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A B S T R A C T

Tools optimized for machining carbon fiber reinforced plastics (CFRP) belong to the key enablers for the

application of CFRP in many areas such as aerospace or automobile industry. Conventional tool designs

do not consider the differing machining behavior of CFRP compared to metals. This leads to short tool

lifetime and limited workpiece quality. The presented study introduces fundamental tool-geometry

analyses based on orthogonal cutting of unidirectional CFRP-material. Within an extensive experiment

series process-forces (i), abrasive tool-wear (ii), workpiece damages (iii) and delamination (iv) are

evaluated depending on different tool geometries and fiber-orientations. In conclusion, workpiece

damages and tool lifetime can be linked to tool characteristics.

� 2014 CIRP.

Contents lists available at ScienceDirect

CIRP Journal of Manufacturing Science and Technology

jou r nal h o mep age: w ww.els evier . co m/lo c ate /c i rp j
Introduction

High performance engineering components made of carbon
fiber reinforced plastics (CFRP) are often produced near net shape.
They still need to be machined to reach a certain precision e.g. for
assembly [1,2]. Turning, milling and drilling, well known from
metal machining, also belong to the frequently used machining
processes for CFRP parts. CFRP differ from metals as any plastic
deformation is absent; the material is anisotropic and inhomoge-
neous [3]. The understanding of chip formation, tool wear and
process-parameters are not directly transferable.

The civil aircraft industry, which currently benefits most from
the low weight, high strength and corrosion resistance of the
material, is the main driver for the development of carbon fiber
production and processing [4]. In state-of-the-art airplanes like the
Boeing 787 or the Airbus A350 about 50 wt.% are contributed by
CFRP [5]. It is expected that CFRP-production driven by the
automotive industry will reach production stage in the next few
years [6].

CFRP machining is of utter importance for starting serial
production of high precision CFRP components [6]. The intensive
abrasive tool wear due to the high strength of carbon fibers
represents a challenge for tool life time [5]. Toward the end of the
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tool life more damages are induced into the workpiece [7]. Former
papers put effort into the research of detecting workpiece damages
caused by CFRP machining. The most critical damages are thermal
overload of polymeric material, chatter marks, delamination, fiber
fracture and fiber pull-out as described in [5,8–10]. Further studies
show that the tool life time depends on the tool geometry, coating
and process parameters [11,12]. The experiments underlying these
papers focus on the influence of the tool geometry on the
workpiece quality. The analyzed parameters are cutting forces,
workpiece roughness, fiber fractures and delamination damages at
the edge of the workpieces.

In the 1970th Everstine and Rogers [13] describe the deforming
process during CFRP machining mathematically. In the early 1980s
Koplev et al. [14] start to machine CFRP experimentally. They state
that chip formation and defects substantially depend on the fiber
orientation. Furthermore it is found that the feed force directly
correlates with the tool wear. In 1988 Santhanakrishnan et al. [15]
analyze the wear of carbide-tools machining CFRP and Kevlar Fiber
Reinforced Plastics (KFRP) in detail. In the middle of the 1990s
Rummenhöller [16] investigates extensive experiments of orthog-
onal cutting tests with CFRP. In his work he validates the results of
Koplev [14] about carbon fibers having a greater impact on the
machining results than the matrix material. Depending on the load
case different fracture morphologies appear. Rummenhöller [16]
proposes a case distinctive for fiber orientations (i) 0 < Q < 908
and (ii) Q > 908. Bending and compression of the fibers appear
additionally to the already mentioned brittle fracture. For the case
of Q = 908 the fibers are mostly loaded in bending and compression
which leads to strong tool wear and poor workpiece surface. For a
rbon fiber reinforced plastics: Influence of tool geometry and fiber
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Fig. 1. Primary CFRP material (a) and ring manufactured by water jet machining (b).

