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Abstract
Due to the interest in effective light steel constructions, high-strength steels have gained importance. Different thermal cutting
processes are frequently used in the metal processing industry. Besides the weld seams, free cutting edges gain technical and
economic relevance as locations for potential fatigue cracks. In this investigation, fatigue tests were carried out on 8-mm-thick
samples of S355M and S690Q steels at a stress ratio of R = 0.1. The cutting methods used were oxygen, plasma, laser, and
waterjet cutting. Quality improvement methods, like shot peening, grinding, and cutting speed reduction, were applied for some
series. The surface roughness was measured to classify the specimens into quality groups according to ISO 9013. The cut edge
condition was also characterized by hardness and residual stress measurements. The investigation shows that all tested series
exceed the FAT100 class and can be classified in FAT125. Specimens ranged in quality group 2 of ISO 9013 according to the
roughness achieve FAT140 regardless of cutting technology or material. According to the ISO 9013, most of the specimens are
classified in the quality group 2 and group 3. Fatigue strength results are significantly different in one quality group. No
prediction can be made. ISO 9013 has a weak connection to fatigue strength. Quality improvement methods have a significant
influence on the fatigue strength and can increase it. Due to reduced cutting speeds, the roughness decreases also. It results in an
increase of the fatigue strength in all tested series in this study. In order to make a prediction of the fatigue performance, the
standard has to be specified and the cutting process as well as the steel strength should be considered.
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Posttreatment . Shot peening . Cutting speed

Nomenclature
CAL Constant amplitude load
CEV Carbon equivalent value
HAZ Heat-affected zone
HV Vickers hardness
k Slope k of the S-N diagram
Log C Intercept of the S-N curve with the y-axis
R Stress ratio
Ra Arithmetical average
ReH Yield strength
Rm Tensile strength

Rmax Maximum peak to valley height
Rz (μm) Average roughness
SD Standard deviation for Log C
t (mm) Thickness specimens
UCI Ultrasonic contact impedance
XRD X-ray diffraction

1 Introduction

The fatigue strength reducing effects of weld seams is taken
into account in the designing phase of welded constructions.
Welds are placed in less stressed areas and conventional post-
treatment methods, like shot peening, are used. Therefore, free
cutting edges gain technical and economic relevance as loca-
tions for potential fatigue cracks.

Cutting technologies used in the industry produce different
execution qualities at the cutting edge. The so-called
Kitagawa diagram shows the relation between fatigue strength
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and defect size based on experimental values [1], as illustrated
in Fig. 1. For components with sufficiently large defects, the
fatigue strength of the component is characterized by crack
propagation phase.With such defect sizes, the fatigue strength
does not increase with the tensile strength. The execution
quality of cut edges in terms of surface roughness (or “defect
size”) directly influences the local stress level and therefore
the expected lifetime of the specimens. The lifetime is
governed by crack growth in the case of large defects and by
crack initiation in the case of small defects. Crack initiation is
affected by the hardness respectively tensile strength resulting
in an increase of fatigue strength with increasing tensile
strength in the presence of small defects. A higher material
strength therefore leads to a higher fatigue strength of the
component due to the suppressed dislocation movement. In
general, for thermal cutting edges, the fatigue strength should
increase with tensile strength if the defect is smaller than the
corresponding limit value.

The influence of thermal cutting edges and their different
qualities on fatigue strength has already been analyzed in sev-
eral studies, for example, by Sperle [1], Remes et al. [2],
Stenberg et al. [3], and Lillemäe et al. [4]. Sperle carried out
fatigue tests with a comprehensive range of steel grades (yield
strengths from 240 to 900 MPa) on 6-mm-thick and 12-mm-
thick specimens. The specimens were thermally cut by gas,
plasma, and laser. He found out that the fatigue strength in-
creases with the steel grade depending on the surface rough-
ness. The investigation compared also the plasma and laser cut
edges with machined edges. Sperle determined that the fatigue
strength rises with increasing tensile strength depending on
the roughness. The increase of the fatigue strength in all cases
is comparable, which was explained by the consistently small
roughness depth.

Another study was made by Remes et al. [2]. They used 15-
mm-thick and 17-mm-thick specimens, which were plasma cut,
and considered three series: first untreated, second ground, and
third ground + sandblasted. The surface roughness, hardness, and
residual stresses were determined out for the rolled plate surface
and specimen cut edge. Fatigue tests on specimens were con-
ducted, which had yield strengths of 460 MPa or 690MPa, with
different surface treatments. The investigation shows that
posttreatments increase the fatigue strength of high-strength steel
due to the reduced surface roughness and induced compressive
residual stresses. The study was continued by Lillemäe [4],
which shows additionally that 690 steel had significantly higher
fatigue strength compared with 355 steel. Stenberg et al. [3]
investigated the influence of surface roughness on the fatigue
strength in high-strength steels (S700 and S960) of 6-mm-thick
and 16-mm-thick specimens. They were cut using oxygen, plas-
ma, laser, and waterjet cutting. Surface roughness was measured
and classified in the four quality groups according to the ISO
9013 standard [5] for thermal cutting quality tolerances as
follows:

