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Abstract: Laser cutting is a suitable manufacturing method for generating complex geometries for
sheet metal components. However, their cyclic load capacity is reduced compared to, for example,
milled components. This is due to the influence of the laser-cut edge, whose characteristic features
act as crack initiation sites, especially resolidified material in the form of burr and melt droplets.
Since sheet metal components are often formed into their final geometry after cutting, another
important factor influencing fatigue behavior is the effect of the forming process on the laser-cut
edge. In particular, the effect of high degrees of deformation has not yet been researched in detail.
Accordingly, sheets of AISI 304 were processed by laser cutting and pre-deformed. In the process,
α’-martensite content was set to be comparable despite different degrees of deformation. It was
found that deformation to high elongations caused a large part of the melt adhesions to fall off, but
those still attaching were partially detached and thus formed an initial notch for crack initiation. This
significantly lowered the fatigue strength.

Keywords: laser cutting; fatigue behavior; melt adhesion; resolidified material; detachment; notch;
micro-computed tomography analysis

1. Introduction

Laser beam cutting is a highly flexible and precise process capable of cutting a wide
range of industrially relevant materials. The cut is realized by the energy of the laser beam,
whereby molten material is expelled by process gas. This manufacturing process offers
a number of advantages. Since there is no tool-to-workpiece contact, tool wear is avoided.
In addition, no special tools are required for different component geometries or materials,
which saves retooling time and reduces the required storage capacity. Laser cutting is,
in particular, beneficial for the processing of materials that are difficult to mechanically
process, such as titanium alloys or stainless steel. Despite the exceptional mechanical
properties of these materials they are easily cut by laser beam cutting due to contactless
processing [1,2].

The metastable austenitic stainless steel AISI 304 is a very commonly used sheet metal
to which the scenario described above applies. AISI 304 is used in different industries such
as chemistry, construction, energy, food, medicine, mechanical engineering, or mobility.
For the last two fields of application, cyclic loading is common, for example, in the case
of the exhaust gas system of automobiles. The wide field of application results from the
advantageous properties of high strength, high ductility, and good corrosion resistance of
AISI 304. The latter can be attributed to high chromium content and the face-centered cubic
crystal lattice [3–5].

The mechanical behavior of AISI 304 is linked to a complex microstructural evolu-
tion which is called martensitic transformation. The martensitic transformation can be
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thermal, stress, or deformation induced, whereby deformation-induced martensitic trans-
formation has the highest significance for industrial application. This is the transformation
of face-centered cubic γ-austenite into body-centered cubic α’-martensite under plastic
deformation. It may incorporate the intermediate step of forming hexagonal close-packed
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In summary, the pre-deformation of a laser-cut AISI 304 has several effects on fatigue 
behavior. On the one hand, work hardening as well as deformation-induced α’-martensite 

-martensite [6–11]. For the mechanical properties, α’-martensite is particularly important
because it has higher strength and hardness than γ-austenite [12–14].

Martensitic transformation is one factor why machining AISI 304 is challenging, which
is a factor why machining by laser can be economically attractive [15]. However, studies
on laser-cut materials showed that the fatigue limit is significantly reduced compared
to milled or polished material; punched material achieves similar fatigue limits [16–18].
The reason for this is the notch effect of the re-solidified material, which is formed by the
solidification of molten material on the melt ejection side of the sheet metal during laser
cutting. Removing melt droplets slightly increases fatigue strength. However, pores in the
re-solidified material adhering to the cutting edge act as crack initiation sites. Therefore,
fatigue strength is still inferior compared to a classical mechanical subtractive machining
process [19].

