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During machining of carbon fibre reinforced plastics the anisotropy of the material and the resulting cutting
conditions can cause various types of damage such as delamination, burrs or subsurface damage. Subsurface
damage can lead to a reduction in surface quality or component rejection. In this paper, a new method is used to
detect subsurface damage caused by peripheral milling over the entire cut. This analysis, using a newly defined
spatial fibre cutting angle 0y, tool geometry and process parameter, provides a deeper understanding of the
damage formation. While the damage area varies with the uncut chip thickness and the rake angle of the tool, the

cutting edge rounding and the fibre cutting angle prove to be important in determining the depth of damage. The
detected damage area is 44-65 % of the fibre cutting angle range from 0° to 90°, which can be extended up to 12
% due to the damage depth when milling an external radius.

1. Introduction

Due to their beneficial properties such as high strength-to-weight
ratio and corrosion resistance, carbon fibre reinforced plastics (CFRP)
are particularly used for constantly expanding applications in the
aerospace, automotive and wind power industry [1]. The components
are manufactured near-net-shape, but in order to meet the high-quality
requirements of joining and functional surfaces with sufficient accuracy
conventional machining operations are required [2]. However, drilling
and milling of CFRP’s is still challenging due to the strong material
anisotropy and high tool wear rates. The challenging cutting conditions
results in various damage defects [3] including delamination [4], burrs
[5] and subsurface damages [6]. The damage should be avoided as it
leads to cost-consuming post processing, rejection of the whole part or
reduced component performance.

The fibre direction is a critical factor as it affects the cutting condi-
tions and influences the occurring damage formation mechanism [7]. A
fibre cutting angle is therefore defined, which changes due to the rota-
tional movement of the cutting edge in milling. Different definitions of
the fibre cutting angle can be found in literature. Often it is determined
two-dimensionally and defined as angle between the cutting direction
vector and the unseparated fibre in mathematically positive direction
[8]. In orthogonal cutting which is used in many studies to examine the
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mechanisms the two-dimensional view this is sufficient. There are initial
approaches needed for spatial engagement conditions caused by incli-
nation angles, helix angle of the tool or conical tool shapes [9]. In the
study by Hintze and Briigmann [9], the effect of the spatial tool incli-
nation on delamination was analysed. There was no cutting angle, but
two fibre cutting vectors that separately consider the geometric and
kinematic situation relative to the fibre. This makes the analysis
detailed, as the effect of 6 factors on damage must be taken into account
and the analysis is not based on coherent cutting mechanism. The
approach of Zang et al. [10] examines the spatial effect of inclination on
burr formation. They take into account the 3D situation due to the
change in cutting speed direction. Therefore, it is not possible to transfer
and capture changed fibre cutting angles due to twisted tools. Seeholzer
etal. [11] take into account the change in the fibre cutting angle through
drilling due to changed cutting velocities along the cutting edge, but the
cutting angle is still only evaluated in the 2D fibre plane. This does not
capture a real spatial fibre cutting angle transferable to different spatial
engagement conditions as required for twisted tools.

The different cutting angles of the fibres lead to different failure
modes of the material and resulting surface morphologies [3]. The
effective separation mechanisms are mostly analysed in the orthogonal
cut. In the composite, the load of the cutting edge results in different
stresses that can cause complex failure mechanism such as fractures and
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cracks as well as different fracture surfaces of the fibres [7]. If the fibre is
inclined away from the cutting edge (Fig. 1b), local pressure peaks
transverse to the fibre lead to breakage [3]. Classically defined this
would be the fiber cutting angle range from 90° to 180° referred as along
fiber cutting angle (Fig. 1b). Hintze et al. [12] found that this area is the
critical fibre cutting angle range in which delamination and burrs at the
top layers during slot milling of unidirectional CFRP occurs. In this range
the surface roughness is significantly lower [13]. Many researches focus
on this area and the resulting delamination damage. In the other area
from 0° to 90° degree fibre cutting angles with an inclination of the fibre
towards the cutting edge (Fig. 1a), an increased bending load is exerted
on the material, which leads to interfacial failure [3]. A different type of
damage is predominant in this area called subsurface damage [14].
Surface cavities, saw-tooth profiles and interlaminar cracks are expres-
sions of subsurface damage (see Fig. 1a) and can be caused by the
following phenomena: Due to the high bending load, a strong defor-
mation is triggered, which results in fibre-matrix debonding along the
fibre orientation. In combination with a compressive bending load, this
leads to a shear load on the cutting edge. The cracks spread in advance
towards the cutting edge [15]. This often results in a so-called saw tooth
profile on the surface observed by Heinrichs et al. [16] among others.
Voss [17] detects the influence of the chip thickness and the rake angle
on that saw tooth profile in orthogonal turning. This profile becomes
larger with greater chip thickness and larger rake angle. Wang et al. [18]
investigated the occurrence and formation mechanism of the surface
cavity defects. The area of subsurface damage was limited to 50-60 % of
the against fibre cutting region, where the roughness was up to 29 %
higher than in the along fibre cutting region. In their work changing the
process parameters of feed rate and cutting speed had little effect on the
damage area. The subsurface damage can lead to complete failure of the
CFRP laminate [19]. Modelling approaches show that the tool geometry
has a significant influence on the damage depth in along the fibre cutting
region [20,21].