Fig. 2. Test rig setup for orthogonal cutting and turning tests (schematic

illustration).
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fiber orientation of Q = 08 the cutting mechanisms are buckling
and pealing with advancing crack formations in front of the cutting
edge. These cutting mechanisms induce relatively low forces and a
good surface quality. CFRP machining with fiber orientations
between these two Q-angles, for example Q = 308 or Q = 608
causes a mixture of these cutting mechanisms. According to
Sheikh-Ahmad [5] tool geometry, besides the temperature in the
cutting zone and process parameters, represents the crucial
determinant of the CFRP cutting process. In accordance with
Davim [17] he defines the most important influential parameters
as: tool material, rake angle, cutting edge radius, feed and cutting
speed. Sheikh-Ahmad claims that not just metal but also CFRP-
material undergoes a change from ductile to brittle when
deforming more intensely. The shape and type of resulting chips
and the surface quality depends on the process parameters.
Increasing the rake angle while decreasing the depth of cut results
in larger chips due to less deformation of the material.

Takeyama and Iljima [18] start intensive modeling of CFRP
machining processes in 1988. The model includes a shear plane
with the angle F along which CFRP material shears off. Seven years
later Bhatnagar et al. [19] extend this model by showing that the
material shears off only along fiber orientation Q. According to
their research F = Q applies. Neither Takeyama and Iljima [18] nor
Bhatnagar et al. [19] include a cutting edge radius into their
models. 2001 Zhang et al. [20] publishes a new model that
considers the aforementioned cutting edge radius. The authors
take friction into account and divide the tool into the following
three separate areas:

- Rake face (area g).
- Flank face (area a).
- Cutting edge radius (area r).

Their force model is designed for a fiber orientation of
0 � Q � 908. The total feed force and cutting force is assumed to
result from adding the individual forces in each area. Zhang et al.
[20] include a spring-back effect of the fibers with the magnitude
of the cutting edge radius. In preparation of actual force
calculations the model of Zhang et al. [20] requires experimental
determination of shear angle F, friction coefficient m between
fibers and tool and a coefficient K. The coefficient K considers the
influence of microfractures. The workpiece-tool contact length for
fiber orientations between Q = 08 and Q = 908 is assumed to be
about the edge radius. For fiber orientations of Q > 908 the spring-
back effect is even twice the edge radius.

Experiments

The presented paper serves to increase the understanding of
machining CFRP and thus expand tool lifetime and workpiece
quality by adjusting the tool macro-geometry. A side effect is to
Please cite this article in press as: Henerichs, M., et al., Machining of ca
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increase the reliability of the machining process. The experiments
are conducted in an orthogonal turning process. The workpiece
surface quality, occurring defects depending on the tool geometry
and the fiber orientation are analyzed.

Test-rig

The test rig setup for the turning tests is implemented on an
Okuma LB15-II. The setup allows CFRP machining in an orthogonal
cut or turning operation with a constant fiber orientation Q. The
cutting tests can be conducted at cutting velocities between 20 and
500 m/min in an infinite, non-interrupted cut. Half pipe shaped
CFRP specimens are of about 1 m in length, a wall thickness of
5 mm and the total pipe diameter is 200 mm. They are
manufactures with a single fiber orientation using an autoclave
and pre-preg material. Afterwards, these half pipes are cut into
1208 segments with 55 mm width using water jet cutting. The
primary material with an indicated fiber orientation is shown in
Fig. 1a. The segmented ring is shown in Fig. 1b. This test rig setup
ensures machining with a single fiber orientation in a continuous
cut. A production of full pipes with fibers of infinite length would
have required a device for pipe manufacturing which the
participating aircraft manufacturer does not possess.

Fig. 2 shows the test rig setup with modified clamping jaws on
the hydraulic chuck of the lathe to enlarge the contact area. The
setup allows a great variety of cutting speeds and a good
observability due to the three segments forming a closed ring
when mounted on the machine. Machining is analyzed by a tool-
sided dynamometer and high-speed camera recordings. For
orthogonal cutting the width of cut is identical to material
thickness.

