laser cut
edge were identified and can therefore be regarded as quality criteria for laser-cut sheet
metal structures subjected to cyclic loading. In particular, the identified significance of the
different types of dross adhesions to the fatigue strength, ranging from 32 to 68% of strength
losses, illustrates the potential of a process adaption with regard to the structural reliability.
These results place earlier work such as that of Mateo et al. or Pessoa et al. in context
and explain why studies on fatigue behavior of comparable processes and materials have
resulted in significantly different fatigue strengths. The fatigue properties depend primarily
on the dominant detrimental crack-inducing defect and the laser cutting process is strongly
dependent on a large number of influencing variables that contribute to the formation of
these defects. Accordingly, it is crucial to consider not only the parameters themselves but
the resulting cut edge features and not just to refer to a so called “as-cut” condition.
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4. Conclusions

Specimens of AISI 304 with different dross geometries were produced by laser cutting
and pre-deformed and fatigue tested. The objectives of the work were to highlight different
dross geometries from the laser cutting process and to investigate the influence of the dross
geometries on fatigue strength. The investigations led to the following findings:

• Different dross geometries could be systematically realized and categorized by process
parameter variation;

• The different dross geometries showed significantly different fatigue behavior;
• Dross geometries with low dross volumes showed higher fatigue strength than dross

geometries with higher dross volumes;
• The defect leading to failure in the specimens with high dross volumes was predeformation-

induced cracking in the dross layer;
• The defect leading to failure in the specimens with lower dross volumes was mainly

the surface relief of the cutting edge;
• For estimation of the fatigue strength of laser-cut materials, the average dross height is

a simple yet promising feature and should be systematically included in future studies;
• The results shown in this work allow a preliminary estimation of the influence of

dross and surface relief on fatigue strength in more complex cutting geometries or
thicker plates.

It can be said that laser cutting as a manufacturing process does not lead to a general
loss of fatigue strength of the material. The quality criteria of the cut edge are decisive. The
cut edge phenomena of surface relief and dross formation, which led to the strength loss of
the specimens in this work, are related to the melt film. An investigation of the influence of
the melt film thickness as well as the melt flow rate on the fatigue strength could provide
further insights.
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