& Quality group 1: RZ < 14.8 μm,
& Quality group 2: RZ < 46.8 μm,
& Quality group 3: RZ < 79.6 μm,
& Quality group 4: RZ < 124.4 μm

It was used to assess the produced quality of the thermally
cut edges. The testing proved an increased fatigue strength
compared with the conservative international guidelines [6].
However, the examinations do not cover all quality ranges. At
this point, the question arises, up to which conventional cut-
ting edge quality fatigue strength increases with higher
strength of material. The execution quality, for example, ac-
cording to ISO 9013, of the material or different cutting pro-
cesses in the guidelines is not considered yet [7, 8]. Depending
on the process and the cutting parameters used, cutting tech-
nologies produce different execution qualities at the cutting
edge. The requirements for the quality characteristics of the
components are, for instance, defined according to EN 1090
[9] and ISO 9013 respectively. Especially the surface rough-
ness is a factor governing the fatigue strength of thermal cut
edges.

In this investigation, fatigue tests were carried out on
thermal cutting edges in different execution qualities with
a constant force amplitude at a stress ratio R = 0.1. The
tested specimens were made from 8-mm-thick plates of
S355M and S690Q. The cutting methods used were oxy-
gen, plasma, laser, and waterjet cutting. Quality improve-
ment methods, like shot peening, grinding, and cutting
speed reduction, were applied. All samples were charac-
terized in terms of hardness, roughness, and other quality
characteristics according to EN 1090 and ISO 9013.
Furthermore, the residual stresses were measured. The fa-
tigue strength of all series was analyzed considering the
surface quality characteristics.

2 Experiment

2.1 Specimens

Fatigue strength of different thermal cut edges of two different
steel grades with a minimum yield strength of 355 and
690 MPa was analyzed. The uniaxial test specimen used in
this study was similar to previous work in [10] and is shown in
Fig. 2. The samples were 394 mm long and 38mmwide in the
critical cross section. Besides the two different steel strengths,
the specimens were cut from the 8-mm-thick plate using oxy-
fuel, plasma, laser, and waterjet cutting processes. The condi-
tions for the specimens were untreated and defined “as-cut”
and quality improvement treatments (posttreatment processes)
such as grinding, sandblasting, and cutting speed reduction
were used. The laser cutting process changed parameter from
a 10-Hz pulsed laser to continuous laser for both steel grades
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(S355M, S690Q) using the reduced cutting speed. Fifteen
different series were defined. A total amount of round more
than 150 fatigue specimens were tested, which were at least 10
samples per test series.

The two different steel grades have a wide range of me-
chanical properties as follows:

– S355M: Thermomechanically rolled weldable fine grain
structural steels with minimum yield strength of 355MPa
and a carbon equivalent value (CEV) less than 0.39, EN
10025-4 [11]. Samples were cut from an 8-mm-thick
plate.

– S690Q: Quenched and tempered high-strength steel
with a minimum yield strength of 690 MPa and a
carbon equivalent value less than 0.65, EN 10025-5
[12]. Samples were cut from an 8-mm-thick and 20-
mm-thick plates.

Table 1 shows the detailed material properties. Because the
specimens were cut from different industrial partners, two
different charges of thematerials were defined. The specimens
using laser cutting processes were cut out of plates from
charge 2 (S355M,2 and S690Q,2). The chemical composition
including the carbon equivalent value is presented in Table 2.

2.2 Cut edge conditions

The cut edge conditions were characterized. The location of
measurements of the roughness, hardness, and residual stress
is shown in Fig. 3. Hardness measurements were made at the
cross section and directly at the cut edge (see below).

Table 3 shows the cut surface of steel S355M by using
oxygen, plasma, laser, and waterjet cutting processes. The
surface topography after using posttreatment methods like
shot peening and grinding or due to speed reduction is also

Fig. 2 Dimensions of the dog-bone specimen for fatigue test in millimeters

Fig. 1 Schematic Kitagawa diagram showing the influence of the defect size on fatigue strength of different steel strengths (according to Sperle [1])
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shown. At the top of each figure, there is the upper edge, and
at the bottom, there is the lower edge of the cut surface. It can
be seen that oxygen cutting implicates a lot of slag and scale,
which stick to the edge. It provides a cut surface with varying
roughness. Plasma cutting creates the cut surface with the
lowest roughness, while laser cutting generates surfaces with
the highest roughness value. However, it depends on the cut-
ting speed. The surface after shot peening and grinding looks
visually clean. No other defects on the surfaces are visible.

2.2.1 Roughness measurements

Surface roughness measurements were made on the speci-
mens according to ISO 4288 [13]. Measurements were done
on the cut edge surface (Fig. 3). The tests were carried out with
the MarSurf M 400 surface measuring instrument using the
profile method over the length of 17.5 mm. From each series,
3 specimens weremeasured: 3 lines at the top and 3 lines at the
bottom of the cut edge surface. The following parameters were
determined: The average of the five highest peaks and lowest
valleys Rz, the arithmetical average Ra, and the maximum
peak to valley height Rmax. No measurements were done at
the plate surface.