In a previous study, the influence of laser-cutting parameters and a subsequent pre-
deformation on the fatigue behavior of laser-cut AISI 304 was investigated [20]. It was
shown that depending on laser-cutting parameters, a pre-deformation can cause the de-
tachment of melt droplets. This had a direct influence on the fatigue strength achieved.
Laser-cutting parameters that realized melt droplets with a high tendency to detach during
subsequent deformation resulted in higher fatigue strength. This is an important factor
for the application of laser-cut sheet metal components, which subsequently have to be
formed to the final component geometry. However, this detachment effect was only inves-
tigated in fatigue tests for amounts of pre-deformation below 30% strain. A comparison
of different amounts of deformation showed that a large proportion of the melt droplets
had already detached at up to 20% strain, while no significant additional detachment
effect was achieved for deformation of up to 50% during tensile testing. The result of this
investigation is depicted in Figure 1 for two batches. At this point, the question arises as to
how the melt adhesions behave under further plastic deformation significantly above the
investigated deformations of less than 30%. After all, significantly higher forming degrees
can be achieved in industrial forming steps.
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In summary, the pre-deformation of a laser-cut AISI 304 has several effects on fatigue
behavior. On the one hand, work hardening as well as deformation-induced α’-martensite
transformation leads to a strengthening of the material, which leads to an increase in cyclic
load-bearing capacity. On the other hand, melt droplets can detach from the workpiece due
to weak attachment. This reduces the notch effect and also increases fatigue strength. How-
ever, a second mentioned was only investigated in fatigue tests for pre-strains below 30%.

Since degrees of deformation significantly above 30% strain can be achieved in many
applications of formed sheet metal components, the objective of this study was to inves-
tigate the effect of high grades of pre-deformation on laser-cut AISI 304 material and its
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influence on fatigue behavior. As the attachment of melt droplets has been found to be
an important factor for deformation-induced detachment as well as fatigue behavior, it was
particularly important to investigate whether and to what extent the attachment to the base
material changes in the case of high degrees of deformation.

2. Material and Methods
2.1. Specimen Preparation

The fatigue behavior of laser-cut AISI 304 is sensitive to a number of influencing
variables, some of which have already been described in the first section. Accordingly, it was
important that all specimens were manufactured from the same sheet metal, received the
same pre-treatment, and were cut on the same laser-cutting machine with the same cutting
parameters. The chemical composition and mechanical properties of the investigated 2 mm
thick AISI 304 steel sheet are shown in Tables 1 and 2, respectively.

Table 1. Chemical composition of AISI 304 provided by the manufacturer.

Element C S P Mn Si Cr Ni N Fe

wt-% 0.016 0.001 0.036 1.90 0.36 18.2 8.1 0.01 Bal.

Table 2. Mechanical properties of AISI 304 provided by the manufacturer.

Yield Strength/MPa Tensile Strength/MPa Elongation at Break/%

275 620 54

Another measure was the heat treatment of the sheet material before laser cutting to
ensure homogeneous phase distributions and properties. Therefore, the material was heat
treated at 1363 K for 1 h and cooled fast in moving air for complete austenitization and
recrystallization, which eliminates the rolling texture. Thus, influences from the rolling
process could be excluded in the following investigations. Subsequently, a laser-cutting
machine with a TruDisk 5001 disk laser of the company Trumpf (Ditzingen, Germany)
was used. All specimens were produced with the same processing parameters, which are
summarized in Table 3. Here, fcoll stands for collimation length, ffoc for focal length, dnozzle
for nozzle diameter, PL for laser power, vf for feed rate, dz for focal position, ds for stand-off
distance, pgas for gas pressure, λL for laser wavelength, M2 for beam quality factor, and df
for focus diameter. Nitrogen was used as a process gas.

Table 3. Laser-cutting parameters.

fcoll/mm ffoc/mm dnozzle/mm PL/kW vf/m·min−1 dz/mm dns/mm pgas/bar λL/µm M2 df/µm

100 150 2.3 3 16.5 0 0.8 11 1.03 13.0 192

2.2. Examination of Melt Droplets by Micro-Computed Tomography

The central question of how the bonding of melt droplets to the base material changes
at high degrees of deformation was investigated in detail. For this reason, high-resolution
micro-computed tomography (µCT) was chosen as the method of investigation so that
3D information could be generated. Due to the high density of the material investigated,
the material volume must be small for this type of investigation. Accordingly, Figure 2
shows the used specimen geometry with a bridge volume of 2 mm3, which was deformed
to a local strain of 44% in the bridge close to the ultimate tensile strength of the specimens.
The deformed bridge was cut out of the specimens and examined by µCT. Non-deformed
specimens were examined for comparison.
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304 steel sheet with given dimensions in mm. Test region is shown magnified.

