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Abstract

When end milling long fiber reinforced composites, fiber protrusions of the top layers can occur. The lengths of fiber protrusions found on real

workpieces with curved contours cannot be explained so far.

The lengths of individual fibers to be cut along the tool path depend on tool diameter, local fiber orientation and path geometry. All fibers are
separated into two ends at the initial contact with the tool. They define the theoretical maximum lengths of fiber protrusions.

A model for these observations has been established. The model is validated by milling experiments using curved contours.
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1. Introduction

Fiber reinforced plastics (FRP) are established lightweight
materials which are increasingly used in recent years especially
in the aircraft industry. Although FRP parts are produced near
net shape, they need edge trimming which is often done by end
milling [1, 2].

When milling FRP, the top layers of the laminate can be
damaged by chipping and protruding fibers. Such delamination
of crimped and non-crimped fabrics is a serious problem [3]
and has been described in several publications [4, 5, 6, 7, 8, 9,
10].

In order to avoid delamination, tool concepts and cutting
edge geometries [11, 12, 13], wear-resistant cutting materials
[14, 15, 16], the influence of cutting parameters [6, 17] and
special machining strategies [4, 18, 19] have been proposed and
analyzed. Nevertheless, delamination still occurs and makes
reworking necessary, leading to higher production costs and
times and sometimes resulting in irreparable loss of the parts.

Previous investigations on delamination phenomena of non-
crimped fabrics (NCF) [4, 6, 17, 20, 21] as well as crimped
fabrics [10] have been conducted using milling processes with
linear feed direction. When milling FRP parts made of NCF

with unidirectional top layers, it was observed that the type of
delamination and especially the length of fiber protrusions vary
at different positions along the workpiece contour. As real-life
workpieces show convex and concave areas along their
contour, consideration of non-linear feed directions seems
necessary for an in-depth understanding of delamination
phenomena. Therefore, the length of fiber protrusions
depending on feed direction is the subject of the following
study.

2. Theoretical consideration of delamination and fiber
protrusion when milling FRP

Colligan and Ramulu [6] introduced three different types of
delamination. Type 1 describes a surface break-out of fiber
bundles within the uncut top layers starting at the trimmed
edge. Type 2 delamination refers to fibers protruding into the
milling path without any other damage to the workpiece. A
common form of delamination is a combination of type 1 and
2, since each fiber protrusion inevitably leads to at least
minimal damage at the trimmed edge [10, 22]. Type 3
delamination describes loose fiber ends.
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The fiber position relative to the feed direction vr is defined
by the fiber orientation angle ¢, which is measured
counterclockwise between v and the fiber axis direction. Puw
and Hocheng [23] showed that the fiber orientation angle ¢ has
a significant influence on the type and appearance of
delamination. Due to the rotation of the tool, the fiber cutting
angle 0, defined between cutting direction vc and the axis of the
uncut fiber, varies continuously.

When milling, the lengths of individual fibers to be cut along
the tool path depend on tool diameter, local fiber orientation
and path geometry. According to Hintze [5], delamination
starts at the initial contact between tool and fiber, which
simultaneously represents the initial separation point of the
fiber. The fiber cutting angle at the separation point is always
Oinitiar = 180°. After initial separation and no further cutting of
the fiber afterwards, two loose ends of fibers protrude into the
milling path. Their length is significantly influenced by the
fiber orientation ¢ [5].

The following calculation of the maximum theoretical
lengths of fiber protrusions is carried out for a tool rotating
clockwise with a feed direction parallel to the laminate plane.
It is assumed that every cutting edge initially separates just one
single fiber per revolution.

2.1. Lengths of fiber protrusions for linear feed direction

When milling along a linear feed path, the position of the
initial fiber separation point only depends on the tool diameter
dwor and the current fiber orientation dinitia, Se€ Fig. 1. In this
case, the fiber orientation angle at initial contact dinitiai iS the
same as the fiber cutting angle at the trimmed edge Bedge.