2.2.2 Hardness measurements and metallography analysis

Cross sections have been cut from the dog-bone specimens by
using a water-cooled abrasive cutter. The surface were ground
using different abrasive paper, polished and etched with a
Nital solution (2%) to visual the microstructure. The hardness
in the heat-affected zone (HAZ) of thermally cut edges was
analyzed afterwards. Therefore, Vickers hardness (HV0.1)
measurements were made for each series according to ISO
6507 [14]. The investigation was carried out with Wilson
Hardness Tukon 1202 instrument. No hardness measurements

were made for waterjet cut plates, because no changes to the
base material were expected. Additionally the hardness was
measured directly at the cut edge according to the instruction
from the Appendix in the DIN EN 1090-2:2017 draft. UCI
(ultrasonic contact impedance) method was used [15]. Cut
edges have to be prepared and ground using a P600 abrasive
paper. Valleys of the surface should be visible. Measurements
are made as seen in Fig. 4.

2.2.3 Residual stress measurements

The residual stresses were measured on the cut edge of all
series using the X-ray diffraction (XRD) technique. Location
of the measurements which were in the middle of the cut edge
is shown in Fig. 3. For the XRD experiments, a ψ-
diffractometer with radiation source CrKα was used. The cir-
cular collimator diameter was 1.5 mm. The longitudinal resid-
ual stresses were calculated from the {211}-Fe diffraction
lines determined at 13ψ-angles with help of the sin2 ψ-meth-
od. Residual stress measurements were done on all 15 differ-
ent series.

2.3 Fatigue tests

All fatigue tests were performed on a 250-kN hydraulic testing
machine using cyclic tensile tests with a constant amplitude
load (CAL) and a stress ratio R = 0.1 following the recommen-
dations of DIN 50100 [16]. The test frequency was 10–20 Hz,
depending on the load level of each test. The main fatigue
strength was determined in the life range of 1 × 105 to 2 ×
106 cycles. The run-out point was defined at five million cy-
cles and run-out specimens were excluded from the S-N curve
calculation. The tests were stopped after complete failure of
the specimen. The fracture surface was analyzed to identify
the location of crack initiation (Table 4).

Table 1 Material properties

Material Yield strength ReH (MPa) Maximum tensile strength Rm (MPa) Failure strain (%)

S355M,1 (3 specimens tested) 384–410 480–509 28–31

S355M,2 (3 specimens tested) 435–446 510–526 28–30

S690Q,1 (3 specimens tested) 804–836 864–880 14–15

S690Q,2 (3 specimens tested) 755–765 796–810 17–19

Table 2 Chemical composition (%)

Material C Mn Si P S Cu Ni Cr Mo V Ti Al N Nb CEV

S355M,1 0.07 1.27 0.01 0.01 0.01 0.02 0.012 0.015 0.004 0.01 0.001 0.05 0.004 0.02 0.284

S355M,2 0.06 0.74 0.02 0.01 0.004 0.01 0.015 0.035 0.005 0.001 0.001 0.03 0.004 0.03 0.191

S690Q,1 0.09 1.03 0.2 0.01 0.003 0.02 0.03 0.313 0.194 0.001 0.003 0.1 0.004 0.03 0.367

S690Q,2 0.10 1.36 0.29 0.01 0.003 0.03 0.037 0.023 0.012 0.001 0.003 0.07 0.004 0.02 0.342
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3 Results

3.1 Roughness on the cut edge

The measured roughness parameters on the cut edge are the
average of the five highest peaks and lowest valleys Rz, the
arithmetical average Ra, and the maximum peak to valley height
Rmax. The results are summarized in Table 5. The corresponding
roughnessmeasurements and allowable ranges, according to ISO
9013, are shown in Fig. 5. It demonstrates the arithmetic mean of
surface roughness Ra as a function of arithmetical peak-to-peak
average roughness Rz for different cutting technologies and steel
strengths (thickness 8 mm). The different quality groups accord-
ing to the ISO 9013 for 8-mm-thick plates are also shown on the
top of the figure. The cutting technologies have various colors
(red—oxygen, blue—plasma, green—laser, black—waterjet)

and the cut edge condition is marked as a cycle (as-cut) or as a
square (improved quality).

All measurements can be classified in range 2 and range 3.
Plasma cut edge specimens show the best quality of all cutting
technologies, which defined in quality range 2. Oxygen cut edge
has a high scatter between ranges 2 and 3. For the laser and
waterjet cut edges, the figure shows some differences.
Depending on the cutting speed, two different qualities can be
reached. For high cutting speed, the roughness is also high and
the quality range is 3. A reduction of the cutting speed increases
the quality and the roughness is low (Rz 27–41, quality range 2).

Shot peening and grinding do not change the roughness
values compared with the as-cut conditions at the cut edge sur-
face significantly, even though the shape of the cut edge looks
visually smoother after posttreatment methods used (see
Table 3).