Micro-computed tomography was performed with a custom-built X-ray system at
Fraunhofer IZFP, Saarbrücken, equipped with a micro-focus tube and a 4 k pixel detector.
For the µCT measurement, 1600 projections over 360◦ were acquired with a tube voltage of
220 kV and a tube power of 100 Watt. A voxel size of approximately 2 µm could be reached.
Volume reconstruction was carried out simultaneously with a custom reconstruction algo-
rithm. Sectional planes showing the connection to the base material were then examined
from this.

2.3. Fatigue Testing

The effect of large degrees of deformation of laser-cut sheets examined by the µCT
studies on fatigue behavior was another focus of the investigations presented. For fatigue
testing, the specimen geometry in Figure 3 was used. For this purpose, a series of specimens
with a deformation of 28% strain was investigated, as was done in a previous study [20].
A second series of specimens underwent a deformation of 44% strain, as did the specimens
in the µCT study.
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However, in order for these two series of specimens with different amounts of strain
to be comparable, it was necessary to ensure that similar α’-martensite content was present
in both series of specimens after pre-deformation. Otherwise, the specimen series with the
higher α’-martensite content would already exhibit a higher cyclic load capacity due to the
strengthening effect of α’-martensite. Accordingly, tensile tests to examine the influence of
the deformation parameters strain, strain rate, and temperature on the deformation-induced
martensitic transformation behavior were carried out for the given chemical composition
and specimen geometry first. Therefore, a tensile testing machine from the company
ZwickRoell (Ulm, Germany) and a climate chamber from the company mytron (Heilbad
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Heiligenstadt, Germany) were used. In addition, a Feritscope from the company Fischer
was used to measure the transformed α’-martensite content during the test. The calibration
was carried out according to [21]. Using this test setup, tensile tests were performed at
laboratory conditions (298 K), 273 K, 258 K, and 243 K. At each temperature, tests were
performed at strain rates of 10 mm/min, 1 mm/min, and 0.1 mm/min achieved in the
bridge of the specimens, respectively. Three samples were tested for each deformation state
of temperature and strain rate. The results of this preliminary investigation are shown
in Figure 4. Here the α’-martensite volume fraction MV is plotted against temperature
and stress.

Metals 2021, 11, x FOR PEER REVIEW 5 of 12 
 

 

However, in order for these two series of specimens with different amounts of strain 

to be comparable, it was necessary to ensure that similar α’-martensite content was pre-

sent in both series of specimens after pre-deformation. Otherwise, the specimen series 

with the higher α’-martensite content would already exhibit a higher cyclic load capacity 

due to the strengthening effect of α’-martensite. Accordingly, tensile tests to examine the 

influence of the deformation parameters strain, strain rate, and temperature on the defor-

mation-induced martensitic transformation behavior were carried out for the given chem-

ical composition and specimen geometry first. Therefore, a tensile testing machine from 

the company ZwickRoell (Ulm, Germany) and a climate chamber from the company my-

tron (Heilbad Heiligenstadt, Germany) were used. In addition, a Feritscope from the com-

pany Fischer was used to measure the transformed α’-martensite content during the test. 

The calibration was carried out according to [21]. Using this test setup, tensile tests were 

performed at laboratory conditions (298 K), 273 K, 258 K, and 243 K. At each temperature, 

tests were performed at strain rates of 10 mm/min, 1 mm/min, and 0.1 mm/min achieved 

in the bridge of the specimens, respectively. Three samples were tested for each defor-

mation state of temperature and strain rate. The results of this preliminary investigation 

are shown in Figure 4. Here the α’-martensite volume fraction MV is plotted against tem-

perature and stress. 

 

Figure 4. Relationship among ambient temperature, strain, strain rate, and α’-martensite volume 

fraction (Mv) for the chemical composition of AISI 304. 

Based on tensile test results, two deformation regimes were selected that resulted in 

comparable α’-martensite contents, see Table 4. At both conditions, 15 specimens each 

were manufactured to investigate fatigue behavior. The first series of specimens were de-

formed at 298 K up to 44% and the second series of specimens were deformed at 273 K up 

to 28%, and they are accordingly referred to as 298K-44% and 273K-28%, respectively, in 

the remainder of this paper. 