An inner aluminum ring, shown in Fig. 3, keeps the CFRP ring
elements from bending due to high clamping forces. Different ring
diameters are used for different workpiece diameters.
rbon fiber reinforced plastics: Influence of tool geometry and fiber
ing Science and Technology (2014), http://dx.doi.org/10.1016/
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Fig. 3. Test rig setup for orthogonal cutting and turning tests.
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Fig. 4. Definition of fiber orientation Q.

Fig. 5. Typical development of process forces over time.
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Fig. 6. Scheme of the machining process.

M. Henerichs et al. / CIRP Journal of Manufacturing Science and Technology xxx (2014) xxx–xxx 3

G Model

CIRPJ-297; No. of Pages 10
Material

The unidirectional CFRP material used in this paper is ‘‘M21/
34%/UD194/IMA-12K’’ which is common in aerospace industry. It
contains 41 wt.% high performance matrix material ‘‘HexPly1

M21’’ and 59% carbon fibers accordingly [21]. This material is
known to be difficult to machine. The high fiber content as well as
the high toughness of the intermediate-modulus-fiber and the
matrix system cause intensive tool wear. Drilling and milling
operations of the IMA-fiber face tremendous delamination due to
the unidirectional configuration and difficult cutting character-
istics of the fiber. The materials used in industry are usually
covered with a woven glass fiber layer to prevent delamination.
However, for the presented turning tests, the glass fiber layer has
been omitted, to ensure all tool wear and material defects
generated by the CFRP. The mechanical properties of the workpiece
material are depicted in Table 1.

Six different fiber orientations relative to the cutting direction
are investigated in the experiments. The definition of fiber
orientation Q is shown in Fig. 4. A fiber orientation of Q = 1208
did not provide any results, because the material could not sustain
the forces. Thus, the experimental results in this paper are based on
the remaining five fiber orientations: Q = 08 = 1808, Q = 308,
Q = 608, Q = 908 and Q = 1508.

Process

A force measurement device Kistler 9121 is used in position of
the tool holder. The process forces are defined as passive force (x-
axis), feed force (y-axis) and cutting force (z-axis). Due to the
experimental setup of an orthogonal cutting process the passive
forces are negligible. The dynamometer provides a sensitivity of
7.9 pC/N for x- and y-axis and 3.8 pC/N for the z-axis.
Table 1
Physical properties of IMA-12K fibers.

Physical properties Fiber Weave/UD 

IMA UD 

Physical properties Laminate

density (g/cm3)

Glass transition

temperature (8C)

1.58 195 

Physical properties Tension

modulus (GPa)

Compression

(Method)

178 EN 2561 B 

Please cite this article in press as: Henerichs, M., et al., Machining of ca
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Fig. 5 shows a typical force measurement result during an
orthogonal machining process. After a run-in period to reach the
full feed, the cutting force increases constantly while the feed force
grows faster and degressively. The experiments have been
conducted in a full face turning process shown in Fig. 6: Machining
conditions have been kept constant throughout all experiments,
see Table 2.
Fiber mass (g/m2) Fiber volume (%)

194 59.2

Tension

(Method)

Tensile

strength (MPa)

EN 6032 3050

Compression

strength (MPa)

Compression

modulus (GPa)

1500 146

rbon fiber reinforced plastics: Influence of tool geometry and fiber
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Table 2
Machining parameters for orthogonal turning tests include rake angle g; clearance

angle a; cutting speed vc; feed f; width of cut ae; specific material removal rate Q 0w
and specific material removal V 0w.

g (8) a (8) vc

(m/min)

f (mm) ae

(mm)

Q 0w (mm3/

mm min)

V 0w (mm3/

min)

0–30 7–21 90 0.03 5 2700 1241

Table 3
Overview of different tool geometries.