In addition to the fibre cutting angle, as in other machining pro-
cesses, the tool geometry and the process parameters also influence the
damage mechanisms during machining process. In Sauer et al. [22] the
influence of cutting edge radii during orthogonal cutting was examined.
A higher saw tooth profile was observed with larger cutting edge radius.
In the against fibre cutting region a larger cutting edge radius leads to
more damage in form of delamination and burrs [23]. Due to the cutting
edge rounding, the effective rake angle changes, especially with small
chip thicknesses, which can have influence on the cutting mechanisms
[24]. Often the sharpest possible cutting edge is recommended to avoid
delamination, but in industrial practice this results in parts being set
until the rounding has reached constant state.

To summarise, previous work has mainly concentrated on
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delamination and burrs in the upper layers of the workpiece [25]. The
rarely investigated interlaminar damage area (subsurface damage) is
important for surface quality and possible subsequent bonding [26] and
has not yet been sufficiently investigated. Up to now, the investigations
have mostly been carried out in orthogonal cutting. However, since
milling involves highly complex cutting mechanisms due to continu-
ously changing fibre cutting angles and varying chip thicknesses during
tool rotation, it is not possible to completely convert them into
quasi-stationary 2D cutting conditions. Previously used spatial fibre
cutting angles are not based on the observable directions of the sub-
surface damage. Therefore in this work, an analysis of the local effects
during complete cuts and the application of a spatially defined fibre
cutting angle is carried out which refers to division of the effective speed
in normal and sliding component of the cutting edge. This will provide
deeper insights into the influence on the separation mechanism and the
occurrence of the subsurface damage area.

2. Material, tool and experimental setup

The edge trimming of unidirectional carbon fibre reinforced speci-
mens with a material thickness of 6 mm and varying fibre orientations is
examined. The processed material is a unidirectional carbon fibre
reinforced plastic (UD-CFRP) consisting of an epoxy matrix (CP003) and
high tenancy fibres (AS4). The fibre volume content is 60 % and the
average fibre diameter is 7 pm. The fibre direction is defined via the
global fibre orientation angle @ (Fig. 2b). The fibre orientations shown
in Table 2 are used to obtain different cutting angles during the cut and
varying corresponding chip thicknesses. During the investigations, all
tests are carried out using tools with a single cutting edge and a diameter
of 12 mm. First, a precut is carried out to ensure a constant material
allowance towards the following measuring cut. The cutting parameters
for the precut are a cutting speed v, of 100 m/min, a feed per tooth f, of
0.125 mm and a radial depth of cut a, of 0.2 mm. In the measurement cut
a rapid traverse movement 135° to the feed direction takes place before
the milling tool has reached the end, see Fig. 2b. This means that the
surface of the last cut is retained and can therefore be analysed further. It
becomes apparent what happened over one single milling cut. All the
dry peripheral milling tests are performed on a Heller MC16 machining
centre.

Force measurement during the process is done by a three component
dynamometer (Kistler Type 9255C). The signals are sampled with 10
kHz and a low-pass filter with 3 kHz is applied to reduce signal noise. To
reduce the entry frequency, tools with one cutting edge are used and 50
m/min was selected as the cutting speed for the measuring cut, to
operate completely below all machine eigenfrequencies. Various tool
geometries are used (see Table 1). Despite T2 all cutters are made of

Interlaminar
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Fig. 1. Schematic illustration of fibre cutting angle where a) mechanism in which surface cavities and b) mechanism in which delamination and burrs occur ac-

cording to [7].
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Fig. 2. Experimental procedure with a) the experimental setup in Heller MC 16 machining centre, b) the milling path and c) the experimental design.

Table 1
Tool parameter.

@inmm  Helix angle 1 in ° Rake angle y in ° Clearance angle « in °
T1 12 0° 8° 10°
T2 12 2° 0° 5°
T3 12 30° 25° 15°
T4 12 30° 9° 10°
TS5 12 30° -7° 10°
Table 2

Process parameter.

Milling type Down milling

Cutting speed v, in m/min 50

Feed per tooth f, in mm/tooth 0.01, 0.03, 0.065, 0.1
Radial depth of cut a, in mm 5.9

Fiber orientation @ in ° 30, 45, 60, 80, 100

cemented carbide and are uncoated. T2 is a polycrystalline diamond
(PCD) tool. Rake and clearance angles are defined in the axial section.

