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Abstract The cut-edge surface and internal properties
formed during component manufacturing are critical to the
durability of steel structures with exposed cut-edges used
in automotive and yellow goods vehicle applications. The
cut-edge quality is becoming increasingly important to
satisfy the escalating demands for component performance
and durability. The significance of this is emphasized with
the introduction of advanced high-strength steel grades,
which have an increased sensitivity to fatigue cracks ini-
tiating from cut-edges. This review is based on the premise
that the cut-edge quality is principally based on steel grade,
cutting method and the cutting process parameters, which
influence the resulting cut-edge quality properties. Further
to this, the effect of cutting on fatigue performance is
essential to the design and manufacture of durable vehicle
components. The importance of the edges in structural
durability lies in the fact that these regions act as the ini-
tiation sites for fatigue cracks, which may lead to structural
failure of the application under continuous cyclical load-
ing. The emphasis of the project has been on establishing
an accurate relationship between cut-edge type, cutting
process parameters, and the cut-edge fatigue performance.
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Introduction

The fatigue performance of exposed cut-edges as the example
given in Fig. 1 is critical with the advent of AHSS grades. This
review presents, through selective reference to the literature, an
understanding of the relationship between cutting process, cut-
edge quality, and fatigue properties of steel components [1-3].

Typical surface morphology generated during the cutting
process as shown in Fig. 2 is widely acknowledged as having an
important influence on the fatigue performance of steel compo-
nents, Meurling et al. [4]. The current approach to the prediction
of fatigue lives of components is to use the K fatigue reduction
factor. However, the problem here is that this approach is strictly
only for design by limit stress and not accurately acceptable for
fatigue life predictions of steel cut-edges.

The industry standard approach is to use sheet metal
fatigue data currently generated from smooth-edge speci-
mens, taking the form of standard fatigue curves. As Gao
et al. [5] show in Fig. 3, there exists potentially no constant
K; nor offset value between a fatigue curve for a real cut-
edge and for a smooth cut-edge. This illustrates that there is
no guarantee that the smooth-edge fatigue curves directly
relate to those of actual cut-edges in any simple fashion.

An actual cut-edge fatigue curve may not be derived by either
offset or scaling and therefore a general procedure is required to
support fatigue curve data. There is also the possibility that the
fatigue lives for cut-edges may also be greatly improved over
that of smooth specimens, due to the formation of compressive
residual stresses formed during the cutting process.

Cut-Edge Fatigue Lives of Structures

Over the life of a vehicle component that is subjected to
dynamic cyclical loading, failure can occur at a stress level
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Exposed mechanical cut-edges

Fig. 1 An automotive subframe assembly, which is an example of a structure with extensive exposed cut-edges manufactured from high-
strength steel (HSS)

Fig. 2 Characteristic cut-edge surface morphology generated by the (a) mechanical and (b) laser cutting processes, Meurling et al. [4]
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Fig. 3 S-N fatigue curves, which illustrates that multiple fatigue curves are required to make accurate predictions of cut-edge fatigue lives, Gao
et al. [5]

that is lower than the yield strength of the material. This  consider is that as steel grades strength increases the duc-
can be particularly important with the introduction of  tility reduces, indicating that greater care must be applied
AHSS, which exhibit an increased sensitivity to fatigue  during the material processing in order to offer optimum
failures initiating from cut-edges. An important element to  durability for in-service loading. As 90% of the total in-
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service failures can be attributed to fatigue, Ellwood [6],
the properties of the cut-edges can be of increasing
importance in AHSS grades.

Fatigue fractures are caused by the simultaneous action of
cyclic stress, tensile stress and plastic strain, where all three
have to be present for a crack to initiate and subsequently
propagate [7, 8]. The cyclical stresses and strains initiate the
crack and the tensile stress promotes crack propagation.
Fatigue cracks will initiate and propagate in regions where
strain is most severe, i.e., cut-edge surface defects such as
notches, laser-beam-generated striations, and other surface
imperfections, which act as a point of stress concentration. If
the stress concentration is sufficiently large, it will increase
the local stresses at the root of the notch to exceed the elastic
limit of the material, causing localized plastic deformation
[9, 10]. Fatigue failure has three independent stages:

1. Initial cut-edge fatigue damage caused during the
cutting process and component manufacturing stages
leading to crack nucleation and initiation;

2. Progressive cyclic growth of a crack until the remain-
ing uncracked cross section becomes weakened too
sustain the imposed loads;

3. Final sudden fracture of the remaining cross section
and failure of the component.

Examination of a fatigue failure demonstrates lack of
deformation in the region of the fracture in the material,
such as mild steel, which exhibits a ductile fracture when
subjected to a static load. To further this principle, Fig. 4
shows a fracture surface and the development of a fatigue
crack subjected to repeat bending fatigue.