Tool designation C E H I J L M N

Rake angle g 08 108 108 108 208 208 208 308
Clearance Angle a 148 78 148 218 78 148 218 78
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Tools

Uncoated carbide cutting inserts are used, an example is
displayed in Fig. 7. By default it has the following dimensions:
cutting edge length l1 = 9.70 mm, height d = 9.52 mm and
thickness of the cutting insert s = 3.97 mm. The cutting material
is of a high toughness and low hardness. Tools show intensive
abrasive wear while CFRP machining, allowing precise descrip-
tions of the wear mechanisms for each fiber orientation and tool
geometry on the proposed orthogonal cutting test rig. Therefore,
for a cost- and time-efficient production process ultrahard
cutting materials like PCD or diamond coated carbide tools are
recommended [22,23]. Due to their low toughness, additional
stability restrictions requiring a minimum wedge angle might
need to be considered.

Throughout the experiments fiber orientation and cutting
insert rake and clearance angle are varied. Eight different tool
geometries are used as depicted in Table 3. The cutting edge radius
is 5 mm per default.

Results

Results differ most intensively depending on the fiber orienta-
tion of the machined CFRP-material. These findings correlate well
to the findings of Rummenhöller [16].
Fig. 7. Design-drawing of comparable cutting insert

Fig. 8. Feed forces at the end of the process depending on t
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Process forces

The graphs in Fig. 8 show the feed forces of the eight different
tool geometries after 25 s of machining depending on the five
different fiber orientations Q. Designation of the tools is shown on
the x-axis with the rake angle displayed firstly, the clearance angle
displayed secondly. CFRP machining of material with a fiber
orientation of Q = 1508 results in the lowest feed forces. Feed
forces are mostly influenced by the rake angle. Model C with a rake
angle of g = 08 and a clearance angle of a = 148 machines the
material with a feed force of Ff = 32 N after 25 s of machining time.
The feed force is significantly lower for the tools with a face angle
of g = 108, E (22 N), H (11 N) and I (14 N). Tools with a face angle of
g = 208 machine the material with a feed force of 4–10 N, tool
model N with a rake angle of g = 308 shows a feed force of Ff = 2.5 N.
Feed force reduces with increasing clearance angle from a = 7–148,
a further increase to a = 218 has no significant effect on the feed
force.

As can be seen in Fig. 9, the occurring feed forces while
machining material of fiber orientation of Q = 1508 are in general
fairly small. They range from 32 N to 2.5 N. Apparently a
decreasing wedge angle reduces feed force. The other four fiber
orientations show completely different machining characteristics.
In these cases feed forces seem to be highly dependent on the
clearance angle rather than on the rake angle. For example the
combination of Q = 308 and tools E, J and N with the same
clearance angle of a = 78, but an increasing rake angle of g = 108,
 (a) and real cutting insert (g = 308; a = 78) (b).

ool geometry (x-axis) and fiber orientation (line-style).

rbon fiber reinforced plastics: Influence of tool geometry and fiber
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Fig. 9. Cutting forces at the end of the process depending on tool geometry (x-axis) and fiber orientation (line-style).
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g = 208 and g = 308 lead to similar feed forces Ff between 870 N and
830 N. On the other hand, tools E, H and I with a constant rake angle
g = 108 but increasing clearance angles a = 78, a = 148, a = 218 and
Q = 308 deliver feed force reductions Ff from 870 N over 695 N to
610 N. In this case increasing the clearance angle from 78 to 218
leads to a reduction of feed force of about �20% for Q = 308. These
figures are comparable to the feed force reduction for Q = 08 of
about �22%. For a fiber orientation of Q = 608 and Q = 908 the Ff-
reduction due to a 148 increase of the clearance angle is even
higher with -58% (Q = 608) and �65% (Q = 908). The different
magnitudes of feed forces for the varying fiber orientations Q are
subject to diverse effects between CFRP-fibers and flank face: (1)
friction, (2) spring-back phenomenon and (3) amount of cut
material diving under the cutting edge along the flank face.