The length of an individual fiber crossing a linear feed path,
lin, is given by:

I — dlool
" i) @

Ocdge (= Binitia))

individual fiber
cut along the .|
tool path b
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up milling edge || milling edge

Fig. 1. Initial fiber contact in milling along a linear feed path

The distance of the initial separation point Xinisiar Of the fiber
measured perpendicular to the up-milling edge is:

Qo (1 cos () @)

Xinitiar = 2

The maximum lengths of the fiber protrusion ending at the
down-milling edge lin,down and of the fiber protrusion ending at
the up-milling edge lyinup are:
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Fig. 2 shows the maximum lengths of fiber protrusions
ending at the up- and down-milling edge depending on the
initial fiber orientation angle ¢initiar for two tool diameters
dioot =4 mm and dio = 12.7 mm using equations (3) and (4).
Apparently, the fiber protrusions on both sides are symmetrical
to the fiber orientation angle ¢initiai = 90°. The possible lengths
of fiber protrusions for the down-milling edge increase with
Oinitial, Whereas for the up-milling edge they decrease with dinitia-
At dinitia = 90°, the length of fiber protrusions at both edges are
identical.

The lengths of fiber protrusions approach infinity for
Oinitial — 0° and for dinitia — 180°. Obviously, the work piece
dimensions always limit the length of fiber protrusions. For
Oinitia = 0°/180°, though, no fiber protrusion can occur due to
the parallel orientation of fiber axis and feed direction.

In addition to the fiber orientation angle, the tool diameter
correlates with the possible lengths of fiber protrusions, see
Fig. 2. Compared to fiber orientation angle and milling
direction (up / down), the tool diameter has a minor influence
on the lengths of fiber protrusions.
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Fig. 2. Fiber protrusion lengths dependent on ¢initiai and dieol
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2.2. Lengths of fiber protrusions for non-linear feed direction

In order to investigate the formation of fiber protrusions
when milling real parts with curved contours, the maximum
theoretical lengths of fiber protrusions are now modeled for a
circular feed path, see Fig. 3.

In contrast to a linear feed direction, the fiber orientation
angle ¢ varies continuously along a circular milling path which
leads to ¢initiar being unequal to Beqge OF the considered fiber.
This effect is shown in Fig. 3 for two fibers cut under
oinitial = 90° at different feed directions whose fiber cutting
angles at the outer edge are Oeqqe > 90° for clockwise feed
direction and 0eqge < 90° for counterclockwise feed direction,
respectively.

The cutting direction v at the trimmed edge is always
tangential to the workpiece contour. Therefore, the feed
direction v and the tool diameter dio have no influence on the
fiber cutting angle at the edge when the fiber orientation
remains constant relative to the workpiece.

In case of a non-linear feed path after initial separation of a
fiber under a certain fiber orientation angle dinitial, the maximum
length of fiber protrusions differ compared to a linear feed path.
The difference Alrcie IS Shown in Fig. 4 for the down-milling
side of a circle with counterclockwise feed direction.

The fiber lengths for the linear feed direction corresponding
to the down- and up-milling edge are denoted by ljindown and
liin,up While for the circular feed direction they are referred to as
Lcirc,down @nd Leirc,up. FOF simplicity of subsequent calculations, the
two mentioned fiber lengths for linear feed direction are named
linear @and the two mentioned fiber lengths for circular feed
direction are named lgircle.

As shown in Fig. 3, there are three distinct areas that need
to be handled separately. In area I, the two ends of the separated
fibers end on the inner and outer edge of the circular tool path,
Rinner and Roueer respectively. In area 1l and 11, both ends of
separated fibers end on the outer edge. Area Il and Il are
symmetrically distributed to the fiber orientation angle of
Oinitial = 0°/180° with an angle-range of two times Abedge.
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Fig. 3. Three different areas of fiber protrusions at circular feed direction
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Fig. 4. Length of a fiber in the milling path for non-linear feed direction

The half angle-range Afeqqe follows from calculating the
secant to the outer circle which is a tangent to the inner circle
at the same time, see Fig. 3.