Table 4. Designation of specimen series, ambient temperature during pre-deformation, strain, strain 

rate, and number of specimens used to characterize fatigue strength. 

Series Name Temperature/K Strain/% Strain Rate/mm/min α’-Content/% No. of Samples 

298K-44% 298 44 1 10 ± 2 15 

273K-28% 273 28 1 10 ± 2 15 
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fraction (Mv) for the chemical composition of AISI 304.

Based on tensile test results, two deformation regimes were selected that resulted in
comparable α’-martensite contents, see Table 4. At both conditions, 15 specimens each were
manufactured to investigate fatigue behavior. The first series of specimens were deformed
at 298 K up to 44% and the second series of specimens were deformed at 273 K up to
28%, and they are accordingly referred to as 298K-44% and 273K-28%, respectively, in the
remainder of this paper.

Table 4. Designation of specimen series, ambient temperature during pre-deformation, strain, strain
rate, and number of specimens used to characterize fatigue strength.

Series Name Temperature/K Strain/% Strain Rate/mm/min α’-Content/% No. of Samples

298K-44% 298 44 1 10 ± 2 15

273K-28% 273 28 1 10 ± 2 15

To investigate fatigue behavior, a Gigaforte testing machine from the company Russen-
berger Prüfmaschinen (Neuhausen am Rheinfall, Switzerland) was used. This machine
realizes test frequencies of about 1 kHz. AISI 304 heats adiabatically under cyclic loading
and therefore has to be cooled sufficiently [22,23]. Pre-deformed specimens already showed
significantly reduced adiabatic heating compared to non-deformed AISI 304. Additionally,
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cooling by means of a vortex tube was used and a stress ratio R of 0.5 was selected. The
lower stress amplitudes compared to R of −1 or 0.1 resulted in a further significant reduc-
tion in adiabatic heating at high test frequencies. The combination of these actions ensured
that the specimens did not exceed a temperature of 303 K during fatigue testing, which was
monitored with a pyrometer. The tests were carried out to at least 108 load cycles in order
to be counted as a run-out. The procedure was in accordance with DIN 50100 (2016) [24],
which describes a method to statistically determine fatigue strength by selecting the stress
amplitude depending on the result of the previously tested sample (break or run out). This
method allows an evaluation of the stress amplitude with a 50% failure probability, which is
used as a characteristic value for the discussion of fatigue strength. A change in resonance
frequency ∆f of 2 Hz was applied as a criterion to stop fatigue testing, indicating technical
crack initiation. Subsequently, fracture surface analyses were performed using a scanning
electron microscope (SEM) JSM-6610LV of the company JEOL (Tokyo, Japan) to determine
the location of crack initiation.

3. Results and Discussion
3.1. Effect of High Pre-Strains on the Bonding of Melt Droplets to the Base Material

Since the pre-deformation was performed after cutting, the laser-cut edge was also
deformed. The deformed laser-cut edges were examined by light microscopy and are
shown exemplarily in Figure 5 for the conditions as cut (a) and pre-deformed to 28% strain
(b). Comparing the two figures, the detachment phenomenon, which has been described in
past work [20], due to plastic pre-deformation was again evident at the lower sheet edge.
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Figure 5. Top view of the laser-cut edge. (a) As cut, (b) Pre-deformed (ε = 28%).

Figures 6 and 7 show the results of the µCT examination. Here, slices of exemplary
reconstructed melt droplets are shown for the two conditions as-cut and pre-strained to
44% highlighting the bonding condition on different observation planes, respectively. The
images are to be understood in such a way that the labels above the images represent the
depth of observation. In this case, surface means that the surface of the laser-cut edge—to
the underside of which the melt droplet is attached—was observed. In the case of the label
36 µm, the observation plane was shifted 36 µm from the surface of the laser-cut edge
into the sheet material. The melt droplet of the non-deformed sample in Figure 6 showed
strong adherence to the base material, i.e., complete attachment to the base material was
observed for the entire melt droplet volume. Opposite to the non-deformed sample, weak
adherence of the melt droplet of the pre-deformed specimen can be clearly seen in Figure 7.
Only at the surface was the droplet bonded to the base material. At a depth of 36 µm, the
reconstructed slice already showed a large gap. This gap increased with greater observation
depth to the surface of the laser-cut edge. At 88 µm, the melt droplet did not show a bond
to the base material at all. This means that the melt droplet adhered only to the outer edge
of the sheet and otherwise no longer had any bond to the base material. These results
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indicate that the partial detachment created a notch between the melt droplet and the base
material, which could be detrimental to the fatigue strength of the material at high levels
of pre-deformation.
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Figure 7. Selection of observation planes of the same re-solidified material droplet in the pre-deformed
condition (44%) at different observation depths starting from the surface of the laser-cut edge.

