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Abstract: The longitudinal and transverse beams of trucks are manufactured with a large number
of holes to fasten brackets for springs, fuel tanks, batteries etc. The quality of the holes, which is
particularly influenced by the manufacturing process, has a major influence on the fatigue strength of
the beams and thus the service lifetime of the vehicle. In most cases, the holes are produced using
the highly economical shear cutting process. Previous investigations have shown that the fatigue
strength of thin sheets can be increased by adjusting the shearing parameters and using a two-stage
shear cutting process. This paper discusses the difference between one- and two-stage shear cutting
on the hole quality of components made of S500MC (1.0984, thickness 8 mm) and its resulting fatigue
strength. The hole quality is characterized by the geometry of the shear cut surface, its roughness,
microstructure, and microhardness. It was shown that the two-stage shear cutting process allows
producing holes of better quality than the ones manufactured by a one-stage shear cutting process.
Furthermore, this resulted in an improved fatigue behavior.
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1. Introduction

Heavy commercial vehicles play an important role in freight and passenger transport, which is
also reflected in the growing world market [1]. Besides the quality of the product, trends such as
fuel efficiency requirements and therefore lightweight construction are the main drivers for the truck
market [2]. When manufacturing longitudinal beams also, it is these requirements that come into
play. In the material release process, the lifetime predictions of components made of steel sheet
materials are based on material data determined by samples with polished edges. In comparison, in
series production, the highly economical shear cutting process is used [3], which means that the data
obtained in the material qualification process cannot be transferred one-to-one to the components.
As a result, high safety factors are used, and the component design is very conservative and contrary
to the lightweight design concept.

Cutting thick sheets requires a high press force. Thus, special punch geometries are commonly
used to reduce the punch through a pulling cut. For example, angled punches were used in [4].
Here, a force reduction of 80% was achieved. Nevertheless, also the part quality was heavily affected.
The angle between the punch and sheet metal can cause a displacement of the punch in the lateral
direction, as shown by [5], which is critical when the displacement exceeds the die clearance [6].
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A significant force reduction was also achieved by punches with a wave form as proposed in [7].
These punches also show an improved dimensional accuracy of the manufactured hole. By carrying
out finite element simulations, different punch geometries were compared in [8]. It was found that
a rooftop-shaped punch should be preferred to angled punches, concave punches, or punches with
an inverted cup geometry due to the absence of eccentric loads and their high rigidity. Furthermore,
punches with a rooftop shape can improve the part quality, as shown in [9] for the hole expansion ratio
and in [10] for the fatigue behavior.

Shear cutting of thick sheets, as used in truck frames, is challenging due to delaminations,
which makes shear cutting parameters adapted to the sheet thickness essential [11]. This effect mainly
occurs at larger die clearances and forms a starting location for further crack development.

Fatigue crack growth usually starts from a highly stressed edge. In [12] it was shown that the
quality of the edge, which essentially depends on the manufacturing process, has a significant influence
on the fatigue performance of the component. For example, shear cut edges usually show a lower
fatigue strength than laser cut edges, as shown in [13]. The work in [3] found that cutting with a too
big die clearance significantly decreases the fatigue strength. Nevertheless, a smaller die clearance
does not always improve the fatigue strength, as shown by [14]. The results published in [15,16] were
able to show that the variation of shear cutting parameters leads to very different cut surface qualities
and has a high influence on the fatigue strength of shear cut edges. In particular, a two-stage shear
cutting process was able to increase the fatigue strength as it greatly reduced the damage of the shear
affected zone. Iwaya et al. varied the cutting offset between 20 % and 80 % to the sheet thickness
and showed that the forming capacity of the edge is greatly improved by the two-stage shear cutting
process. Furthermore, it could be shown that work hardening of the shear cut edge is reduced [17].
Another positive effect of the two-stage trimming is, as described by [18], the bending of the slug,
which leads to an improved stress state in the shear affected zone. Gläsner et al. showed that the
scrap stiffness and the resulting material flow in the two-stage shear cutting process have a significant
influence on the reduction of damage in the shear affected zone [19].

