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Abstract. Endless fiber-reinforced plastics are being used to an increasing extent as alternative
materials for highly stressed or lightweight components instead of metallic materials. In order to
achieve the geometric requirements, peripheral machining of the raw parts is necessary. Instead of
the currently mainly used cutting processes, which are not suitable for clocked production, high-
speed impact cutting (HSIC) was examined in the presented experiments. This technology is
known as adiabatic cutting from the processing of metallic materials. Due to the high process
energy which is released in a very short time resulting in high punch speed, the prevailing
separation mechanism changes. Instead of bending the fibers due to the shear force the high-speed
cutting experiments with a punch speed of 10 m/s lead to a brittle shearing of the glass fibers and
a locally very limited heating and hence softening of the matrix material resulting in a clean surface
of the cut specimen. The inter fiber breakage, meaning the separation between fibers and matrix
called delamination, can be avoided or at least be sealed at the surface due to heat induced smearing
of the matrix material. The resulting surface quality of the cutting edge is exceptionally good.
However, the technically necessary cutting clearance leads to a jump in diameter within the cut
surface.

Introduction

Even today a significant proportion of the energy required by humans is obtained by the use of
fossil fuels. One problem of this approach is the limited availability of oil and gas, another is the
environmental impact caused by the combustion of these fuels that leads to damage of the
environment and reduction in human quality of life. As a result, in addition to revolutionizing drive
systems and power generation, consistent lightweight construction is necessary to achieve the
environmental goals that have been set. This concerns especially the area of transport, which is
responsible for around 20 % of global CO; emissions [1]. Lightweight design is a key driver to
reduce vehicles energy consumption and is often applied in the automotive industry [2]. Fiber-
reinforced plastics have been used as a substitute for the classic metallic materials to a steadily
increasing extent for several decades [3]. Application fields range from aviation up to shipbuilding
and vehicle construction. Endless fiber-reinforced duromers (EFRP) are of particular importance
here because they are suitable for the production of components with the same function but
significantly lower mass in comparison to conventional materials due to their up to five times
higher specific strength compared to steel [4]. In contrast to components made of metallic
materials, for components made of EFRP near netshape manufacturing and subsequent machining
of holes and edges is the typical approach to comply with the required geometric dimensions.
However, conventional processes such as milling are poorly suited due to the high hardness of the
reinforcing fibers and the heterogeneity and anisotropy of the composite [5]. The milling tool
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experiences a high level of wear, which manifests itself in rounding of the cutting edges and in
turn leads to damage to the workpiece which is being machined [6]. Alternative processes for
producing the required dimensions are currently cut-off grinding, sawing, abrasive waterjet cutting
and laser cutting. In addition to the respective process-specific advantages and disadvantages of
these individual production methods, they all lack suitability for a clocked production process,
since the entire contour of the component to be produced always has to be traversed in order to
perform the separation process. An alternative to this is peripheral machining using shear cutting,
in which one or even several components can be manufactured using only one press stroke. Shear
cutting is widely used in the sheet metal processing industry [7] and it offers high cost-
effectiveness [8]. Aiming for an improvement of the geometric accuracy of the cut surface and
good surface quality, high speed impact cutting (HSIC) is a promising process variation [9]. In
contrast to conventional shear cutting, this technology is characterized by the high speed (i. e.
above 3 m/s) of the cutting tool (punch). This causes high and strongly localized strain rates and
temperatures, leading to a nearly rectangular cut surface, a reduction of burr and a reduced rollover
height for metallic materials [10]. The presented study aims to show the general feasibility of
cutting EFRP with high cutting speed.

Experimental Methodology

Samples with a reinforcement made of glass fiber fabric (fiber alignment 0/90 °, fiber volume
content @r = 55 %) with an epoxy resin matrix in thicknesses of 1, 2, 3 and 4 mm were used for
the investigations. Three slugs with the same parameters were cut out from a flat workpiece with
the dimensions of 175x50 mm? for each material thickness. The punch had a diameter of 20 mm
and the cutting clearance was varied between 0.05 to 0.3 mm by using differently sized dies. After
inserting the sample into the tool, the cutting punch was accelerated by the high-speed press
Adiapress ADIAflex to a speed of 10 m/s. For this purpose, an energy of 1 kJ was applied. Fig. 1
shows the press on the left and the tool on the right side.
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Fig. 1: Experimental setup for the HSIC tests: left) high-speed press ADIAflex; right) CAD
drawing of the used tool