The feed rates were selected so that they are within the range rec-
ommended by the tool manufacturer and still have a high distance to
each other. All experiments are carried out in down milling and with a
radial depth of cut of 5.9 mm, which corresponds to almost half the tool
radius. The high radial depth of cut a, was chosen because it allows a
wide range of fibre cutting angles to be analysed over a single cut. At the
same time it is an advantage that twisted tools remain engaged for a
longer time over the entire tool height. Each parameter set is repeated at
least twice, while the statistical validation at the experimental param-
eter set with tool T4, fibre orientation 80° and a feed rate of 0.065 mm/
tooth was carried out by a tenfold repetition. The statistical standard
deviation for the start and end times detected in the following is 1.05°
and 2.56°. The experimental design is shown in Fig. 2c. While the tests
were carried out at a feed rate of 0.065 mm/tooth for all milling cutters
at @ from 45° to 100°, the three mainly examined feed rates from 0.03,
0.065 and 0.1 mm/tooth were carried out for the fibre orientations 80°
and 100°. The feed rate of 0.01 mm/tooth is outside the tools manu-
facture’s guide values, but was tested for two tools to demonstrate and
approve the effects of small chip thicknesses. The fibre orientation of 45°
is frequently used industrially, often described as particular damaging
and therefore selected. The fibre orientation of 80° is interesting due to
the subsurface damage in the centre of the cut without or less damage at
the final resulting surface. The other fibre orientations was selected
around that two and results in two steps with 20° difference and two
with 15°. Fibre orientation 30° and 60° were partially factorial analysed.

3. Evaluation methods

A dexel based geometric penetration simulation is used to calculate
local cutting parameters. A two- and a three-dimensional approach were

used. While the two-dimensional approach requires minimal computa-
tional effort, it is limited to cylindrical tools and processes kinematics
without inclinations. The 3D penetration calculation enables the appli-
cation to more complex tools such as a conical shape and 5-axis kine-
matics. In the simulation for each discrete kinematic position (rotation
angle of the tool), the penetration of the workpiece by the tool along the
tool contour normals and thus the local chip thickness according to ISO
3002-1:1982-08 of the unformed chip can be calculated. The vectorial
decomposition of the effective speed using the local tool tangent results
in the lateral and normal effective speed of the tool according to ISO
3002-1:1982-08, which are also colloquially referred to as sliding and
cutting speed. Further detailed information of the simulation can be seen
in Hilligardt et al. [27]. The effective fibre normal angle and fibre side
angle were introduced for the three-dimensional characterization of the
local cutting condition in relation to the fiber orientation. Fig. 3 shows
the definition in the free oblique cut. Here, the sign convention and
introduction of effective normal fiber cutting angle is analogous to the
normal rake angle yy,, see Fig. 3b. This enables a clear description of the
local fiber orientation relative to the cutting edge and tool functional
surfaces with reference to the normal speed. Therefore the focus in this
work is on the normal fiber cutting angle 6. Fig. 4 shows this fibre
cutting angle via the rotation angle of the tool without and with helix
angle. Due to the simulation it is clear that different fibre cutting angles
are engaged at the same time for a twisted tool. Here it comes apparent
that the cutting edge points over tool height enter the material one after
the other from the first (Sgrs) to the last (Sies) cutting edge point.

To enable an evaluation of the surface values and the force mea-
surements with regard to the local cutting parameters, in particular the
normal fibre cutting angle 6,,, both the force and the surface measure-
ments are coupled with the simulation. Therefore the force signal of an
average cut can be evaluated as time synchronous average for every
sample. For this purpose, 80 % of the total signal is used, in particular to
exclude transient phenomena when entering the sample. Additionally,
local measurement errors are eliminated. In some cases individual sec-
tions within the area are analysed, as differences in subsequent cuts
become visible and local force peaks can be evaluated. The measured
forces are analysed in the workpiece system and the resulting force is
divided into forces transverse and parallel to the fibre. The force parallel
to the fibre (F)) is defined along the fibre orientation and the positive
direction points away from the final workpiece surface (Fig. 2b). The
first transverse force direction is in the laminate plane (F. ;) while the
second transverse force (F. ) is orthogonal to the laminate plane.

A MarSurf XCR 20 roughness and contour measuring device is used
to measure the surfaces via tactile profile method. The measurements
are taken at a measuring distance of 1 pm and a measuring speed of 0.2
mm/s 50 lines are measured parallel to the feed direction and 0.2 mm to
both outer edges of the specimen is maintained. Fig. 5a shows a mi-
croscope image of the surface over one cut, in which the structure of the
subsurface damage phenomenon can be recognized. The profile lines
recorded with the Perthometer are shown schematically in yellow. To
evaluate roughness each extracted profile is fitted by the nominal shape
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Fig. 3. Fibre cutting angle in a) free oblique cut and in b) effective normal plane.
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Fig. 5. Surface analysis using tactile profile measurement method.