This paper focuses on improving the shear cut surface quality in a one- and two-stage shear cutting
process on thick steel sheet material to increase the fatigue strength of shear cut holes used for example
in truck beams. The state-of-the-art is advanced as the two-stage shear cutting process is adapted for
cutting thick sheets, i.e., by using a punch with a rooftop shape. Additionally, the influence of the
process parameters, die clearance, and cutting offset on the cut surface is investigated and compared
to those of one-stage shear cutting with a rooftop-shaped punch. Finally, the fatigue behavior of
specimens cut by one- and two-stage shear cutting is investigated. Thus, further insight is given into
the effect of the shear cutting process on the fatigue behavior.

2. Materials and Methods

2.1. Material

The material used for the investigations was a hot rolled 8 mm thick high-strength low-alloy
steel Grade S500MC, which consisted of a fine ferritic/pearlitic microstructure. Applications for this
steel grade are, for example, longitudinal beams or frames of trucks. It has a high yield strength of a
minimum of 500 MPa, a minimum tensile strength of 550–700 MPa, and a minimum total elongation of
18% [20]. The mechanical properties of the material, listed in Table 1, were measured on the specimen
according to [21] taken longitudinal and perpendicular to the sheet’s rolling direction.

Table 1. Mechanical properties of the investigated steel Grade S500MC.

Rp0.2 Rm

0◦ to the Rolling Direction 562± 8.5 MPa 642± 8.7 MPa
90◦ to the Rolling Direction 617± 0.9 MPa 660± 0.9 MPa
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The mean hardness of the base material was determined to be 200 HV 0.1 by microhardness
measurement according to the standard [22]. The chemical composition of this steel grade, measured
by an optical emission spectrometer, is listed in Table 2.

Table 2. Measured chemical composition of the sheet metal material S500MC (1.0984, 8 mm) in
percentage by mass.

C Si Mn P S Al Nb V Ti

0.052 0.019 1.327 0.009 <0.002 0.036 0.023 0.009 0.046

2.2. Shear Cutting Tool and Stamping Press

A very rigid modular shear cutting tool as displayed in Figure 1 was designed and manufactured
to investigate the influence of the shear cut surface quality on the fatigue strength of shear cut holes.
This tool can be used both for one- and two-stage shear cutting. In both cases, the specimens are
positioned by guiding pins to ensure a precise location of the hole.

Punch

Gas spring

Blank-holder

Guiding pins

Die

Figure 1. Shear cutting tool used for the experiments.

To decrease the maximum cutting force, punches with a rooftop shape are commonly used for
cutting thick sheets. The geometry of the punches was chosen according to [9], which was milled
to punches standardized in [23]. This is illustrated in Figure 2. The punch and die edge radii were
polished to 50 µm in order to avoid breakouts. Additionally, all punches were coated with Balinit
Alcrona Pro, an AlCrN-based coating with a thickness of 2 to 4 µm, to minimize wear and thus get a
smooth hole surface.

10°15

d

R15

Figure 2. Punch with rooftop shape as used in the experiments according to [9].

A fatigue test specimen is displayed in Figure 3. The diameter of the final hole was 15 mm for
all configurations. The width of the specimen was w = 30 mm, i.e., the width of the remaining sheet
metal was 7.5 mm on each side of the hole. Furthermore, the specimens showed a milled and polished
edge on both sides, thus making sure the crack initiated in the notch root. Additionally, the outer
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edges in the region of the hole were parallel for a distance of 15 mm. On both sides, there were four
holes for clamping the specimen in the fatigue testing rig and two additional ones for the positioning
in the shear cutting tool. The specimen was taken out in the rolling direction of the sheet metal, as this
is a typical orientation towards the load direction for many truck side beam applications. The punches
were oriented with their rooftop perpendicular to the specimen axis to get a high amount of clean cut
in the highly stressed notch root. All experiments were carried out on a Bruderer high-speed stamping
press BSTA-1600 with a nominal press force of 1600 kN. As this force was significantly higher than the
force needed to cut the hole, the influences of the press elasticity on the results could be neglected.

Milled and polished edges

Guiding holes

Shear-cut hole

Holes for clamping

Clamped surfaces
Rolling Direction

30

R
80

Ø15

Figure 3. Specimen geometry for the fatigue tests.

The die clearance of the first cutting operation of the specimens manufactured by two-stage shear
cutting was chosen to be 10%. The hole diameter of this first cut was varied to achieve the different
cutting offsets z, i.e., the diameter of the punch of the first cutting operation was dpre = 15 mm − 2z.
The second cutting operation was carried out with a punch with a diameter of d = 15 mm while
varying the die clearance ur by changing the die’s inner diameter.