Table 3 Cut surfaces of steel S355M condition as-cut and improved quality using oxygen, plasma, laser, and waterjet cutting processes

Fig. 3 Location of measurements the quality characteristics
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3.2 Hardness measurements

The various cutting technologies affect the material close to the
cut edge, as shown schematically in Fig. 3. Cutting speeds related
with the cooling rates have an influence on the size of the heat-
affected zone (HAZ). The CEVof the steel grades determine the
possible maximum hardness. Figure 6 shows hardness measure-
ments on the cross section for S355M, 8 mm and S690Q, 8 mm.
The curves are plotted just for thermal cutting technology oxy-
gen, plasma, and laser condition as-cut. All measurements were
done approx. 2 mm from both edges into the unaffected base
material. Concerning the hardness measurements, the HAZ is
less than 500 μm wide. Higher strength steels coming up with
higher CEVimplicate higher hardness values at the thermally cut
edges. Comparing the cutting processes, plasma cutting achieves
the highest hardness value. No hardness increase is observed at
the oxygen cut S335M. The rapid change in the hardness profile
of 8-mm-thick plates indicates a very small heat-affected zone.
Laser cut specimens have a small HAZ with only one hardness
measurement point. Regardless of the steel grade, the maximum
hardness value is between 200 HV0.1 and 510 HV0.1. It impli-
cates a relatively increased hardening compared with the base
material from 10 to 170%. The results shown are comparable to
previous work [2, 4, 10].

Additionally the local hardness of the cut edges of all series
tested is shown in Fig. 7. The hardness was measured directly
at the cut edge. Due to the higher test load (HV10), the local
hardness at the cut edge is smaller than the maximum on the
cross section. Because of the thin hardened layer, the prepa-
ration of the cut edge may remove the HAZ a little bit. Shot
peening and grinding do not change the hardness value. The
cutting speed reduction increases the cooling rate and the local
hardness at the cut edge decreases (laser cut edges).

3.3 Residual stress

The residual stresses on the cut edge for the different cutting
technologies and materials used are given in Fig. 8. It was
measured parallel to the loading direction. Measurement results
are very different. Waterjet cut edges show compressive resid-
ual stresses over the cut edge about − 200 MPa. The shot
peened surface shows compressive residual stresses also,
approx. − 200MPa. Oxygen cut high-strength steels, all plasma
and laser cut edges show tensile residual stress. Compressive
stress on oxygen cut edges and on waterjet cut edges was also
seen in [3]. They measured tensile residual stress just on plasma
and not on laser cut edges. Remes et al. as well as Lillemäe

Table 4 Fatigue test program

No. Steel grade Cutting process (treatment): cutting speed (m/min) t (mm) Stress ratio Test type Specimens tested

1 S355M Oxygen: 0.60 8 0.1 CAL 12

2 S355M Oxygen (shot peening): 0.60 8 0.1 CAL 14

3 S355M Plasma: 3.42 8 0.1 CAL 13

4 S355M Plasma (grinding): 3.42 8 0.1 CAL 13

5 S355M Laser: 0.90 8 0.1 CAL 10

6 S355M Laser (reduced speed): 1.10 8 0.1 CAL 9

7 S355M Waterjet: 0.22 8 0.1 CAL 11

8 S355M Waterjet (reduced speed): 0.07 8 0.1 CAL 10

9 S690Q Oxygen: 0.60 8 0.1 CAL 13

10 S690Q Oxygen (grinding): 0.60 8 0.1 CAL 13

11 S690Q Plasma: 3.42 8 0.1 CAL 9

12 S690Q Laser: 0.90 8 0.1 CAL 13

13 S690Q Laser (reduced speed): 1.10 8 0.1 CAL 12

14 S690Q Waterjet: 0.22 8 0.1 CAL 11

15 S690Q Waterjet (reduced speed): 0.07 8 0.1 CAL 13

Fig. 4 Left: Location of measurements at the ground cut edge (schematically). Right: Ground cut edge

Weld World



show also only compressive stress in their investigation. No
stress relaxation was observed due to surface grinding.

3.4 Fatigue test results

All fatigue test results are summarized in Table 6 including
results from previous studies. It shows the number of speci-
mens including run outs, the slope of the S-N curve, Log C

(intercept of the S-N curve with the y-axis), the nominal fa-
tigue strength Δσ at 2 million load cycles (POS = 50%), the
nominal fatigue strength Δσ at 2 million load cycles (POS =
97.7%) with a Ts 1:1.5 according to Haibach, and the crack
initiation location (cut edge/corner/plate surface).