The cutting punch dipped into the sample for 2/3 of its thickness. The slug was then released
from the workpiece by kinetic energy. After the HSIC tests the cut surfaces of the slugs and the
workpiece were analyzed, as shown in Fig. 2. The percentage of breakage of the cut surface was
measured manually using calipers at three positions distributed over the circumference of the slug
and the perforated plate. This procedure allows fast and efficient determination of the general
effects of changing parameters (DIN SPEC 25713-2017). On selected samples with typical
appearance a conductive gold layer with a thickness of a few nanometers was applied using
cathode sputtering (Cressington Sputter Coater 108auto). This is the only way to subsequently
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examine the non-electrically conductive compound by using a scanning electron microscope (Karl-
Zeiss EVO MAL15). The used procedure is state of the art for nonconductive sample materials and
a significant influence on the surface topology is not to be expected. A systematic, manually
controlled scanning and exact surface measurement of typical or conspicuous separating edge
areas was performed.

workpiece
areas of slug
delamination
(bright zones) cut surface

workpiece

Fig. 2: Slug and divided workpiece prepared for measurements and visual inspection

Results and Discussion

Fig. 3 shows four slugs, cut by HSIC, with thicknesses of 1, 2, 3 and 4 mm (from left to right).
The cutting clearance was 0.05 mm for the specimens with 1 mm and 2 mm thickness and 0.1 mm
for the specimen with 3 mm and 4 mm thickness presented in the picture. With this variation of
the absolute cutting clearance a relative cutting clearance between 2.5 % and 5 % was ensured,
which is typically used in high-speed impact cutting of metallic materials.

Fig. 3: Cut slugs featuring thicknesses of 1, 2, 3 and 4 mm from left to right

Fig. 4 illustrates the dependency between the cutting clearance and the fraction of breakage for
all examined material thicknesses comparing the workpiece (WP) and the slug (S). It is shown that
the fraction of breakage increases with an increase of the cutting clearance. The slugs show a
slightly higher (5-20 %) proportion of breakage, also referred as rough cut zone, than the
workpiece. The minimum area of fracture occurs at a thickness of 1 mm and a cutting clearance of
0.05 mm. The relative deviation was due to the manual measuring, the heterogenous material
structure and the resulting deviating cutting proportions rather high (up to 10 %). However, the
influences of cutting clearance, high punch velocity and material thickness on the shear cutting
process could still be identified in this study. It is clearly visible that smaller cutting clearances
reduce the fraction of breakage for every tested specimen. However, the proportion of rough cut
zone is not consistent through the increasing material thicknesses. Reasons for that could be
different compositions of the bought EFRP material as well as the measurement inaccuracy.
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Fig. 4: Correlation between cutting clearance and fraction of breakage of workpiece (WP) and
slug (S)

For one slug with a thickness of 4 mm and a cutting clearance of 0.3 mm, Fig. 5 shows the
varying smooth and rough cut proportions. On the left side a photograph of the part is depicted.
On the right side the result of a 3D measurement made with the scanning electron microscope is
shown. Fig. 5 gives a better understanding on the resulting surface topology and shows that the
proportions are irregular distributed over the perimeter which leads to a high scatter of the taken
measurements. This could only be reduced by time consuming complete measurements of ever
sample with the SEM for example.
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Fig. 5: Varying smooth and rough cut proportions on a slug, vpie= 10 m/s, t = 4 mm, ¢ = 0.3 mm

A more detailed analysis of the cut surface was performed by using the SEM for recording
detailed images of the fracture surface, pictured in Fig. 6. In the area of the rough cut zone,
numerous protruding fibers and fiber bundles can be seen in addition to an irregular surface
topography, which is typical for shear cutting of EFRP (compare “punchside” in Fig. 6). The part
of the workpiece facing the punch and the part of the slug facing away, both being classified as
smooth cut zone, show an even and less rough surface. In this area, thermal damage to the matrix
material can be recognized by a slight brown discoloration visually and by a significantly higher
oxygen content measured by laser-induced plasma spectroscopy, indicating the temperature
induced oxidation of the matrix material. This diffusion of oxygen into the matrix material has to
be activated by heat according to [11]. The observed changes of the matrix material indicate
heating above the glass transition temperature up to the temperature of thermal decomposition.
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However, as it is already known from the adiabatic cutting of metallic materials, this damage is
strongly localized [10]. This results in "blurring" of the matrix material in the direction of the slug
ejection. As a result, the cutting edge consists exclusively of matrix material. Loose fiber ends or
cracks cannot be seen in the smooth cut zone. This means that the material seals itself as a result
of the heating during the shear cut, which significantly simplifies further processing of the
component, such as painting. Traces resulting from the withdrawal of the stamp from the cutting
zone cannot be seen, because the residual heat from the cutting process transferred into the poorly
heat conductive composite material was not enough to keep the matrix material in a soft state until
the punch withdrawal. This confirms the assumption of strong local limitation of the thermal
influence.