The fracture shows the characteristics of a typical fati-
gue failure, the nucleus, such as a cut-edge surface defect
will act as an initiation site. Particularly under the process
of high cyclical loads, the crack initiation surface is smooth
from when the two surfaces of a small crack rubbing
together. The next region is the crack propagation zone,
which can exhibit lines appearing perpendicular to the
crack direction. The final region is where the ultimate
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sudden failure occurs, due to the remaining structure being
unable to support the combination of applied load and
stress concentration at the crack tip for a single load cycle,
where the crack propagated instantaneously and the failure
is complete [12-14]. At this point, the critical stress
intensity factor K. value of the material has been excee-
ded. The factors that can influence the fatigue strength of a
component can be categorized according to:

e Material properties: mechanical properties and material
surface condition;

e Cut-edge surface formations: including the cutting
technique and process parameters used, which induce
cut-edge notches and imperfections;

e Service properties: relating to the type of loading,
which can include tension, compression, bending, shear
and torsion (random or constant amplitude) and
whether it is bi- or multi-axial loading.

From work carried out by Itoga et al. [15] and as shown in
Fig. 5, if a fatigue crack initiates from or partially from the
surface, a rough surface or edge will display a lower fati-
gue life. If however, a fatigue crack initiates from regions
away from edge, e.g., subsurface defects then the edge
condition will not make any difference. The increase in
fatigue strength does appear to be equivalent no matter if
the increase of the yield strength is due to work hardening
or more relevantly as a result of the cutting process.

Studies previously conducted prove conclusively that
some AHSS grades exhibit an increased sensitivity to
fatigue cracks initiating from the cut-edges. Whereas fati-
gue resistance will benefit from an increase in material
strength, as Carlsson et al. [16] observed that increased
yield strength is positive for the fatigue strength and the
fatigue life in base metals, but there is a different story with
the presence of rough mechanical cut-edges.

Fractures initiate on three different kinds of mechanical
cut-edge defects as shown in Fig. 6 Marronne et al. [14]
identified that fatigue cracks initiate on the defect of site I
for the specimen punched with a 5% punch-die clearance.

Eventual brittle
fracture surface

Beach markings

Crack initiator

Fig. 4 Fatigue crack failure process (a) the development of a crack and (b) the fracture surface of the crack, Ritchie [11]
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The initiation starts close to the segregation in the middle
thickness site II for the specimens cut with 10% clearance.
For higher punch-die clearances, fatigue cracks initiate just
near the burr at site III. These observations of the fracture
allow the relation of the punch-die clearance value to the
location of a crack initiation sites to be made. Chiarelli and
Lanciotti [17] emphasized that the quality of the cut-edge
significantly influences the fatigue resistance of the steel,
which can be as high as that of the parent material and then
up to one and a half times its fatigue performance. The
influence of sheet cutting operations on S-N fatigue per-
formance was studied in detail by Meurling et al. [4]. The
purpose of this investigation was to determine the experi-
mental difference in fatigue properties of mechanical and
laser cut specimens for a range of sheet steels. However, in
every case, the laser cut-edges had a higher fatigue life in
comparison with punched specimens.

There is also a further reduction rate of fatigue strength
as shown in Fig. 7. But as substantiated by Howse [18],
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Fig. 5 Schematic illustration showing the effects of surface rough-
ness on the S-N characteristics of high-strength steel, Itoga et al. [15]
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little research work has been carried out to determine the
influence of the cutting process parameters on the
mechanical properties of steel cut-edges.

Meurling et al. [4] used oxygen-shielding gas in the
laser cutting process when compared with punching, in
which the laser cut-edges exhibit better fatigue lives as
shown in Fig. 8. As a result, this is vital toward under-
standing the mechanisms of cut-edge fatigue, which is
more important as the steels strength increases [19-23].

Analysis of S-N Fatigue Life

The S-N approach assumes that all stresses in the sample,
even local ones stay below the elastic limit at all times,
although in practice the material can be loaded above the
yield stress. But this cannot be the case if fatigue cracks
initiate and are applied to long fatigue lives where the
number of cycles to failure is large, and the stresses are
nominally within the elastic range of the material [24]. The
applied cyclical load needs to be defined in terms of the
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Fig. 7 Reduction in the fatigue strength vs. punch-die clearance,
Marronne et al. [14]

(c) Site Il

Fig. 6 Three fatigue crack initiation sites from mechanical cut-edges, Marronne et al. [14]
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amplitude and mean load. The S-N curve is generally
plotted in terms of the stress range peak to peak of a
sinusoidal waveform as shown in Fig. 9.