2.3. Fatigue Testing

The stress-controlled fatigue tests were performed with a resonance testing system from Schenck
with a maximum force of 250 kN. The fatigue tests were carried out by testing under constant amplitude
and using a load ratio R = σmin/σmax equal to −1 at a frequency of about 33 Hz. In the following,
the results are presented for a failure probability of 50%. For each stress level, at least three samples
were tested.

2.4. Measurement Equipment

To evaluate the quality of the shear cut edges, different measuring methods were used. The first
step in characterizing was a photographic documentation with a digital microscope from Keyence
Co., Ltd., Osaka, Japan. A preselection for further investigations was then made based on three
criteria: a maximum percentage of clean cut with a minimum burr height and a smooth fracture
surface at the same time. Using the contour measurement system MarSurf XCR 20 from Mahr GmbH,
Göttingen, Germany, the shear cut surface characteristics were determined according to [24] on at
least six specimens of each configuration. The measuring system could record the profile of the
shear cut edge with an accuracy of 0.5 µm using a probe arm with two needles. The analysis of
the edge surface was extended by a roughness measurement on the clean cut and fracture surface.
According to [25], the roughness characteristics Ra and Rz were determined on each surface with
a VK-X 150 laser scanning microscope from Keyence Co., Ltd., Osaka, Japan. The deformation
caused by the shear cutting process in the shear-affected zone was documented by micrographs of
polished specimen etched with 3% Nital. In addition, the hardening of the material was analyzed with
microhardness testing, using type AMH-43 of LECO Instrumente GmbH, Mönchengladbach, Germany.
The microhardness testing was performed by applying a load of 100 g for 10 s on a predefined
measuring grid according to standard [22]. Overall, two-hundred seventy-five hardness indentations
were measured, distributed over the shear affected zone, up to a depth of 3 mm starting from the
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clean cut surface. In order to visualize the areas of maximum hardening, the measured values were
visualized in a false-color contour plot.

2.5. Experimental Procedure

The aim of these investigations was to examine the quality of shear cut edges with regard to their
fatigue strength behavior. The investigated shear cutting parameters were the die clearance, as well
as the cutting offset. The characteristic cut surface parameters, the surface roughness of the shear
cut edge, and the deformation of the material in the shear-affected zone were used to evaluate the
quality of the shear cut edges. The fatigue strength results were then compared to the Woehler curves
of polished specimen. Figure 4 illustrates the experimental procedure.

Investigated Material

S500MC (1.0984), thickness 8 mm

Fatigue Testing

• Stress-controlled fatigue testing

• Load ratio R = σmin/σmax = -1

• Failure propability of 50 %

Characterization of shear cut holes

• Shear cut surface characterization

• Roughness measurement of clean cut and 

fracture surface 

• Micro-hardness testing

Preselection due to criteria

• Maximum percentage of clean cut 

• Minimum burr height 

• Smooth fracture surface

Deduction of correlations

One-stage shear cutting

Die clearance ur: 6 %, 8 %, 10 %, 12 %, 14 %

Two-stage shear cutting

Die clearance first stage upre: 10 %

Die clearance second stage ur: 6 %, 10 %, 14 %

Cutting offset z: 0.8 mm, 1.2 mm, 1.6 mm, 2.5 mm

Figure 4. Design of experiments.

3. Results and Discussion

3.1. Cut Surface Characteristics

Microscope pictures of the cut surfaces in the critical cross-section of the specimens produced by
one-stage shear cutting are displayed in Figure 5.

ur= 6 % ur= 10 %ur= 8 % ur= 12 %

delaminations

ur= 14 %

delaminations

Figure 5. Microscope pictures of the cut surfaces produced by one-stage shear cutting.

It can be observed that even though the die clearance was varied in a comparably big range of
ur = 6% to ur = 14%, only small changes were visible. This could be also observed in the profile
measurements displayed in Figure 6. The die roll was not measurable, and the clean cut height only
changed between 39.6% and 41.9% of the sheet metal thickness with a local minimum for ur = 10%.
Only small changes of the burr height of less than 14 µm were measured. While the classical cut surface
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characteristics showed a very small change caused by a different die clearance, the appearance of the
fracture zone showed signs of delaminations for a die clearance of ur = 12% and ur = 14%. This made
them unsuitable for further fatigue test investigations. Specimens manufactured with these process
parameters are not considered in the following.