The fatigue test results of all different series using oxygen,
plasma, laser, and waterjet cutting technologies for various
steel grades (S355M and S690Q) are shown in Figs. 9, 10,

Fig. 5 Arithmetic mean of
surface roughness Ra as a function
of arithmetical peak-to-peak
average roughness Rz for different
cutting technologies (S355M,
8 mm)

Table 5 Summary of cut edge surface roughness

No. Steel grade Cutting process Rz (quality range) (μm) Ra (μm) Rmax (μm)

1 S355M Oxygen 27–66 (2–3) 5–12 40–76

2 S355M Oxygen (shot peening) 43–62 (3) 7–11 47–89

3 S355M Plasma 17–35 (2) 3–6 19–34

4 S355M Plasma (grinding) 25–36 (2) 4–7 33–58

5 S355M Laser 60–73 (3) 11–14 71–103

6 S355M Laser (reduced speed) 33–41 (2) 4–5 43–50

7 S355M Waterjet 63–97 (3–4) 12–18 76–129

8 S355M Waterjet (reduced speed) 29–37 (2) 4–5 34–45

9 S690Q Oxygen 22–51 (2–3) 4–9 26–62

10 S690Q Oxygen (grinding) 32–48 (2–3) 6–10 44–64

11 S690Q Plasma 18–27 (2) 4–7 20–36

12 S690Q Laser 46–70 (3) 9–13 53–102

13 S690Q Laser (reduced speed) 27–37 (2) 5–6 32–43

14 S690Q Waterjet 58–73 (3) 11–14 68–96

15 S690Q Waterjet (reduced speed) 28–35 (2) 4–5 32–45
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11, and 12. Each figure presents one cutting technology with
the different materials and quality improvement methods
used. Two design curves from the IIW recommendations
(FAT 125, FAT140) are also added.

Figure 9 shows the test data from oxygen cut specimens
made from S355M and S690Q. The fatigue strength is sum up
at the bottom left in the figure. The results show different
fatigue strength and slopes. Specimens cut by oxygen cutting

of S355M without using any posttreament method show a
nominal fatigue strength range at 2 million load cyles of
Δσ = 264 MPa (POS = 50%). The regression line was calcu-
lated to k = 5.8 without run outs including. The benefit of shot
peening series is primary at higher numbers of load cycles.
The fatigue strength increase was determined to Δσ =
309 MPa at 2 million load cycles with a flat slope of k = 9.8,
117% increase of fatigue strength to the as-cut series. Short-

Fig. 7 Local hardness on the cut edge of all series tested

Fig. 6 Hardness measurements on the cross section of S355M 8 mm (left) and S690Q 8 mm (right)—oxygen, plasma, and laser cut specimens
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term strength of both series is comparable. No increase was
observed using S690Q compared with S355M. Fatigue
strength decreased to Δσ = 216 MPa. Contrary to the expec-
tations, S690Q (ground) specimens show similar extrapolated
fatigue strength results about Δσ = 208 MPa. Due to high
number of load cycles at Δσ ≈ 400 MPa, the slope of k gets
very steep and the calculated fatigue limit down to 208 MPa.
Even though run outs have a significant higher Δσ of
288 MPa compared with S690 (as-cut) specimens at
Δσ =216 MPa. The small amount of specimens especially
for a high stress range could be one reason for it.

Test data from plasma cut specimens is shown in Fig. 10.
Results of S355M specimens (as-cut) show fatigue strength at
Δσ = 239 MPa with a slope of k = 5.2. A slight improvement
of grinding the cut edge surface was observed. The fatigue
strength was calculated to Δσ = 255 MPa at 2 million load
cycles with k = 5.2. The benefit of using high-strength steels is
most prominent at higher number of load cycles. Run outs
have a significant higher stress range. But the fatigue strength
was also calculated to a comparable level because of the steep
slope k = 3.9 (Δσ = 232 MPa).

Fatigue test results of laser cut edges of 8-mm-thick spec-
imens are illustrated in Fig. 11. For both materials, an increase
of fatigue strength at 2 million load cycles was determined
when the cutting speed is reduced. S355M Δσ = 300 MPa

(as-cut)➔ Δσ = 338 MPa (reduced speed) and S690Q Δσ =
179MPa➔Δσ = 209MPa. The slopes of S335M S-N curves
are significantly higher (k between 9.8 and 12.3) than the
slopes of S690Q S-N curves (k between 3.0 and 3.4). It is also
observed that the fatigue strength decreases for the high-
strength steel. The cutting speed reduction leads to an im-
provement of the fatigue limits. One reason could be the geo-
metrical improvement of the surface, despite the tensile resid-
ual stress on the cut edges.

The highest fatigue strength results were calculated for
waterjet cut specimens. Figure 12 shows the test data from
specimens made from S355M and S690Q with normal (as-
cut) and reduced cutting speed. The regression lines of all four
S-N curves are very flat and the slopes are comparable (k =
10.2–18.3). As well as the laser cut edges, waterjet cut edges
show an increase of fatigue strength at 2 million load cycles
using a reduced cutting speed. S355M Δσ = 351 MPa (as-
cut) ➔ Δσ = 373 MPa (reduced speed) and S690Q Δσ =
449MPa➔Δσ = 504MPa. The effect of an increased fatigue
strength using high-strength steels is seen.

A comparison of all various cutting technologies of S355M
specimens with a thickness of 8 mm is shown in Fig. 13. The
plasma cut S-N curve shows the lowest fatigue strengthΔσ =
239 MPa with k = 5.2. Oxygen cut edges have a slightly
higher fatigue strength level at Δσ = 264 MPa with k = 5.8.