3.2. Effect of High Pre-Strains on Fatigue Behavior

The results of fatigue testing are shown in Figure 8, where stress is plotted over the
number of load cycles in a S-N-diagram. It can be seen that the fatigue behavior of the
tested specimen series differed significantly from each other. The highest stress levels were
reached by the sample series 273K-28% (i.e., pre-deformed at 273 K and a strain of 28%).
The fatigue strength for 50% failure probability at 108 load cycles was 170 MPa according
to DIN 50100.

On the contrary, sample series 298K-44% only showed a fatigue strength for a 50%
failure probability of 145 MPa. Additionally, the measured values for load cycles until
failure scattered considerably more. The failure of a specimen was even observed shortly
before reaching 108 load cycles.
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Following the fatigue tests, the fracture surfaces of all specimens were examined by
SEM. It was observed consistently for all specimens that the location of crack initiation was
at the melt ejection site of the laser-cut edge where molten material had re-solidified. In the
case of the 298K-44% sample series, it was observed that the crack initiation site showed
a characteristic feature with a smooth surface. This characteristic feature is shown in
Figure 9, where in the case of (a), the fracture surface is shown from the top view. Figure 9b
shows the specimen rotated by 45◦. In this view, the sharp interface is visible between the
smooth surface and the fatigue crack that propagated from this interface into the specimen
volume. In the case of the specimen series 273K-28%, this observation was not made. For
this sample series, the location of crack initiation is shown representatively in Figure 9c,d
in the same way as for the 298K-44% sample series. It can be observed that the fatigue crack
started in the outermost corner of the re-solidified material. A specific feature that served
as crack initiation as was the case for 298K-44% is not identifiable here.

Through the previous investigations, it was hypothesized that the resolidified material
was strongly deformed at the laser-cut edge, melt adhesions (partially) detached, and this
led to a severe, crack-like notch for introducing premature fatigue crack growth. To support
this argument, 44% of pre-deformed but non-fatigued specimens were re-examined by
SEM. It was observed that the melt adhesions have a melt inflow, which remained at the
laser-cut edge. This can be seen in Figure 10. This melt inflow showed a smooth surface
similar to the crack-initiating feature in Figure 9a,b. Hence, it can be assumed that fatigue
crack propagation indeed started at a notch-like partial detachment of a melt adhesion.
Contrary to Figure 10, the melt adhesion itself is not visible in Figure 9, as it fell off either
due to pre-deformation or during fatigue loading.
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Figure 10. SEM detail image of a melt adhesion showing a melt inflow with a smooth surface, similar
to the crack initiation site of the fracture surface for a sample pre-deformed to 44% elongation and
subsequently fatigued.

In summary, both series 298K-44% and 273K-28% were manufactured from the same
sheet, laser cut with the same parameters, and ultimately pre-deformed in a way that they
had comparable α’-martensite content in the base material. Their main difference can be
found in the amount of pre-strain introduced. In the end, they showed clear differences in
their fatigue behavior. When pre-forming, a significantly large number of melt droplets
fell off the laser-cut material within the first 20% elongation, as was shown in previous
work [20]. After that, the number of melt droplets decreased marginally. As soon as
high elongations in a range close to the tensile strength were reached, it was observed
by means of µCT, that the remaining melt droplets no longer detached completely, but
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partially. Due to only partial bonding to the base material, a crack-like notch formed, see
Figure 7, which served as a crack initiation site during the cyclic loading in the fatigue
test. This assumption is supported by the smooth features of the fracture surfaces in
Figure 9a,b as well as Figure 10, which could not be found in Figure 9c,d. For a better
understanding of the significance of the partial detachment of the melt adhesion, the
particular mesoscopic features of the pre-damage introduced through the combination of
laser cutting and subsequent pre-deformation are schematically drawn in Figure 11.
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Figure 11. Schematic drawing for partial detachment of melt adhesions on strongly deformed
laser-cut edges.