The pictures of the cut surfaces resulting from two-stage shear cutting compared to those
manufactured by one-stage shear cutting are displayed in Figure 7.
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Figure 6. Comparison of the cut surface characteristics of the specimens produced by one-stage and
two-stage shear cutting.

u r
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 6
 %

z = 2.5 mmz = 1.6 mmz = 1.2 mmz = 0.8 mmone-stage

u r
=

 1
0 

%
u r

=
 1

4 
%

Figure 7. Microscope pictures of the cut surfaces produced by two-stage shear cutting compared to the
ones manufactured by one-stage shear cutting.

It can be observed that the two-stage shear cutting process significantly changed the cut surfaces.
In most cases, the clean cut height was much higher than in the one-stage process. Especially for a
small cutting offset of z = 0.8 mm, an undefined transition from clean cut to fracture zone could be
observed. This was accompanied by a big burr height. For the bigger cutting offsets of z = 1.6 mm and
z = 2.5 mm, delaminations in the fracture zone could be observed.

As a big burr height was unfavorable for most applications and delaminations already showed
a crack that was highly likely to result in a lower fatigue strength, the specimens showing these
characteristics were not further investigated. The ones with a big burr were all specimens manufactured
with a cutting offset of z = 0.8 mm and the ones manufactured with a cutting offset of z = 1.2 mm and a
die clearance of ur = 14%. Delaminations could be observed on the parts manufactured with a cutting
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offset of z = 2.5 mm and a die clearance of ur = 14%, with a cutting offset of z = 1.6 mm and a die
clearance of ur = 10% and bigger and those manufactured with a cutting offset of z = 1.2 mm and a die
clearance of ur = 10%. This only left four options for further investigations: The parts manufactured
with a cutting offset of z = 1.2 mm, z = 1.6 mm and z = 2.5 mm and a die clearance of ur = 6%, as well
as those manufactured with a cutting offset of z = 2.5 mm and a die clearance of ur = 10%.

Based on the results published in [15], the parts manufactured with z = 1.2 mm and ur = 6%
were most likely to achieve an improvement of the fatigue behavior due to the big amount of clean cut
and were therefore investigated in the following.

A comparison of the cut surface characteristics of these specimens with the one-stage variants is
displayed in Figure 6. Additionally, the absolute values are given in Table 3.

Table 3. Absolute cut surface characteristics of selected variants manufactured by one- and two-stage
shear cutting.

Variant Die Roll Clean Cut Fracture Burr

One-Stage ur = 6% 16± 4 µm 3.19± 0.14 mm 4.72± 0.14 mm 63± 8 µm
One-Stage ur = 8% 21± 4 µm 3.11± 0.05 mm 4.83± 0.04 mm 49± 12 µm
One-Stage ur = 10% 32± 6 µm 3.15± 0.07 mm 4.76± 0.08 mm 52± 9 µm
One-Stage ur = 12% 31± 9 µm 3.23± 0.09 mm 4.69± 0.11 mm 53± 6 µm
One-Stage ur = 14% 28± 8 µm 3.31± 0.05 mm 4.65± 0.05 mm 53± 7 µm
Two-Stage ur = 6%, z = 1.2 mm 20± 4 µm 6.22± 0.03 mm 1.74± 0.04 mm 50± 10 µm

All manufactured specimens showed almost no die roll. For ur = 10%, only 32± 6 µm were
measured. Due to this small value, the die roll is almost not visible in Figure 6. It could be observed
that the clean cut height could be almost doubled by the two-stage process. Furthermore, the die roll
height and the burr height were not increased.