Fig. 8 Residual stress on the cut edge of all specimens tested
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Laser cut edges have a fatigue strength at Δσ = 300 with k =
9.8 and the highest fatigue strength results were determined
for waterjet cut edges atΔσ = 351MPawith a flat slope of k =
16.8.

The fracture surface analysis points out three different lo-
cations of crack initiation: on the cut edge, at the corner be-
tween cut edge and rolled plate surface, and at the plate sur-
face. Figure 14 presents an example of each location of the
crack initiation. In Table 6, the percentage distribution of all
the test specimens is summarized. The crack initiated mostly
from the corner or even from the rolled plate surface (cf. [4]).

4 Discussion

This document investigated experimentally the influence of
the quality characteristics according to ISO 9013 on the fa-
tigue strength of thermal cut edges. Fatigue tests were con-
ducted on thermal cut edges in different execution qualities
with constant amplitude loads at a stress ratio R = 0.1. Two
different materials S355M and S690Q with a plate thickness
of 8 mm were considered. The cutting methods used were
oxy-fuel cutting, plasma cutting, laser cutting, and waterjet
cutting. Quality improvement methods, like shot peening,
grinding, and cutting speed reduction, were used. All samples
were characterized in terms of hardness, roughness, and resid-
ual stresses.

Different fatigue strengths were determined for the cutting
technologies and materials. Most of the specimens were tested
"as-cut" without using any posttreatment method, like grind-
ing or shot peening. Corners were not removed. For this cut
edge surface quality, the IIW recommends FAT100. The in-
vestigation shows that all series exceed the FAT class and can
be classified in FAT125. Specimens ranged in quality group 2
of ISO 9013 according to the roughness achieve FAT140 re-
gardless of cutting technology or material.

The fatigue strength can be increased by quality improve-
ment treatments. Shot peening as well as grinding on plasma
cut edges shows higher fatigue strength. The treatment re-
moved the defects on the surface and the corners. This is also
shown in previous work (see, e.g., [2, 4]).

The cutting speed affects the roughness on the cut edge.
Due to reduced cutting speeds, the roughness decreases also.
This results in an increase of the fatigue strength in all tested
series in this study (laser and waterjet cut edges). It also can be
explained with in reduction of the defect on the cut edges.

Using waterjet cutting technologies, higher strength steels
increase the fatigue strength. The roughness on the cut edge
correlates with the fatigue strength and can be defined as the
critical defect of the specimens. Waterjet cut edges show also
the highest fatigue strength compared with the other cutting
technologies. The defects are sufficiently small and the life-
time is governed by crack initiation.Ta
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According to the roughness measurements on the cut edge
surface, the plasma cut specimens were predicted to have the
highest fatigue strength also shown in [3]. Fatigue test results
show that they have the lowest fatigue strength level for
S355M steels. The residual stress varied over all series.
Waterjet cut specimens, shot peened specimens, and S355M
oxygen cut edges show compressive stress or approx. zero.
The positive influence of compressive stress for the fatigue

strength was analyzed in previous studies already, e.g., [17].
Tensile residual stress was observed at S690Q oxygen cut
edges as well as on all plasma and laser cut edges. Due to
the stress ratio R = 0.1 and the resulting high load, the influ-
ence of the tensile residual stress on the fatigue strength is low.
However, the residual stress state, hardness, and the surface
roughness should be considered. The surface condition in
terms of surface roughness, hardness, and residual stress

Fig. 10 Fatigue test results of plasma cut edges, 8-mm-thick specimen, stress ratio R = 0.1. Shown here are test series 3, 4, and 11

Fig. 9 Fatigue test results of oxygen cut edges, 8-mm-thick specimen, stress ratio R = 0.1. Shown here are test series 1 and 2 and 9 and 10
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changes depending on the cutting technology. ISO 9013 clas-
sifies the quality of the cut edges in four different groups.
According to these quality groups, the ISO 9013 has a weak
connection to fatigue strength, also seen in [3, 10]. In order to
make a prediction of the fatigue performance, the standard has
to be specified and the cutting process as well as the steel
strength should be considered. The fracture analysis shows
that the crack initiates mostly from the corner. The location

of crack initiation weakens the surface roughness as a critical
quality characteristic and has to be considered. To modify the
IIW recommendation for fatigue design, the ISO 9013 should
be connected to it and waterjet cutting could be added in the
standard. Different cutting methods reach different fatigue
limits. Standards should cover that and should diversify cut-
ting methods. A bonus factor could be considered using
quality-enhancing methods.