of the specimen to remove the form, see Fig. 5b. The fit is performed
using the MATLAB integrated non-linear least-square optimization. This
method also allows to determine the point of the last cutting edge
contact and thus the last point of the cut that also lies on the final
resulting surface, see Fig. 5b. This point is the centre of the tool in the x-
direction during the last cut and thus the end of the angles that are
passed during one cut. Starting from the tool centre point of the last cut,
a straight line is defined to each measurement point, which also in-
tersects the ideal profile. The length between the two intersection points
indicated the extent of deviation that can be assigned to an exact angle.
This is important in order to assign the fibre cutting angles to the surface
roughness by linking them to the simulation of each test point. Subse-
quent, according to ISO 3274: 199612 a low-pass filter with 4, cut-off of
8 um is used to remove the micro-roughness and a high-pass filter with A,
cut-off of 2.5 mm is applied to remove the waviness of each measure-
ment line. The obtained roughness profiles (R) of each of the 50 lines are
represented in Fig. 5c. To get an area value, the angles associated with
the roughness values of each line are rounded to one decimal place. For

all equal angles, the surface roughness parameter mean arithmetic
height S, (Fig. 5d) and maximal height S, are evaluated in accordance
with ISO 25187-2:2021-12. The S, obtained enables the definition of
the subsurface damage area via a limit value. Due to the fact that the
maximum acceptable roughness in the industry is around R,=3.2 pm
[28] and the comparison of several measurements the limit value of S,
was set to 4 pm. The intersection points of the limit value with the
averaged S, curve is used to determine the start and end value of the
subsurface damage area (Fig. 5d). In addition four samples were
measured with the Zeiss metronom 800 C T device to confirm the depth
of damage. The voltage for the measurement was 130 kV while for the
current 123 pA was selected.

Furthermore the structure of the machined surface is analysed by
microscope images with Keyence VHX-7000. The same microscope was
used to observe the wear of the cutting edge in fixed intervals. For the
test points between the measurements, a linear wear over the cutting
path of the cutting edge is interpolated for simplification. The wear was
characterized by the cutting-edge rounding r;.
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4. Results and discussions
4.1. Effect of the spatial situation

To capture the 3D cutting situation, the effective normal fibre cutting
angle 6, was introduced (see, Fig. 3b). The results show that due to the
defined angle the shift of the subsurface damage area depending on the
helix angle can be explained by the spatial definition of the fibre cutting
angle (Fig. 6). The comparison of T1 without helix angle and T4 with
helix angle of 30° is possible because they have almost the same rake and
clearance angle. Fig. 6a shows an offset between the subsurface areas of
T1 and T4 in the rotation angle of the tool, which can be converted into
the 2D fibre cutting angle used in previous studies. The application of
the new definition of the fibre cutting angle shows that the surface
damage is in almost the same 6, range (Fig. 6b). The average angle
difference of the start and end 6, values changes from 6.1° to 2.6°.

The view of the structure across one cut shows the area in which the
surface cavity formation mechanism defined by Wang [18] occurs.
Comparing the tool T1 without helix angle and T4 with a helix angle, it
comes apparent that the structure follows the direction of the effective
normal speed v, (Fig. 3b). Therefore, the structure of the specimens
done with twisted tools tilts around the helix angle (Fig. 6). Although the
damage structure forms along the helix angle, the start and end of the
damage area is a straight line orthogonal to the feed direction. This is
evident even though the cutting edge at a defined angle of tool rotation
is located at different local fibre cutting angles 6, and chip thicknesses
over the tool height (Fig. 4). This indicates that the geometric conditions
define the start and the end of the subsurface damage area and not the
engagement situation with different parameters relating to the height of
the tool.

4.2. Occurrence and shift factors of the subsurface damage area

4.2.1. Influence of chip thickness on damage area

Fig. 7 show the detected start and end 6,, values of the subsurface
damage area plotted against the chip thickness. If no error bars are
inserted, the standard deviation is smaller than the symbol. The dashed
lines represent the relationship between fibre cutting angle and the
uncut chip thickness for one cut and connect corresponding start and
end of the damage area. Fig. 7a shows this chip thickness progression
over 6, marked thick for the experiments with & = 80° with 0.065 and
0.03 mm/tooth and @ = 60° with 0.065 mm/tooth. A reduction in feed
rate and fibre orientation lead to smaller chip thicknesses. However the
progression of each curve still differs. For the fibre orientation of 100°
for some tools only an end could be detected and for fibre orientation
45° only a beginning. This means that the area begins right at or before
the cutting edge enters the specimen material or the area begins just
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before the cut ends.