R,. —d
Aemge = arccos [ outer tool j (5)
outer

Regarding area I, the maximum fiber protrusion length in
case of a circular feed path can be defined by the following
calculations. The inner and outer radius Riner and Router OF the
circular tool path are named R in these equations:

I = I i AIcirv:le (6)

circle linear

(Ilinear + AIcircle Cos (¢initial ))2 + (R - AIcirt:leSin (¢initial ))2 = R2 (7)
Solution of the quadratic equation (7) leads to:

Alcimle = _(Ilinear : COS(¢innia| )_ R-sin (¢inilial ))
- \/(Ilmear : COS(¢|niual )_ R 'S in (¢imt|al ))2 - II?near

®)

Depending on whether milling is carried out in clockwise
direction viey Or in counterclockwise direction Vicew the
following values of Alircie in equation (6), linear and R have to
be used in equation (8):

o for Icirc:,down (Vf,cw) + Alcircle; linear = IIin,down; R = Rinner
o for |circ,up (Vf,cw) - Alircte; hinear = IIirl,up; R = Router
o for Icirc:,down (Vf,ccw) - Algircle; liinear = IIirl,down; R = Router
o for |circ,up (Vf,ccw) + Alcircte; liinear = IIin,up; R = Rinner

The angle a (Fig. 4) represents the difference between the
fiber orientation angle ¢initiar at the initial contact point and the
fiber cutting angle Beqge at the trimmed edge of a certain fiber.
It can be calculated by the following equation:

R

o =arccos
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For calculation of o in case an edge is machined by down-
milling in clockwise feed direction, R = Rimer is used in
equation (9), for the up-milling edge R =Rouer is used
accordingly. For counterclockwise feed direction, Riner and
Router SWitch positions. The fiber cutting angle at the trimmed
edge Beqqe is calculated for clockwise feed direction by adding
o to oiiia and for counterclockwise feed direction by
subtracting o from Qinitia.

o

edge,cw

=Gt O, (10, 11)

edge,cow = ¢|nmal -

For areas Il and I11, where both fiber ends meet the outer
concave edge of the circular slot, the maximum fiber protrusion
length Leircie 2,3 is given by (with leircie from eq. (6)):

Icircle,2,3 = 2 : Sin(¢initial ) Rouler - Icircle (12)

The corresponding fiber cutting angle at the edge Oeqge,2,3 OF
the second end of the fiber that cannot be calculated with the
formulas for area | is given by (with 6eqge from eq. (10, 11)):

[

edge,2,3

=180°-6

edge (13)

Both the maximum fiber protrusion lengths and the related
fiber cutting angles at the trimmed edge Oedge Calculated with
the previously presented equations allow prediction of the
maximum length of fiber protrusions for a circular tool path.
The maximum fiber protrusion lengths are point symmetric to
the circle center point. Hence, the examination of maximum
fiber protrusions in a half circle is sufficient. Fig. 5 shows the
maximum fiber protrusions for the inner and outer edge of the
left half of a circular path for counterclockwise feed direction.

On the outer edge, a sudden increase of the maximum fiber
protrusion length can be observed in the transition region at
around dinitial = 0°/180°, see Fig. 5 a). This represents the
transition between area | and 11 or area | and Il respectively.
The longest possible fiber protrusion at the outer edge arises at
the tangent to the inner edge, where delamination is not stopped
by the inner edge.

On the inner edge, see Fig. 5 b), a sudden drop can be
observed at an initial fiber orientation angle of ¢initia = 0°/180°,
which coincides with the transition from longest to smallest
possible fiber protrusion length.
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Fig. 5. Fiber protrusions on left half circle: a) outer edge; b) inner edge
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Fig. 6. Calculated fiber protrusion lengths (counterclockwise feed direction)

Besides the parameters influencing the maximum fiber
protrusion length at linear feed direction (derived in section 2.1)
such as tool diameter, feed direction and fiber orientation angle,
the radius of the circular tool path is an important influencing
parameter regarding non-linear feed directions, see Fig. 6.