Fig. 11 Fatigue test results of laser cut edges, 8-mm-thick specimen, stress ratio R = 0.1. Shown here are test series 5 and 6 and 12 and 13

Fig. 12 Fatigue test results of waterjet cut edges, 8-mm-thick specimen, stress ratio R = 0.1. Shown here are test series 7 and 8 and 14 and 15
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5 Summary

In this investigation, fatigue tests were carried out on 8-mm-
thick samples with a minimum yield strength ranging from
355 to 690 MPa at a stress ratio of R = 0.1. The cutting
methods used were oxygen, plasma, laser, and waterjet cut-
ting. Quality improvement methods, like shot peening, grind-
ing, and cutting speed reduction, were used. The surface
roughness was measured to classify the specimens into quality
groups according to ISO 9013. The cut edge condition was
also characterized by hardness and residual stress measure-
ments. The following conclusions can be made:

– Waterjet cutting technologies have the highest fatigue
strength. High-strength steels increases the fatigue strength.

– The investigation shows that all tested series exceed
the FAT100 class and can be classified in FAT125.
Specimens ranged in quality group 2 of DIN EN
ISO 9013 according to the roughness achieve

FAT140 regardless of cutting technology or
material.

– According to the ISO 9013, most of the specimens are
classified in the quality group 2. Fatigue strength results
are significant different in one quality group. No predic-
tion can be made. ISO 9013 has a weak connection to
fatigue strength.

– Quality improvement methods have a significant influ-
ence on the fatigue strength and can increase it. Due to
reduced cutting speeds, the roughness decreases also.
This results in an increase of the fatigue strength in all
tested series in this study.

– In order to make a prediction of the fatigue perfor-
mance, the standard has to be specified and the cut-
ting process as well as the steel strength should be
considered.

Funding information Open Access funding provided by Projekt DEAL.
The presented investigations were supported by the Arbeitsgemeinschaft
industrieller Forschungsvereinigungen (AiF) in the project 18.789N
“Bedeutung der Qualitätsmerkmale freier Schnittkanten nach DIN EN

Fig. 14 Location of crack initiation (cut edge, corner, and plate surface)

Fig. 13 Comparison of all various cutting technologies of S355M, 8 mm (as-cut)
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1090 für deren Schwingfestigkeit unter Berücksichtung von
Eigenspannungen.”

Appendix. Raw data

Test specimen
(index)

Load ratio
(-)

Nominal stress range
(MPa)

Fatigue life
(cycles)

S355_A_8_01 0.1 378 257,488

S355_A_8_02 0.1 378 271,009

S355_A_8_03 0.1 378 301,023

S355_A_8_04 0.1 342 299,207

S355_A_8_05 0.1 342 552,562

S355_A_8_06 0.1 342 386,736

S355_A_8_07 0.1 306 687,346

S355_A_8_08 0.1 306 718,035

S355_A_8_09 0.1 306 803,485

S355_A_8_10 0.1 270 1,681,284

S355_A_8_11 0.1 270 1,202,510

S355_A_8_12 0.1 270 3,720,270

Test specimen
(index)

Load ratio
(-)

Nominal stress range
(MPa)

Fatigue life
(cycles)

S355_A_8__
KS_01*

0.1 396 138,146

S355_A_8__
KS_02

0.1 396 151,297

S355_A_8__
KS_03

0.1 396 146,810

S355_A_8__
KS_04

0.1 378 288,027

S355_A_8__
KS_05

0.1 378 380,530

S355_A_8__
KS_06

0.1 378 430,683

S355_A_8__
KS_07

0.1 360 925,846

S355_A_8__
KS_08

0.1 360 447,900

S355_A_8__
KS_09

0.1 360 307,082

S355_A_8__
KS_10

0.1 351 540,372

S355_A_8__
KS_11

0.1 351 535,480

S355_A_8__
KS_12

0.1 351 360,241

S355_A_8__
KS_13

0.1 342 5,000,000

*KS shot peening

Test specimen
(index)

Load ratio
(-)

Nominal stress range
(MPa)

Fatigue life
(cycles)

S355_P_8_01 0.1 378 186,313

S355_P_8_02 0.1 378 167,733

S355_P_8_03 0.1 378 168,848

S355_P_8_04 0.1 342 296,871

S355_P_8_05 0.1 342 247,063

S355_P_8_06 0.1 342 386,192

S355_P_8_07 0.1 306 679,047

S355_P_8_08 0.1 306 749,810

S355_P_8_09 0.1 306 619,227

S355_P_8_10 0.1 270 5,000,000

S355_P_8_11 0.1 270 756,423

S355_P_8_12 0.1 270 1,045,573

S355_P_8_13 0.1 252 5,000,000

Test specimen (index) Load
ratio (-)

Nominal stress
range (MPa)

Fatigue life
(cycles)

S355_P_8_BS_01* 0.1 306 773,460

S355_P_8_BS_02 0.1 306 926,997

S355_P_8_BS_03 0.1 306 558,913

S355_P_8_BS_04 0.1 342 278,922

S355_P_8_BS_05 0.1 342 327,980

S355_P_8_BS_06 0.1 342 318,903

S355_P_8_BS_07 0.1 288 943,909

S355_P_8_BS_08 0.1 378 188,243

S355_P_8_BS_09 0.1 378 151,811

S355_P_8_BS_10 0.1 288 737,934

S355_P_8_BS_11 0.1 270 1,377,966

S355_P_8_BS_12 0.1 270 5,000,000

S355_P_8_BS_13 0.1 270 5,000,000

*BS grinding

Test specimen
(index)