Machining fibers with orientations of Q = 1508 shows the
lowest cutting forces Fc, see Fig. 9, Fc for Q = 608 exhibit the
maximum values in this experimental series especially for small
clearance angles a. Unlike the Q = 08 and Q = 1508 fiber
orientations, the clearance angle has a relatively strong influence
on the cutting force for 60 � Q � 908. Increasing the clearance
angle a from 78 to 218 decreases the cutting force by up to -42%
(Q = 908), �34% (Q = 608) but only for �14% (Q = 308), �5%
(Q = 08) and �8% (Q = 1508). It indicates complete different
machining conditions for fiber orientations in the range of
608 � Q � 908 than for 908 < Q < 1808 (it is Q = 1808 = 08).

Tool analyzes

Light microscope analysis of the flank face of the different tools
show a direct relation between tool wear and measured feed
forces, see Fig. 10. The microscope images in this figure are taken
with a constant magnification and serve to obtain a first
impression of the tool wear. The parallel, regular stripes in the
images result from the grinding process. Some tools show residue
of black dust or matrix material sticking to the flank face which has
not been removed by the ultrasonic bath. The unusually large
cutting edge and flank face wear on tools which machined Q = 308
and Q = 608 CFRP material is remarkable. The intensive tool wear is
characterized by a shiny cutting edge and a partly removed flank
face. The amount of worn tool material is higher for tools with a
smaller clearance angle as valid for tools E, J and N (a = 78).
Clearance angles a = 148 and a = 218 decrease the amount of tool
wear significantly. Machining a fiber orientation of Q = 908 shows
a medium tool wear on the microscope images, except for
clearance angle a = 78 with large tool wear (tool geometry N).
The microscope images of tools machining CFRP with a fiber
orientation of Q = 1508 show minor cutting edge wear. In good
agreement machining Q = 1508 leads to the lowest feed forces in
Please cite this article in press as: Henerichs, M., et al., Machining of ca
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this series of experiments. Table 4 shows the width of flank wear
land VB for the fiber orientation Q = 0–908.

Fig. 11 shows tool wear for tool geometry C with a rake angle
g = 08 and a clearance angle a = 148 after a specific material
removal of V 0w ¼ 1241 mm3=mm. The images in Fig. 11 compare
the cutting edge appearance after processing material with the five
different fiber orientations. The gray lines indicate the unidirec-
tional fiber orientation relative to the cutting direction. Bending of
these fibers is somewhat exaggerated.

Machining both fiber orientations Q = 08 and Q = 1508 leads to
little tool wear due to low forces. The worn profile shape changes
with different fiber orientations. The fiber orientation of Q = 08
stresses the tools rake face more than the flank face while the fiber
orientation of Q = 1508 causes more wear on the flank face, as seen
in (a) and (e). The profile images (b)–(d) in Fig. 11 show the
characteristic asymmetrical tool wear toward the flank face, called
‘‘waterfall profile’’, after CFRP machining material with a fiber
orientation in the range of 308 � Q � 908. In good agreement with
the measured feed forces, Q = 308 produces the most significant
tool wear, as shown already in previous studies [22]. The cutting
edge offsets measured vertically to the cutting direction are about
13 mm (Q = 08), 32 mm (Q = 308), 26 mm (Q = 608), 15 mm
(Q = 908) and 8 mm (Q = 1508), tool wear correlates well to the
feed forces. A certain spring-back length of the fibers at the flank
face is marked in the images. This length is defined as the distance
from the outermost point of the cutting edge to the point where the
worn profile touches the original profile vertically to the cutting
direction. The material spring-back is most intensive for a fiber
orientation of Q = 308 with 24 mm. This spring-back is 17.7 mm for
Q = 608 and just 5.6 mm for Q = 908.