With increasing radius of the circle and with decreasing
fiber cutting angles at the trimmed edge Oeqge, the maximum
fiber protrusion length increases progressively for the inner
edge at counterclockwise feed direction, see Fig. 6. For the
outer edge, the fiber protrusion lengths reach their maximum at
the transition between area | and Il or area I and 111 at a specific
0eage. In case of counterclockwise feed direction, Bedge iS given
by Beqge = 180°- ABeqge and in case of clockwise feed direction
by eedge =0°+ Aeedge-

3. Experimental investigation of fiber protrusions

In order to verify the model developed in section 2, milling
tests with circular feed paths were conducted on parts made of
carbon fiber reinforced plastics (CFRP). Half circles of radii
Rieed s =30 MM, Rieed2 =60 mm and Rpgeeqz =90 mm  were
machined using clockwise and counterclockwise feed
direction.

The cutting velocity was vc = 511 m/min and the feed per
tooth f, = 0.03 mm. In order to investigate the sudden increase
of the fiber protrusion lengths at dinitiar = 0°/180° as predicted
by the model, a fiber cutting angle of Beqge = 90° was selected
at the beginning and at the end of the half circles.

The CFRP used in the tests was NCF consisting of M21E
resin and IMA-fibers with a laminate structure of 0°/90° and an
overall thickness of t=6 mm. The top layer was made of
unidirectional CFRP while the bottom layer was made of
copper mesh.

The tests were carried out using a milling machine made by
Reichenbacher (Vision Il) with a spindle power of 24 kW and
a maximum speed of 24.000 rpm. The workpieces were fixed
by clamping claws around the milling contour. The
unidirectional top layer was on the upper side. The used tool
with a diameter of dwo = 12.7 mm was a common double-
edged PCD end mill with a twist angle of y, = 0°, a rake angle
of ys = 0°and a clearance angle of or = 12°.
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In order to obtain fiber protrusions at the machined edges, a
tool of defined wear state (cutting edge radius rn~ 34 um
before and after the tests) was used. A low cutting speed, as
used in these experiments, stimulates the formation of fiber
protrusions as well.

The fiber protrusions were analyzed and documented using
a microscope made by Olympus (type SZX10) which was
connected to a digital camera to evaluate the lengths at the
computer. The fiber protrusion lengths were measured in
longitudinal direction of the fibers in steps of 5° at the trimmed
edge.

4. Results and discussion

Fig. 7 shows the fiber protrusions at different radii and feed
directions of the milled half circles. It can be seen that fiber
protrusions (type 2 delamination) occur on every inner and
outer edge with varying lengths.

In all tests, the longest fiber protrusions were found on the
outer edge. Areas with very small fiber protrusions can be
identified on the inner and outer edges. For the half circles

milled in clockwise feed direction, the smallest fiber
protrusions occurred on the inner edge between
135° < Qeqge <180° and for the outer edge between

0° < Qedge < 45° and vice versa for counterclockwise feed
direction.

Fig. 8 contains measurement data of fiber protrusion lengths
of the parts shown in Fig. 7 for radii Rfeq1 =30 mm and
Rfeed3 =90 mm milled in clockwise and counterclockwise
direction. For comparison with the model, the calculated
maximum fiber protrusion lengths are indicated as well.

- B ~

a) -
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A
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Ay = 12.7 mm, z=2, v, = 0°, y,= 0°, @;= 12°, r, = 34 pm,
Rieq ) =30 mm, Ry > = 60 mm, Ry 45 =90 mm,
v, = 511 m/min (clockwise), f, = 0.03 mm