Load ratio
(-)

Nominal stress range
(MPa)

Fatigue life
(cycles)

S355_L_8_01 0.1 396 84,611

S355_L_8_02 0.1 378 261,235

S355_L_8_03 0.1 378 290,594

S355_L_8_04 0.1 360 343,733

S355_L_8_05 0.1 360 435,484

S355_L_8_06 0.1 342 453,993

S355_L_8_07 0.1 342 349,009

S355_L_8_08 0.1 342 800,043

S355_L_8_09 0.1 324 5,000,000
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Test specimen (index) Load
ratio (-)

Nominal stress
range (MPa)

Fatigue life
(cycles)

S355_L_8_V2_01 0.1 396 251,926

S355_L_8_V2_02 0.1 396 297,990

S355_L_8_V2_03 0.1 378 507,452

S355_L_8_V2_04 0.1 378 1,077,419

S355_L_8_V2_05 0.1 378 454,739

S355_L_8_V2_06 0.1 360 5,000,000

S355_L_8_V2_07 0.1 360 639,413

S355_L_8_V2_08 0.1 360 5,000,000

S355_L_8_V2_09 0.1 414 139,400

S355_L_8_V2_10 0.1 414 169,439

Test specimen
(index)

Load ratio
(-)

Nominal stress range
(MPa)

Fatigue life
(cycles)

S355_W_8_01 0.1 414 75,134

S355_W_8_02 0.1 405 138,549

S355_W_8_03 0.1 405 156,045

S355_W_8_04 0.1 396 249,444

S355_W_8_05 0.1 396 513,765

S355_W_8_06 0.1 378 847,415

S355_W_8_07 0.1 378 944,600

S355_W_8_08 0.1 360 1,385,232

S355_W_8_09 0.1 360 547,707

S355_W_8_10 0.1 342 5,000,000

Test specimen
(index)

Load
ratio (-)

Nominal stress range
(MPa)

Fatigue life
(cycles)

S355_W_8_V2_01 0.1 414 988,300

S355_W_8_V2_02 0.1 414 120,400

S355_W_8_V2_03 0.1 405 213,213

S355_W_8_V2_04 0.1 405 418,110

S355_W_8_V2_05 0.1 405 235,155

S355_W_8_V2_06 0.1 396 878,900

S355_W_8_V2_07 0.1 396 983,403

S355_W_8_V2_08 0.1 378 1,124,536

S355_W_8_V2_09 0.1 378 1,789,851

S355_W_8_V2_10 0.1 360 3,363,511

S355_W_8_V2_11 0.1 360 5,000,000*

*Crack initiation at clamping point

Test specimen
(index)

Load
ratio (-)

Nominal stress
range (MPa)

Fatigue life
(cycles)

S690_A_8_01 0.1 216 5,000,000

S690_A_8_02 0.1 216 816,354*

S690_A_8_03 0.1 252 578,544

S690_A_8_04 0.1 252 1,509,115

S690_A_8_05 0.1 252 1,158,973

S690_A_8_06 0.1 288 1,053,707

S690_A_8_07 0.1 288 605,269

S690_A_8_08 0.1 288 1,442,738

S690_A_8_09 0.1 324 482,980

S690_A_8_10 0.1 324 608,066

S690_A_8_11 0.1 360 400,725

S690_A_8_12 0.1 360 391,707

S690_A_8_13 0.1 396 249,321

S690_A_8_14 0.1 396 195,460

Test specimen (index) Load
ratio (-)

Nominal stress
range (MPa)

Fatigue life
(cycles)

S690_A_8_BS_01* 0.1 306 355,484

S690_A_8_BS_02 0.1 306 610,189

S690_A_8_BS_03 0.1 306 516,488

S690_A_8_BS_04 0.1 324 488,806

S690_A_8_BS_05 0.1 324 738,990

S690_A_8_BS_06 0.1 324 594,380

S690_A_8_BS_07 0.1 360 477,455

S690_A_8_BS_08 0.1 360 412,575

S690_A_8_BS_09 0.1 396 354,714

S690_A_8_BS_10 0.1 396 277,153

S690_A_8_BS_11 0.1 288 1,392,654

S690_A_8_BS_12 0.1 288 5,000,000

S690_A_8_BS_13 0.1 288 5,000,000

*BS grinding

Test specimen
(index)

Load ratio
(-)

Nominal stress range
(MPa)

Fatigue life
(cycles)

S690_P_8_01 0.1 324 5,000,000

S690_P_8_02 0.1 324 637,048

S690_P_8_03 0.1 324 422,821

S690_P_8_04 0.1 360 403,119

S690_P_8_05 0.1 360 399,922

S690_P_8_06 0.1 396 205,484

S690_P_8_07 0.1 396 257,007

S690_P_8_08 0.1 432 206,687

S690_P_8_09 0.1 432 155,691
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