Workpiece surface

Spring-back phenomena can also be observed when analyzing
the machined material surface using Scanning Electron Microsco-
py (SEM). Fig. 12 shows the surfaces for Q = 608-material
machined using a cutting insert type E (108, 78) on the left (a), C
(08, 148) in the center (b) and I (108, 218) on the right (c). Pictures
illustrate roughly four CFRP layers, separated by an interlayer of
matrix material appearing in the images as horizontal lines.
Cutting insert E (a = 78) with the lowest clearance angle shows an
intensive removal of the matrix material. The matrix layer is
removed to a far lower level than the fiber layers. Due to the small
clearance angle the fiber material is pressed down in a wide area,
resulting in a squeeze out of matrix material. This indicates the
mentioned spring-back of the fibers. Surface of each roving is
smooth. Fibers are cut individually, showing the typical dust like
appearance of the chip flow using the high speed camera. The
rbon fiber reinforced plastics: Influence of tool geometry and fiber
ing Science and Technology (2014), http://dx.doi.org/10.1016/
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Fig. 10. Light microscope analysis of tool’s flank faces (constant magnification).
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surface displayed in the middle (b) is machined with the cutting
insert type C with a larger clearance angle of a = 148. Matrix
material between the fiber layers is about level with the
surrounding fiber layers. Bending of the fibers is presumably
smaller. Nevertheless the fiber surface has a disruptive appear-
ance. Bumps in the surface (see red circles) are starting points for
cracks progressing into the material. This will be discussed in detail
in subsequent papers [23,24]. The surface to the right (c) has been
machined with the cutting insert I (108, 218). Matrix material has
incurred the least removal, additionally the surface looks less
uneven than the surface displayed in the middle. The surface
appears less combed compared to the other two surfaces. In result,
the surface is presumably the least weakened one.
Table 4
Width of flank wear land VB for selected cutting inserts.

E (108/78) I (108/218) 

VB (Q = 08) [mm] 107 9 

VB (Q = 308) [mm] 490 75 

VB (Q = 608) [mm] 401 45 

VB (Q = 908) [mm] 270 33 

Please cite this article in press as: Henerichs, M., et al., Machining of ca
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Fig. 13 shows different surfaces machined with tools of the
specification E (108, 78). The surface on the left (d) has a fiber
orientation of Q = 308. Matrix interlayers are squeezed out, similar
to the material with Q = 608. Additionally the fibers have been bent
to such extend, that the fiber layers are sheared internally (see red
circles). Matrix connection between the fibers is partly fractured.
Bending has been more intense than for a fiber orientation of
Q = 608. These findings suit the conclusion drawn from Fig. 11. The
picture in the middle of Fig. 13(e) shows the surface of Q = 908
machined with a tool of geometry E. Matrix layer has been
removed to a significantly smaller proportion. The surface does not
appear combed. It presents itself disrupted and uneven. Cracks
within the rovings are visible, see red circles. On the right,
J (208/78) M (208/218) N (308/78)

120 9 116

440 60 370

370 62 370

250 20 230

rbon fiber reinforced plastics: Influence of tool geometry and fiber
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Fig. 11. Cutting edge wear of tool geometry C (08, 148) machining five different fiber orientations.
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Fig. 13(f), a microsection of the surface shown in Fig. 13(e) with
Q = 908 is displayed. The microsection is oriented orthogonal to
the direction of cut. Fibers are broken as far as 150 mm underneath
the surface. Only a minority of the fibers is flawless. Presumably,
Fig. 12. Machined workpiece surfaces for Q = 608 analyzed using SEM. Surfaces machined

right (c).

Please cite this article in press as: Henerichs, M., et al., Machining of ca
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the mechanical strength of the material surface is significantly
reduced.

Fig. 14 shows the surface of material with Q = 1508.
Machining has been conducted using a cutting insert of the
 with tool E (108/78) on the left (a), C (08/148) in the center (b) and I (108/218) on the

rbon fiber reinforced plastics: Influence of tool geometry and fiber
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Fig. 13. Machined surfaces with Q = 308 (left; d) and Q = 908 (center; e) using tool E (108/78). Microsection of Q = 908 using tool E (right; f).
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geometry N (308, 78). A saw tooth profile is visible on the surface
independent from the chosen tool geometry. Saw tooth size and
regularity grows with increasing rake angle [25]. Nevertheless,
all surfaces of this fiber orientation display a high surface
roughness. High speed camera recordings show chips of
macroscopic size as the material of one saw tooth is presumably
removed at once.