3.2. Fatigue Strength

The resulting fatigue strength of the selected specimens is displayed in Figure 8. All measured
data points were displayed to show the robustness of the results. It should be noted that the nominal

stress in the hole was given, i.e., the real stress considering the notch factor was 2 + (1 − d
w

3
) = 2.13

times higher than the results given in Figure 8 [26]. As expected, the polished specimens showed
the highest limited lifetime strength. The k-factor in the limited lifetime range, calculated by k =

− log(N1/N2)/log(σ1/σ2) according to [27], was 6.18. This was followed by the two-stage shear cut
specimens. Here, the curve was not only moved to the left, but was also tilted. It showed a k-factor
of 4.54. The specimens produced by one-stage shear cutting showed an even lower limited lifetime
strength. Here, the results for the specimens manufactured with ur = 10% and ur = 6% were almost
identical. Again, a slightly changed slope could be observed with k = 3.82 for ur = 10% and k = 3.57
for ur = 6%.
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Figure 8. Fatigue strength of the specimen manufactured by one-stage shear cutting with a die clearance
of 6% and 10%, manufactured by two-stage shear cutting with a cutting offset of 1.2 mm and a die
clearance of 6% compared to specimens with a polished surface.

The results showed that two-stage shear cutting was able to improve the fatigue strength of shear
cut holes significantly. Still, the results could not be explained by simply looking at the cut surfaces,
as both the one-stage and two-stage shear cut specimens showed a significant amount of fracture.

3.3. Roughness

As the surface roughness influenced the fatigue strength [28], it was measured for the relevant
specimens. The roughness of the clean cut is listed in Table 4 and in Table 5 for the fracture zone.

The roughness Ra varied in a comparably small range of 0.26 and 0.66 µm and Rz in a range of
2.45 and 3.71 µm in the clean cut with the two-stage variant showing the highest roughness.

Table 4. Roughness of the clean cut of the specimens manufactured by one- and two-stage shear cutting.

Variant Ra Rz

One-Stage ur = 6% 0.26± 0.09 µm 2.45± 0.55 µm
One-Stage ur = 10% 0.48± 0.05 µm 3.57± 0.32 µm
Two-Stage ur = 6%, z = 1.2 mm 0.66± 0.09 µm 3.71± 1.09 µm

Table 5. Roughness of the fracture zone of the specimens manufactured by one- and two-stage
shear cutting.

Variant Ra Rz

One-Stage ur = 6% 2.63± 0.27 µm 15.6± 1.69 µm
One-Stage ur = 10% 2.48± 0.24 µm 14.6± 0.98 µm
Two-Stage ur = 6%, z = 1.2 mm 3.22± 0.80 µm 18.6± 3.74 µm

On the fracture zone, a significantly higher roughness between Ra 2.48 and 3.22 µm and Rz

between 14.6 and 18.6 µm were observed. Again, the two-stage variants showed the highest roughness.
Due to the higher roughness of the two-stage shear cut specimens on both the clean cut and fracture
zone, the roughness was also not the measure that caused the much higher fatigue strength.

3.4. Micrographs and Microhardness

For the investigated shear cutting strategies, four parameter combinations were compared with
each other using micrographs to illustrate the influence of cutting offset and die clearance on the plastic
deformation in the shear-affected zone. Figures 9 and 10 illustrate the microsections of shear cut edges
and corresponding scraps.
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One-Stage 
Shear Cutting

Two-Stage 
Shear Cutting
ur = 14 %
z = 2.5 mm

ur = 6 %

Material flow Material flow

250 µm250 µm

1 mm 1 mm

Figure 9. Comparison of the micrographs of the specimens and slugs produced by one-stage shear
cutting (left, ur = 6%) and by two-stage shear cutting with a too big cutting offset (right, ur = 14%;
z = 2.5 mm).

Two-Stage 
Shear Cutting

Two-Stage 
Shear Cutting
ur = 6 %
z = 1.2 mm

Material flow Material flow

250 µm250 µm

1 mm 1 mm

ur = 14 %
z = 0.8 mm

Figure 10. Comparison of micrographs of the specimens and slugs produced by two-stage shear cutting
with a too small cutting offset (left, ur = 14%; z = 0.8 mm) and by two-stage shear cutting with an
improved cut surface (right, ur = 6%; z = 1.2 mm).

In a one-stage shear cutting process (ur = 6%), the stiff scrap caused a strong deformation in the
front area of the cut surface, and the scrap absorbed a similar amount of deformation to the shear cut
part. In a two-stage shear cutting process, by contrast, the material of the scrap could flow in a radial
direction, was significantly less rigid, and could therefore absorb more plastic deformation from the
shear cutting process.