The detected damage area is shifted both by changing the feed rate
and by changing the fibre orientation. The deviation can be attributed to
the influence of the chip thickness. In general, the greater the chip
thickness, the earlier the damage area begins. This means that 6, for the
start assumes a higher value for larger chip thickness until a chip
thickness less than 0.02 mm. At 0.02 mm and below, a higher deviation
in detected start and end values can be determined for most tools from
both the same and different trials with similar chip thickness. For T3
with a helix angle of 30° and maximum rake angle of 25° (Fig. 7c) it is
apparent that 6, increases after 0.02 mm with declining chip thickness.
This leads to a further increase of the subsurface damage area. From
small thicknesses, the importance of the cutting edge rounding becomes
proportionally more significant, which explains the change in the trend.

It can be concluded, that the lower the feed rate for samples with the
same fibre orientation, the later the area begins if the value is above
0.02 mm. Compared to Wang et al. [18] where the feed rate has a small
effect on the subsurface damage area, a significant difference of the
damage area start is detected. Changing the feed from 0.03 to 0.065
mm/tooth means an average increase of 9.5° of the start fibre cutting
angle 6y, across all tools. The damage area also starts earlier, changing
from 0.065 to 0.1 mm/tooth, but only by an average of 3.6°.

The end of the damage area varies slightly with decreasing chip
thickness down to chip thickness of 0.02 mm. Considering the standard
deviation all ends remain almost the same for all tools at chip thick-
nesses above 0.02 mm. Here the deviation from minimum to maximum
fibre cutting angle 6, value is highest at the tool T1 with 6°. The
smallest deviation in the end value is 1.6° for tool T5, the tool with the
smallest rake angle, see Fig. 7e. This tool also shows the latest end of the
damage area with an average value of 8, = 28.7°. The earliest end is on
tool T2 with a value of 36.3°. Chip thickness values below 0.02 mm show
the same trend for all milling cutters as T3 at the begin of the damage
area. The 6y, values increase again, indicating an earlier end.

4.2.2. Influence of the tool on damage area

There is an influence of the tool rake angle on the area of surface
cavities. The damage area starts earlier with a larger rake angle. Due to
the rake angle, the cutting edge hits the fibre at a different effective
cutting angle. If the defined cutting angle 6y, is corrected by the normal
rake angle yp, by subtracting it (Fig. 3b), it can be seen that the bending
of the fibre starts at almost the same local condition. At a feed rate of
0.065 mm/tooth the angle deviation between the tools can be reduced
from 12° to 13° (Fig. 8) to 2 and 1°. For example, the observed angle of
82.9° for T3 is corrected by y,e = 22° calculated by the simulation to a
value of 60.9°. For the tools with rake angles of —7° and 9°, this gives
corrected damage start values of 63.1° and 61.8°. Particularly for the
helical tools, it can be seen that the 6, value at the end of the damage

b) Subsurface damage area with 3D cutting angle
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Fig. 6. Influence of the 3D cutting angle by comparison of T1 (2 = 0° and y = 8°) with T4 (A = 30° and y = 9°), @ = 80°and f, = 0.065 mm/tooth.
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Fig. 8. Influence of the rake angle (comparing tools with helix angle).

area tends to increase with the rake angle, i.e. an earlier end. The trend is
smaller compared to the start. This results in a larger damage area at
higher rake angle. The lower influence at the end can be explained by
the increasing proportion of cutting edge rounding with decreasing chip
thickness across the cut. This means that the effects of the rake angle on
the cutting mechanism decrease over the cut, while the significance of
the cutting edge rounding increases. The cutting edge rounding is crucial
for achieving the bending strength and the subsequent shearing, espe-
cially with small chip thicknesses. As mentioned before, a chip thickness
of 0.02, a clear increase in 6, at the end can be observed for all milling
tools. The cutting edge rounding and thus the effective rake angle, which
assumes a high negative value at this point, prevents the bending of the
fibres and thus the occurrence of surface cavities. It can be assumed that

the cutting edge rounding has also a significant influence at the begin-
ning of damage area at lower chip thicknesses. This can be seen from the
significantly smaller effect of the chip thickness on the start and end of
the cutting angle for chip thickness lower 0.03 mm. It can be inferred
from the data that the effect of cutting edge rounding to the damage area
differs from starting the engagement with the rake angle to cut with the
cutting edge rounding over the entire cut.

4.3. Characteristics and formation mechanism of subsurface damage area
4.3.1. Influence of fibre orientation on damage depth