Fig. 15 displays a machined surface with a fiber orientation
Q = 08. Tool design E (108, 78) produces a very even surface. Fibers
on the surface are partly broken, but still correctly oriented.
Additionally the matrix interlayer is intact. These findings
correlate well with the low process forces and resulting low
energy during the process of cutting CFRP with a fiber orientation
of Q = 08.
Fig. 14. Machined surfaces with Q = 1508 using tool N (308/78).

Fig. 15. CFRP material with Q = 08 machined using a tool E (108/78). 

Please cite this article in press as: Henerichs, M., et al., Machining of ca
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Workpiece delamination

Delamination is analyzed using microscope pictures of the
workpiece edge. Fig. 16 shows examples of the workpieces with
fiber orientation of Q = 08 and Q = 1508 machined with tool E.
Delamination cannot be observed for both materials, also tool E
tends to delaminate material with fiber orientation 308 < Q < 908
intensively. For a fiber orientation of Q = 1508 the saw tooth profile
can be seen.

Fig. 17 shows the workpiece delamination for the fiber
orientations Q = 308, 608 and 908. Columns indicate the different
fiber orientations, where each line represents a single tool
geometry. Delamination is evaluated regarding to the amount of
uncut fibers at the workpiece edge and existing lines of distortion
reaching into to workpiece. Uncut fibers result from delamination
of fiber layers. Delaminated layers evade the cutting tool as they
lack of the stiff connection to the rest of the workpiece, resulting in
uncut fibers. Lines of distortion appear in areas of high process
forces in combination with disadvantageous cutting conditions.
Lines become apparent in the direction of the highest shear forces.
They are a preliminary stage of a full delamination. Delamination is
most significant for a fiber orientation of Q = 308, Following list
gives an overview on the extent of delamination. The numbers in
Tables 5–7 describe the maximum distance of delamination
occurrence to the workpiece edge:
Fig. 16. Workpiece delamination for fiber orientations Q = 08 and 1508.

Table 5
Extent of delamination for fiber orientation Q = 308.

E (108/78) I (108/218) J (208/78) M (208/218) N (308/78)

Uncut fibers 1.0 mm 0.7 mm 1.0 mm 0.5 mm 1.5 mm

Distortion 1.5 mm 0.9 mm 1.5 mm 0.7 mm 1.0 mm
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Fig. 17. Edge of workpiece surface showing delamination.
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Table 5 shows the intensive delamination for the fiber
orientation of Q = 308. A large clearance angle decreases delami-
nation more significantly than a large rake angle. Especially the
lines of distortion are smaller and less distinct for a clearance angle
of a = 218.

Workpieces with a fiber orientation of Q = 608 show typically
less delamination than workpieces with Q = 308, see Table 6. Tools
with small clearance and rake angles cause the most voluminous
delamination. For small clearance angles and increasing rake
angles the lines of distortion become less distinct and smaller. For
the larger clearance angle, the amount of delamination is low and
their difference depending on the rake angle rather small, lines of
distortion hardly appear.

Workpieces with a fiber orientation of Q = 908 show hardly any
delamination if tools with a clearance angle of a = 218 are used, see
Table 6
Extent of delamination for fiber orientation Q = 608.

E (108/78) I (108/218) J (208/78) M (208/218) N (308/78)

Uncut fibers 0.8 mm 0.4 mm 0.8 mm 0.3 mm 0.8 mm

Distortion 2.3 mm Hardly any 1.8 mm – 1.2 mm

Table 7
Extent of delamination for fiber orientation Q = 908.

E (108/78) I (108/218) J (208/78) M (208/218) N (308/78)

Uncut fibers 0.3 mm Hardly any 0.2 mm Hardly any 0.2 mm

Distortion 1.0 mm – 0.5 mm – 0.4 mm
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Table 7. Minor amounts of uncut fibers occur at the workpiece
edge. For small clearance angles of a = 78, lines of distortion
decrease with increasing rake angle. In summary, delamination
occurs most significantly for the fiber orientations Q = 30–908. A
large clearance angle has the most positive effect on reducing the
delamination, especially for the fiber orientation with the most
intensive delaminations, Q = 308. In order to avoid delamination,
cutting tools should hence be designed with a focus on a large
clearance angle.