When considering a curve of this nature, the mean value
also needs to be identified. In fully reversed testing, the
sine wave will alternate around a zero mean. However, it is
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Fig. 8 S-N fatigue performance of a comparison between punched
and laser cut DP600, Meurling et al. [4]

Fig. 9 Standard variables used
during the fatigue testing
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common to have a nonzero mean or offset, and this is
defined by the R value which is calculated by dividing the
minimum stress by the maximum stress in which fully
reversed testing R = —1. The S-N curve is generally a
straight line plotted with logarithmic axes this gives the
convenient relationship as shown in Eq 1.

c=aN"’ (Eq 1)

where ‘N’ is the number of cycles, ‘g’ is the stress (MPa),
‘a’ is related to the Y-axis intercept and the inverse slope of
the line ‘b’ is the Basquin exponent. The value of ‘b’ for a
particular S-N curve gives a good indication of how
accurate the estimate of stress at a critical location needs to
be in order to predict a reliable life.

Overall, this can be important in influencing the material
fatigue sensitivity, since nonmetallic inclusions such as
nitrogen can have an adverse influence on workpiece fati-
gue properties. Studies showed that specimens cut at low
speed and cooled sufficiently develop favorable compres-
sive residual stresses. If high cutting speeds are used,
tensile stresses may develop in the deformed cut-edge skin
layer. A further important point suggested by Dieter [25] is
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Fig. 10 S-N fatigue curves for XF350 steel grade, with different cut-edges, Vass and Heijne [28]
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Fig. 11 S-N fatigue curves for 700
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Fig. 13 Results of constant amplitude fatigue tests of 8 mm thick
steel plate, Meurling et al. [4]

that it is of vital importance to consider residual stress
properties and to discuss those that influence fatigue
performance.

strain can be used to measure the level of plastic defor-
mation during metal cutting. However, it is not an
applicable characteristic since shear strain does not draw a
parallel with the known properties of the workpiece. It
must be considered that because the real importance of this
parameter was not exposed, it has been disregarded in
current metal cutting studies.

Features such as cut-edge surface defects will act as
stress concentrations and influence the fatigue lives. Vass
and Heijne [28] found that laser cut-edges had higher S-N
fatigue strength than punched edges when cutting XF350
steel grade (equivalent to S355MC), as shown in Fig. 10.
These results are comparable to those generated by
Meurling et al. [4], in which laser cut-edges outperformed
the fatigue lives of mechanical cut-edges by a factor of
three, particularly at lower stress levels.

AHSS are more demanding when the mechanical cut-
edges produced are rougher than that of lower strength
steels. As a result, there is frequently a larger area of
fractured zone in comparison with the smooth zone
[3, 27, 29]. This would explain why fatigue strength of
punched high-strength steels drops as proof stress is
increased. Therefore, as the steels strength increases then
so does the fatigue performance, but it is an increase in the
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surface roughness which can again significantly deteriorate
fatigue performance.

Schaeffler [30] indicated that a steel grade with yield
strength to tensile strength ratio of over 0.6 is more sen-
sitive to the influence of cut-edges on fatigue performance.

Interestingly, Vass and Heijne [28] observed that
punching DP600 AHSS resulted in an improved fatigue
performance over both laser and polished cut-edges as
shown in Fig. 11. The lower laser cut-edge fatigue per-
formance could, however, be a result that nitrogen-
shielding gas was used during the laser cutting process, and
this produced a harder cut-edge surface. These results are
converse to those generated by Meurling et al. [4].

It has been unanimously agreed by a number of other
sources that laser cut-edges have an increased fatigue life
than mechanical cut-edges as the results in Fig. 12

indicate. This relationship is more pronounced as the
relative difference in fatigue life between mechanical and
laser cutting increases with an increase in tensile
strength.