The fatigue test results in Figure 8 showed that this pre-damage due to laser cutting
and pre-forming to high degrees of deformation can lead to significantly reduced fatigue
strength and very late failures close to 108 load cycles. However, both series have in com-
mon that the crack initiation took place in the lower outermost corner of the laser-cut edge
at the re-solidified material, i.e., melt droplets. The significant difference in pre-strain in
the base material did not change this situation. This underlines the central importance of
the re-solidified material for the fatigue behavior of laser-cut materials. In this case, it was
discovered that the partial detachment of melt droplets and the associated notch formation
leads to crack initiation under cyclic loading and hence, has a significant influence on the
cyclic strength. Through a careful selection of the laser-cutting parameters alone, the cyclic
strength of AISI 304 can already be influenced, as could be shown in [20]. A subsequent
pre-deformation—as would be typical for a car body application—will have an additional
effect on the fatigue strength. For laser-cut sheet metals, this pre-deformation effect can-
not solely be explained by the two strengthening mechanisms, namely strain-hardening
and deformation-induced α’ martensite formation. These purely microstructure-related
mechanisms have already been investigated comprehensively in the past, see e.g., [25–28].
In the study presented, the higher pre-deformation should have resulted in a beneficial
effect due to an increased strain-hardening since the α’ martensite volume fraction was
kept constant. However, the higher pre-deformation, in fact, caused a pronounced decrease
in the cyclic strength. Fractographic analyses and µCT examinations showed that the
effect of dross formation and its partial detachment excel the microstructural strengthening
effects on fatigue behavior. From this, it can be deduced that in the case of laser cutting
and subsequent forming of AISI 304, a reliable prediction of the fatigue strength strongly
depends on a comprehensive understanding of the process–history interactions and their
effect both on microstructural changes as well as mesoscopic notch effects.

In previously typical applications for laser cutting, a “clean and accurate” cutting
edge is considered as one of the decisive evaluation criteria. Interdependencies between
remaining re-solidified material after processing and the thermal impact on the materials’
microstructure are of minor importance. However, in the case of laser-cut parts subjected
to cyclic mechanical loading, this no longer holds. As is well known from former very
high-cycle fatigue research, the influence of isolated micro-notches plays a decisive role
in fatigue behavior with an increasing number of cycles. Transferring this observation to



Metals 2023, 13, 201 11 of 12

the particularly rugged surface relief at the laser-cutting edge, crack initiation will most
likely occur at a single, most detrimental, and therefore, failure-relevant micro-notch. The
stochastic distribution of the mesoscopic geometrical characteristics of the rugged surface
relief of the laser-cut surface is practically not determinable. Nonetheless, the results
presented allow for an evaluation of the interaction between the material’s microstructural
and laser-cut surface characteristics in dependence on the process–history. It could be
shown that the effect of dross formation and its partial detachment excel the microstructural
strengthening effects.

4. Conclusions

By means of µCT investigations on laser-cut and highly pre-formed specimens, it
could be shown that this process–history leads to the partial detachment of melt droplets,
which causes notch formation on a mesoscopic scale. Fatigue tests up to 108 loading cycles
were conducted, since in this particular regime localized discontinuities define the fatigue
behavior. Two deformation states (28 and 44% pre-strain) were prepared under different
deformation conditions but in a way that similar α’-martensite volume fractions were
obtained. The fatigue tests were paired with fracture surface analysis. The following
conclusions can be drawn from the investigations:

- Re-solidified material (most often in the form of melt droplets) at the melt ejection site
of the laser-cut edge is the dominating fatigue crack initiation site independent of the
degree of pre-deformation introduced.

- Melt droplets with good bonding to the base material can show partial detachment at
high degrees of deformation.

- Partial detachment of melt droplets leads to mesoscopic notch formation, which causes
a significant decrease in fatigue strength and can lead to late failures even at load
cycles well beyond the classical “durability limit” (formerly defined at 2 mio. cycles).
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