Conclusion and outlook

The presented study deals with CFRP machining using carbide
tools in a non-interrupted cut. Due to the high toughness of the tool
material and the constant process conditions, the tool geometry
can be chosen in a wide range without the risk of break outs on the
cutting edge. Stability restrictions preventing tool breakage might
to be taken into account when using ultrahard cutting materials.

Fiber orientations of Q = 308, 608 and 908 appear to be the most
critical orientations as they cause the highest process forces, the
most intensive wear and workpiece damages. Feed forces can be
reduced most efficiently with an increasing clearance angle.
Cutting forces are influenced more dominantly by the clearance
angle than by the rake angle. Low process forces also reduce the
amount of abrasive wear. Tools with a small wedge angle and
especially a large clearance angle are recommended to achieve
lowest process forces.

Significant tool wear cannot be avoided for cutting tools made
of tungsten carbide. The influence of the tool wear on the
rbon fiber reinforced plastics: Influence of tool geometry and fiber
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machining process differs with the tool design. Tool wear is
strongly orientated toward the flank face (waterfall profile) for the
fiber orientations with the highest tool wear Q = 30–908. The
cutting edge radius retains low the longest with a large clearance
angle. A small cutting edge radius reduces delamination and
spring-back of fibers. Spring-back of fibers results in a removal of
the matrix interlayers. Wear occurring when machining the fiber
orientations of Q = 150–08 is of minor importance, as their
contribution to the total wear is negligible for drilling or milling
operations. A good wear resistance is achieved with a large
clearance angle.

Workpiece quality is influenced by different effects when
machining different fiber orientations. For the fiber orientation of
Q = 08 the workpiece surface shows only few fiber breakages and a
low roughness. Delamination does not occur. This fiber orientation
can basically be machined with any tool design. Fiber orientations
of Q = 308, 608 and 908 show less spring-back and hence less wash
out of matrix material with increasing clearance angle. On top of
that, the delamination is reduced with larger clearance angles.
Large rake angles are of less importance but reduce the mentioned
effects as well. Nevertheless, surface roughness increases for the
fiber orientations of Q = 608 and 908 with increasing clearance
angle. Surface roughness and subsurface damages appear most
significant for a clearance angle a = 148, tools with bigger clearance
angles will be utilized in subsequent work. Machining fiber
orientation Q = 1508 results in a saw tooth shaped profile. Size of
the saw teeth and hence the surface roughness increases with an
increasing rake angle.

This study has shown the influence of the fiber orientation and
tool geometry on tool wear, process forces and delamination. A
subsequent study analyzes the surface roughness as well as the
appearance of the chip root [26]. Subsurface damages are
evaluated using micrograph sections also in [23]. Achieved
workpiece strength has been analyzed in another subsequent
study [24].
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[1] Karpat, Y., Değer, B., Bahtiyar, O., 2012, Milling Force Modeling of Multidirectional
CFRP Laminates, Procedia CIRP, 1:460–465.
Please cite this article in press as: Henerichs, M., et al., Machining of ca
orientation on the machining forces. CIRP Journal of Manufactur
j.cirpj.2014.11.002
[2] Franke, V., 2010, Einfluss der Werkzeugschneidkante auf die Bohrungsqualität
bei der spanenden Bearbeitung langfaserverstärkter Kunststoffe, Produktions-
technische Berichte aus dem FBK, Kaiserlautern.

[3] Teti, R., 2002, Machining of Composite Materials, CIRP Annals-Manufacturing
Technology, 51/2: 611–634.

[4] Roberts, T., 2007, Rapid Growth Forecast for Carbon Fibre Market, Reinforced
Plastics, 51/2: 10–13.

[5] Sheikh-Ahmad, J.Y., 2009, Machining of Polymer Composites, Springer Verlag,
Abu Dhabi.
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