It has been determined that these properties dramatically
influence the fatigue performance of a steel component. It
is, however, the material properties that are of paramount
importance in determining fatigue performance as shown
by Meurling et al. [4] in Fig. 13. As previously discussed,
cut-edge properties of steel components produced by
thermal cutting processes differ considerably from those
using mechanical and AWJ cutting methods. Properties
including cut-edge topography, residual stresses, and the
surface structural changes can all be attributed to work-
piece deformation and as a result of the cutting process,
which have a direct impact on fatigue performance.
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These results are also advocated by Marronne et al. [14]
as shown in Fig. 14. Therefore, the characterization of steel
cut-edges is important in order to gain an understanding of
fatigue mechanisms, which not only depend on cutting
processing parameters, but also on the properties of the
steel grade. Tensile residual stresses in the altered surface
layer around the cut-edge have an additive effect on
applied stresses in the workpiece component. Tensile
residual stresses in the material add to the external stresses
in the component, resulting in reduced fatigue strength of
the material. However, compressive internal residual
stresses formed subtract from tensile external stresses and
the fatigue strength of the material can as a result be
increased, Dieter [25]. Niziev and Nesterov [31] observed
that, as the laser cutting speed is increased, the absorption
of the front of the beam is also increased with a decrease in
absorption on the cut-edge walls, but this factor is
insignificant to the component fatigue properties.

Meurling et al. [4] observed that the fatigue behavior of
mechanical and laser cut-edges under both constant and
variable amplitude loading, in which lower strength steels
were less sensitive to cutting method than higher-strength
steels as shown in Figs. 15 and 16. It is important therefore
to remember that the conditions of the components cut-
edges are of crucial importance in both testing and in the
true life of a structure.

It is, therefore, reasonable to conclude that the cut-edge
condition indeed has an important influence on the prop-
erties of higher-strength materials. Post-cutting forming
operations including bending, flanging, and deep drawing
also modify the fracture and fatigue properties in a more
definite way than the plastic properties of the material. In

the case of laser and plasma cutting, temperature gradients
are produced, with outer layers of the workpiece being
considerably hotter than the central volume. The external
cut-edge layer contracts more rapidly than the central
volume and hardens. Due to the reduction in temperature,
the central volume is largely in a plastic state and later this
volume contracts and hardens which forms a constricting
plastic shell. As a result, the inner component of the
material contains residual tensile stresses, while the
external layer of the cut-edge remains in a state of
compression.

If a large quantity of material is machined from the cut-
edge because of a large heat affected zone, large-scale
rearrangements of the stress pattern can result in the
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Fig. 18 Comparison of results of fatigue testing carried out on
plasma cut specimens under different stress ratios of 0 and 0.5,
Chiarelli and Lanciotti [17]

component breaking during later forming operations. An
important point agreed in many references is that slow
quenching of the cut-edge after thermal cutting can sig-
nificantly reduce the residual stresses developed, Chiarelli
and Lanciotti [17]. It has been previously agreed that
fatigue failures nearly always nucleate from the workpiece
surface or cut-edge of a component. Figure 17 demon-
strates that the fatigue strength of plasma cut-edges is very
similar to that of milled cut-edges, possibly as a result of
the smooth surface produced after plasma cutting when
using optimum process parameters.

It was determined that fine surface cracks resulting from
damage to the cut-edge can begin at discontinuities on the
edge but propagate with repeated cyclical loads [32]. This
is more critical at higher stress ratios as shown by Chiarelli
and Lanciotti [17] in Fig. 18.

Conclusions

This review has concentrated largely on empirical obser-
vations of the characteristic and formability properties of
cut-edges. Further to this, it has been established that the
literature pertaining to the effects of cut-edge quality on the
fatigue properties of steel is indefinite. A factor influencing
this is that geometrical effects cannot be adequately sepa-
rated from metallurgical alterations produced in the near
edge layers. At the micro-level, the influence of cutting
process parameters and the effect of process settings has
been comprehensively researched. At a macro-level, the
overall characterization and consequence on reduced fati-
gue performance and formability has been considered in
terms of cutting process variables.

@ Springer

An actuality revealed within the literature is that there
are key important process parameters that can produce
positive factors in fatigue performance. In order to quantify
the cutting process behavior, it is necessary to develop a
theory for each cutting technology. The theory needs to be
based primarily on experimental correlations and rein-
forced by statistical data. It is therefore a requirement of
the research program that cut-edge fatigue theories need to
be based extensively on empirical observations, for process
fundamentals, such as testing the relationship between laser
cutting speed, cutting power and the kerf width.

Within the context of a research project, it is true that
there are a multiple of process variables and parameters
that influence the fatigue performance of a material. It is,
therefore, reasonable to advocate that a progressive
approach to the experimental work can benefit this highly
challenging, but overall vital component toward under-
standing the fatigue properties of cut-edges and further
improve the safety of structural critical high-strength steel
components during service.
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