The effect of matrix softening increases with increasing thickness of the workpiece. At
t=1 mm, only a very small thermal influence and unsealed surface with clearly visible fibers can
be observed as shown in Fig. 7, while at t =4 mm an extensive smooth-cut zone with closed
surface can be seen (Fig. 6). This is caused by the energy necessary to cut the samples. While
cutting thicker samples, a lot of kinetic energy from the punch is transformed into heat while
cutting the slug. However, if thinner specimens are being processed only a small part of the
provided energy is absorbed by the composite, which means that there is very little heat generated
and no matrix softening takes place. Despite this, the high velocity of the punch still ensures a
clean cut of the glass fibers, resulting in a good surface quality for the 1 mm specimen. It has to
be noted nonetheless, that the matrix softening increases the smoothness of the cutting surface
significantly.

Looking at the top surfaces of the samples white discoloration occur along the cutting edges.
This suggests that the applied shear forces cause delamination due to fiber bending especially at
high material thicknesses. Also, the transition from smooth cut surface to fracture surface is clearly
marked by a step in the separation edge for thicknesses bigger 1 mm, where the diameter of the
cut hole and the slug increases/decreases. This abrupt change in diameter, determined by the 3D
measurement of a sample using SEM, is shown on the embedded diagram in Fig. 6. The cutting
clearance for the sample pictured is 0.3 mm, which roughly corresponds to the change in radius
visible in the diagram. This shows that the cutting clearance is too large and should be significantly
smaller instead according to examination results of shear cutting metallic materials [12]. Since the
cut begins at the punch and at the die side of the workpiece, the two cutting fronts are running
almost parallel to each other at about the same distance as the set cutting clearance. When both
separation zones in the material have reached the same level of the laminate consisting of matrix
material (black, horizontal line in the diagram), a crack develops in almost horizontal direction
through this matrix layer, which connects both separation fronts.
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The fracture surface on the die and on the punch side of the workpiece or slug respectively is
characterized by fiber tear out and a rough surface, comparable to preliminary tests carried out
with a conventional punch speed. Fig. 8 shows a 4 mm thick sample, analyzed in previous studies,
for comparison. In contrast to the high-speed impact cutting this sample does not show any sealing
effects in the smooth cut zone but pushed out, delaminated fibers at some places. Furthermore,
there are loose matrix particles and a lot of protruding fibers in the rough cut zone. Also, severe
delamination took place and on the resulted surface no finish could have been applied without
extensive rework such as grinding.
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Fig. 8: Surface of a preliminary test specimen cut with low punch speed

Summary and outlook

The presented study shows that the high-speed impact cutting process, which is currently mainly
used for cutting metallic materials, is fundamentally suitable for cutting components consisting of
endless fiber-reinforced duromers (EFRP) even if the heterogenic material composition and the
resulting crack formation properties are vastly different. The resulting cut surfaces show very little
delamination in comparison to cutting tests at conventional punch speeds. The resulting finish of
the edge is clean and uniform in the smooth cut areas, free of fibers and sealed by the matrix heated
in the process. Moreover, thermal damage that is strongly localized takes place. However,
depending on the thickness and the cutting clearance there is a jump in diameter and the fracture
area shows numerous protruding fiber bundles and fiber tears. The resulting surface is still of better
quality in regards of evenness, fiber protrusion and delamination than samples cut with a low
velocity punch. Nonetheless further study is necessary in order to achieve a uniform, sealed cut
surface over the whole thickness for all workpiece dimensions. This should include investigations
of crack formation and propagation, the influence of different compositions of fibers and matrices
as well as the relevance of every cutting parameter and their optimal value. The aimed goal should
be a uniform temperature increase along the cutting surface to seal all fibers and voids which
appear due to the occurring mechanical separation mechanism and the avoidance of the observed
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step formation for samples with higher thicknesses. The result would be a cut surface that requires
no post-processing, is dimensionally accurate (£ 0.1 mm) and can be painted immediately.
Beneficial would also be the possibility to implement this process into clocked production for mass
producing parts.
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