The damage depth in the detected subsurface damage area (SDA)
varies within one cut due to different combinations of fibre cutting
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angles 0y, and chip thickness. This is shown in Fig. 9 as an example for
tool T1, the one without helix angle, for fibre orientations 60, 80 and
100°. The surface roughness shows that at high ;. the damage structure
is initially less wide and deep in the subsurface damage area. This rep-
resents the deviation from the ideal cutting contour and thus the shape
of the saw teeth. This means initially the subsurface damage area starts
with smaller saw teeth. The size of the saw teeth can be correlated with
the surface roughness value S,, which indicates the maximum level of
damage depth for each fibre cutting angle 6,.. The S, values in Fig. 9
show that if the structure on the surface roughness the damage depth
initially increases, although the chip thickness decreases. This is the
opposite trend found by Vop [17] where greater chip thickness results in
larger saw tooth profiles. The differing finding can be explained by the
changing fibre cutting angle 8, during one milling cut. In addition to the
chip thickness, 6, affects the damage depth and thus the size of the saw
teeth. With a declining 6, the depth of the saw teeth get larger up to a
certain fibre cutting angle, where the damage depth represented by S,
drops, see Fig. 9. This drop is steeper for larger chip thicknesses. The
position of the highest S, varies and is considered in more detail below.
Assuming that the interfacial crack due to the fibre bending occurs at the
same length for the fibre cutting angles 6,, 40° and 60° helps to un-
derstand the influence of 6, see Fig. 10a. Since the depth of the saw
tooth is orthogonal to the tangent of the circular path on which the tool
runs, the angle between the saw tooth depth and the length of the
interlaminar crack (;) is the same as the fibre cutting angle. This means
that the length of depth (Ig) can be calculated by cos(pc)eli. Since the
cos(60°) is less than cos(40°) the theoretical damage depth higher at 6,
= 40°. In addition, a larger 6,, means that a greater distance has to be
travelled for the same bending moment. This means that the fibre has
already bent further for the same distance. Conversely, a higher bending
moment is applied after a shorter distance due to larger 6, values and
therefore the bending strength is exceeded earlier.

4.3.2. Real cutting conditions and influence on process forces

If comparing the theoretical uncut chip thickness with the maximum
damage depth S, it comes apparent that even for the lower damage
depths the cavities are mostly deeper than the chip thickness, see
Fig. 10b. In the identified subsurface damage area, this means that the
damage depth over the tool height exceeds the chip thickness at least at
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one point after a certain fibre cutting angle 6,,. In the experiments in
Fig. 10 it is about 8, = 60°. For high feed rates of 0.1 mm/tooth S, can
be up to three times higher. This means that the cutting edge hits already
damaged surface with every tool rotation and therefore does not always
hit material over the entire height of the tool, see Fig. 10b.The fact that
material is not permanently in contact with the cutting edge is recog-
nized in the evaluation of the forces. Fig. 11 shows the forces during one
cut in down-milling for a twisted tool. From a global perspective the
entry of the first cutting edge point in the subsurface damage area (Sfirs,
start) leads to decreasing parallel and transverse forces in the laminate
plane. This can be explained by the lack of material due to the saw teeth
and the crack initiation of the interlaminar fracture due to the fibre
bending. The forces are minimum as long as the tool is in contact with
the damage area with almost the entire tool height and start to increase
when the first cutting edge point exits the damage area (Sfrst,eng).- When
the first cutting edge point enters the subsurface damage area local in-
creases followed by a drop of the forces can be observed, see Fig. 11. This
occurs in all three force directions and the local peaks are repeated until
the last cutting edge point emerges from the damage area (Sjast,end)- The
local force peaks can be explained by the impact of the hitting the
existing saw tooth profile as shown in Fig. 10b. The contact of the cut-
ting edge on a saw tooth thus leads to a brief increase in force, which is
followed by a drop as the resistance to the cutting edge decrease due to
the interlaminar fracture. This is followed by another increase when the
shear-induced fibre fractures occur and the next contact takes places.
Before the first entry into the damage area the signal is smooth. After the
last cutting edge point emerges from the damage area, peaks are still
present, but much smaller. This can be explained by the excitation of the
frequency by the impact on the saw teeth.

Fig. 12 shows a force signal with a greater depth of damage. Here it
becomes clear that the individual milling cuts differ from each other. A
peak due to the impact on the saw tooth is followed by a dip in the
subsequent cut, as a surface cavity has formed here. This is then followed
by another peak in the third cut. This clearly shows how the formation of
the saw tooth profile is mapped via the force signals. With increasing
cutting edge rounding, a decrease in the peaks can be observed and a
more uniform signal is produced across different cuts.
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Fig. 9. Surface roughness and resulting S, for fibre orientations 60°, 80° and 100° with T1 (1 = 0° and y = 8°) and f, = 0.065 mm/tooth.
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Milling condition due to damage depth
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Fig. 10. Saw teeth profile in a) schematically shown for different 6, and in b) real saw teeth over one cut and the illustration of resulting milling condition due to

theoretical uncut chip thickness.
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Fig. 11. Comparison of forces across one cut for a) feed rate of 0.03 mm/tooth
and b) feed rate of 0.065 mm/tooth with tool T3 (1 = 30° and y = 25°).