This was already apparent for the first parameter combination with a relatively large addition
of z = 2.5 mm, combined with a die clearance of ur = 14%. Due to the lower stiffness of the scrap,
the proportion of clean cut could be increased, but the scrap was still too broad to absorb enough
deformation. The result in the shear cut edge was therefore an elongation of the grain structure similar
to that in the one-stage shear cutting process. The microsection also showed microcracks caused by a
too large die clearance and should be avoided for dynamic loading.

For a small cutting offset of z = 0.8 mm combined with a die clearance of ur = 14%, the material
flowed into the die clearance and left a very large burr. Nevertheless, the stiffness of the scrap decreased
considerably due to its small width and led the scrap to take over a large amount of the deformation.
In the clean cut portion of the cut part, almost no stretching of the grains resulted.
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For an adjusted die clearance and cutting offset (ur = 6%, z = 1.2 mm), a maximization of the clean
cut paired with a minimum burr and a smooth fracture surface could be achieved at the same time.
Again, there was almost no damage due to severe deformation to the shear-affected zone.

A comparison of the material flow and the hardness resulting from the plastic deformation
between the one- and two-stage shear cut hole is displayed in Figure 11.

A heavily deformed microstructure of the specimen produced by one-stage shear cutting was
visible in the microsections. The plastic deformation reached 1 mm from the cut surface into the
adjacent material. This could also be seen in the microhardness, which increased towards the cut
surface and ascended from the die roll side (upper side in Figure 7) to the burr side of the sheet metal.
Here, the hardness reached values of up to 355 HV 0.1.

The two-stage shear cut specimen on the other hand showed almost no plastic deformation on
most of the clean cut. Only close to the fracture zone, plastic deformation was visible. This could also
be observed in the microhardness distribution. A slight hardness increase up to 240 HV 0.1 dominated
most of the clean cut, which rose up to 345 HV 0.1 around the fracture zone.

This effect of the low plastic deformation (i.e., low hardness) was caused by the two-stage shear
cutting process due to a changed material flow. The initial hole of the first cutting operation was
already strain hardened. By choosing the correct process parameters, the plastic deformation mainly
occurred in the scrap, and thus, less deformation remained in the edge of the part. This also resulted
in a higher proportion of clean cut and in a lower damage of the clean cut zone. In the best case,
microcracks from the first cutting operation were cut off by the second cutting operation.

Figure 11. Micrographs and microhardness of the parts produced by two-stage shear cutting (right)
compared to the ones manufactured by one-stage shear cutting (left).

To show this changed material flow, three different scraps are displayed in Figures 9 and 10.
It should be noted that a higher hardness is usually favorable in parts subjected to cyclic loads.

This indicated that the higher fatigue strength of the two-stage shear cut parts was caused by a less
damaged cut surface. This was also supported by the fact that the height of the shear cut surface where
microcracks were likely to occur was significantly lower in the case of two-stage shear cut holes than
in the case of one-stage shear cuts.

4. Conclusions

When shear cutting holes in thick sheet metals (in this case, S500MC with an 8 mm thickness),
several observations can be made regarding the resulting cut surfaces and the resulting fatigue strength.
Regarding the cut surfaces the following conclusions can be drawn:
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• The die clearance should be chosen as ur = 10% or smaller for one-stage shear cutting to avoid
delaminations. Otherwise, the influence of the die clearance on the cut surface characteristics was
small in contrast to many other investigations where punches without a roof-top shape were used.

• The cutting offset should be big enough so that cracks from the first cutting operation were cut
off completely.

• When the cutting offset was chosen too small, the burr height was heavily increased.
• When cutting offset and die clearance were chosen too big, delaminations could be observed.
• When cutting offset and die clearance were chosen too small, this may have resulted in an

undefined transition from clean cut to fracture zone.
• Two-stage shear cutting resulted in a much higher amount of clean cut for all investigated

configurations with a cutting offset z ≤ 1.6 mm.

Regarding the fatigue behavior in the limited lifetime range, the following was observed:

• Shear cutting changed the slope of the limited lifetime fatigue strength line due to an additional
notch, the very rough fracture zone.

• Both one- and two-stage shear cutting significantly reduced the number of cycles to failure
compared to polished edges.

• A much higher fatigue strength could be achieved by two-stage shear cutting compared to
one-stage shear cutting.

Although a two-stage shear cutting process means double the manufacturing effort, its application
on highly stressed holes could improve the fatigue strength of shear cut holes to a large extent using a
very economic manufacturing technique compared to other cutting processes.
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