4.3.3. Influence of tool and chip thickness on damage depth

The effect of chip thickness on the damage depth can be analysed by
comparing the same fibre orientation with different feed per tooth. The
fibre cutting angles 0, remain the same while resulting chip thicknesses
change. This confirms the effect observed by Vof [17] that the saw tooth
profile becomes smaller as the chip thickness decreases. So the damage
depth is less with a lower feed per tooth. This can be seen for S, from the
surface measurement (Fig. 9), but it can also by comparing the force
signals over one cut (Fig. 11). The intervals between the local force
peaks increase in height and width at higher feed rates, which can be
explained by the deeper damage and thus larger saw teeth. Both the
longer cantilever and the force generated by the greater localised chip
thickness lead to higher bending moments, resulting in deeper

interlaminar cracks represented by the localised force reduction.

All experiments plotted against chip thickness (Fig. 13a) show that
the decreasing trend in maximum damage depth due to decreasing chip
thickness applies to most experiments. However, chip thickness below
0.01 mm leads to increased damage depth. Due to the effect that the chip
thickness is constantly below the cutting edge rounding there will be
another effective rake angle in material contact. Up to 0.01 mm the
smaller the chip thickness, the smaller the maximum damage. As with
the detection of damaged areas, the trend reverses after this value and
increases again with greater gradient. As mentioned before the position
of the maximum damage depth S, varies due to the uncut chip thickness,
see Fig. 13b. For each feed per tooth the fibre cutting angle 6,, of
maximum S, decreases with decreasing chip thickness. The higher the
feed rate, the more pronounced the phenomenon that the highest
damage value changes its position. This can be explained by the sig-
nificance of the fibre cutting angle influence on the depth of damage
increases with greater chip thicknesses, see Fig. 11a.

The rake angle also influences the depth of damage. It can be seen in
Fig. 13c that with a smaller rake angle, the deepest damage is located at
smaller cutting angles. However, this only applies when comparing the
helical tools. Because the position of the deepest damage shifts with both
rake angle and chip thickness, different results occur when the influence
of the rake angle on the damage depth is recorded. At lower fibre cutting
angles 0y, lower rake angles lead to deeper damage, while at higher fibre
cutting angles 6, increased rake angles lead to deeper damage. Espe-
cially for T3 with the large positive rake angle of 25°, the damage depth
at the damage area start is particularly high. The rake angle and the
greater chip thickness at cutting angles around 60-70° create a lever
effect that causes deep damage.

The micro-geometry of the cutting edge influences the damage
depth. This can be seen by comparing the same test points with different
edge rounding (Fig. 14). There is a cutting edge rounding at which the
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Fig. 12. Force amount over four cuts superimposed with the following cut (T3: A = 30° and y = 25°; f, = 0.065; @ = 100°).
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damage is minimal. That does not correspond to the sharpest cutting
edge condition and contradicts the statement often made in the litera-
ture that a sharp edge leads to less damage during machining. In fact,
many experiments show that the quality initially improves with
increasing rounding, but further rounding leads to a damage depth that
is deeper than that with the smallest cutting edge rounding (Fig. 14).
This can be observed by smaller local force peaks with medium cutting
edge rounding.

4.3.4. Effects of damage depth during the cut on the resulting final surface

In some tests, the initially sharp cutting edge leads to an interfacial
crack that reaches up to 2.5 cm in depth, resulting in the destruction of
the entire specimen, see Fig. 15. This deep interfacial cracks can be
detected in the force signal. In a view across all cuts sudden peaks can be
seen. These were also observed by Wang et al. [18] in the area of the
surface cavities. If these peaks are viewed across one cut, an extension of
the actual cut duration is detected. Initially, the forces decrease, which
explains the bending or in this case the splitting of the sample. Then
there is a sudden increase in force parallel and transverse to the fibre
orientation. This can be explained by more split-off material than by the
usual separation mechanism. Then the material is sheared off by the
shear induced fibre breaks. In the same test with a more rounded cutting
edge (r3 = 13 pm) the peaks in the force signal can also be observed.
However, at first glance no deep interfacial cracks can be seen. Exam-
ining the sample in a CT-Scan with cross section along the feed direction,
surface cavities much deeper than the usually detected appear (see
resulting surface in the middle of Fig. 15). The cross section of the
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Fig. 14. Maximum height a force amount due to different cutting edge
rounding for experiment with T4, ® = 60° and f, = 0.065 mm/tooth.

CT-Scan along feed direction lays 0.02 mm away from the edge of the
specimen. The sudden peaks in the force signal are therefore an indi-
cation of deeper damage in the subsurface damage area. The same test
with a rounded cutting edge of r; = 18 pm leads to force signals nearly
without sudden peaks and thus to an intact surface. It can therefore be
observed that here the initially sharp cutting edge produces poorer
qualities.

The depth of damage is also particularly significant if the damage
area occurs close to the cutting edge exit. It can be seen that the damage
depth at the detected end can affect the final resulting surface. Fig. 16
shows the effect of the damage depth in the identified damage area on
the final surface at different feed rates. Although the end of the damage
area is detected at a feed rate of 0.065 mm/tooth before 6, on the final
resulting surface (Fig. 5), individual damaged points are visible. A
pattern is created that no longer corresponds to the saw-tooth profile. It
comes apparent that the mechanism of bending and sharing is no longer
effective. This phenomenon occurs when the S, within the damage area
reaches so deep that the final surface is damaged through as it reaches
deeper than the next cut. The depth within the subsurface damage area
therefore correlates with the pattern appearing on the surface. A lower
damage depth results in less and less deep damage, while higher a S,
significantly affects the damage of the final surface.

4.4. Milling of an external radius

In order to evaluate the effects of the findings on the actual resulting
surfaces during a milling process of a curved surface, tests were carried
out in up and down milling. An outer radius with 6 mm is milled with T2,
feed rate of 0.065 mm/tooth and thus a changing fibre cutting angle 6,
at the last cutting edge contact (from 6, = 80° to 6, = —10) is exam-
ined, see Fig. 17a.

Fig. 17b shows that the damage area ends earlier in the up-milling
than in the down-milling, if the start damage value is defined as the
higher and the end as the lower 6,,. The earlier end at 6, = 48° can be
explained by the entry at minimum chip thickness in up-milling. In
particular, the detected increase for the end value in the evaluation over
one cut in down-milling at chip thicknesses smaller than 0.02 mm ex-
plains the earlier end. The damage area in down-milling ends at an
earlier value of around 6, = 26°. This can be explained by the damage
depth caused within the cut extends to the resulting surface. The higher
O start value in the up-milling process can also be explained by deeper
damage in the following cut. An additional effect of up-milling is that the
damage at the start extends even further into the surface that is other-
wise undamaged surface. One possible explanation for this is that the
cutting edge hits an already damaged surface and the mechanism of
action of bending away is thus extended even further. Gradually, how-
ever, the damage reaches less deeply, the fibres therefore do no longer
bend and the phenomenon disappears. The range of surface cavities
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Fig. 16. Influence damage area and damage depth on the final resulting surface
(end of the cut) in the test with T4 and @ = 60°.

could be minimised if the external radius from 6, = —10° to 0, = 60°
(the intersection of the up- and down-milled S, curves) is milled in up-
milling, while the range from 6, = 80° to 6, = 60° will be machined
in down-milling.

5. Conclusion

Extensive peripheral milling test were carried out on UD-CFRP with
five different tool geometries and evaluated based on simulation using
the spatial fibre cutting angle 6, defined in the effective normal plane.
The new experimental setup with the associated analysis over one
milling cut provide deep insights into the formation mechanism and
influencing factors of the subsurface damage area.

e The area with saw tooth formation depends in particular on the tool

geometry and the chip thickness.

o The rake angle has a major influence on the start of the damage
area and the larger it is, the earlier the area begins. For moderate
rake angles y = 0-9°, the saw tooth profile is formed in a maximum
range of 30°-70° Op,. At y = 25° the range is 6, = 30° to Op, = 85°
and at y = —7° from 6, = 25° to O, = 65°.

o The influence of the chip thickness is smaller in comparison, but
can be seen in both the start and end of the damage area. The
trends change in particular with chip thickness below 0.02 mm.
The cutting edge rounding due to the effective rake angle comes
increasingly into material contact. This leads to an earlier end of
the damage area.

The depth of damage and the form of the saw teeth depends on the
chip thickness, rake angle, cutting edge rounding but additionally
the fibre cutting angle has an influence. The maximum damage depth
decreases over declining chip thickness. After a minimum of 0.01
mm, the damage increases again. The position of maximum damage
shifts due to chip thickness and rake angle.
e The saw-tooth profile results in temporary loss of contact between
tool and material. This can be recorded by local force peaks. The
peak height and width correlates with saw tooth size. A moderate
cutting edge rounding of about 15-25 pm showed the lowest damage
values. Initially sharp cutting edges can lead to deep interlaminar
cracks and to a total failure of the specimen. Detectable by high force
peaks and an extension of the theoretical cutting time.
The milling of an external radius shows that understanding what
happens during the cut and how the parameters affect the damage
area is important for the damage on the final resulting surface. The
damage depth in the subsurface damage area is important as it can
still affect the resulting surface, even though the damage area ends
earlier. The identified subsurface damage range at of 44-65 % of the
entire 90° range at which the fibre is inclined to the cutting edge is
extended up to 12 %. The decisive factor for the direction of the
damage expansion is whether up or down milling is used.

A precise knowledge of the damage areas and parameters influencing
the damage makes it possible to avoid this area or minimise the damage
depth by adapting the parameters appropriately due to 6. The
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the external radius.

simulative spatial evaluation can be used to investigate complex tool
geometries and process paths such as wobble milling. In addition, the
application to different matrix-fibre combination must be investigated,
as the material properties in particular are decisive for the cutting
mechanism of saw-tooth formation.
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