Fig. 7. Fiber protrusions on milled circles: a) clockwise; b) counterclockwise

Clockwise feed direction
0 Ryqy = 30 mm Rz =90 mm
[ | /
:; | outer edge /
- | |« outer edge [ inner edge —/
0 . ) inner edge [N
R 71 N 2
10 2 \\ /': J /l L)
» 5 . . TR
Ei 0 ] . . ks ,
E{ 04590 135 180 0 45 90 135 180
_'_% _Counterclockwise feed direction
= R =30 mm R =90 mm
5140 foud1 2 T foed 3 B
2135
£i39 - \ outeredge —| |
E 25 outer edge — \«— inner edge ," l|
Biop N inner edge J \ \ 1' ‘l
|20 - Z ]
é 10 + \\, A PE . -\\ — / at -
; P AR e T
0 45 90 135 180 _0 45 90 135 180;

Fiber cutting angle at the rimmed edge 0., [°]

[(* L (Meas) — Licup (€01C) & Ly o (MEBS.) — Ly g (€aIC) |

I Ay = 127 mm, y, = 0°, y;= 0°, &t = 12°, v, = 511 m/min, £, = 0.03 mm |

Fig. 8. Measured and calculated fiber protrusion lengths

The range of fiber cutting angles with the smallest calculated
maximum fiber protrusion lengths correlate with the smallest
measured values. This also applies for the highest calculated
and measured lengths of fiber protrusions.

All measured fiber protrusion lengths are very close to the
calculated values or below. Very few outliers differ in positive
direction and are caused by measurement inaccuracies of partly
strongly frayed and kinked fiber protrusions.

When milling in clockwise direction, the outer edge is
machined by up-milling and in counterclockwise direction by
down-milling. In both situations, the calculation of fiber
protrusion lengths shows a sudden increase of the protrusion
length that is not found explicitly in the measured values. It can
be seen that the maximum measured fiber protrusion length is
found closer to the fiber cutting angle of eqge =0°/180° when
the circle radius increases. This correlation is also evident in
equation (5), as the area where both fiber ends meet the outer
edge is symmetrically distributed around oiniia = 0°/180° with
ABedge and decreases with higher circle radii.

At linear feed direction, see Fig. 2, the maximum lengths of
fiber protrusions from the up- and down-milling edges are
symmetrical to the fiber cutting angle Ocdge = 90° (= dinitiar)-
Regarding non-linear feed directions, the distribution is
unsymmetrical, which is demonstrated by the calculated and
measured values of fiber protrusion lengths, Fig. 7 and Fig. 8.

For all used circle radii, the calculated and measured fiber
protrusion lengths correspond up to a length of approximately
leire =5 mm, only. For higher calculated lengths, the majority
of the measured values is significantly smaller than predicted
by the model. A clear correlation for longer fiber protrusions is
found on the outer edge machined in clockwise direction
between 0° < Beqqe < 20° and for the counterclockwise feed
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direction between 160° < feqqe < 180°. This observation can
also be seen in Fig. 7, where the fiber protrusions almost form
a secant to the outer edge in this angle range. Here, fiber
protrusion lengths measured after the tests were mostly shorter
than the calculated maximum. The explanation for this
behavior is undefined breaking of long fiber protrusions due to
impacts caused by several consecutive tool contacts, which
increase with growing maximum fiber protrusion length.

5. Conclusion and outlook

Delamination avoidance in manufacturing of FRP
components is still a challenge with regard to production time
and costs. The presented analytical and experimental study
reveals the workpiece geometry in combination with tool
diameter and feed direction to be important parameters on the
occurrence of fiber protrusions.

An analytical model of maximum fiber protrusion lengths of
curved contours was derived and the following conclusions
have been drawn:

o The fiber protrusion length gets smaller the closer the initial
fiber separation point is to the trimmed edge.

e The maximum possible length of fiber protrusions of a
single fiber is related to the fiber orientation at the initial
fiber separation point ¢initiar and is influenced by a non-linear
feed direction after initial separation.

o Considering a given milling contour and fiber orientation,
the maximum possible fiber protrusion lengths on up- and
down-milling edges only depend on feed direction and tool
diameter, while the latter shows a positive correlation with
the maximum fiber protrusion lengths.

e When milling circular contours, the maximum possible fiber
protrusion length is on the outer edge and all protrusions
decrease with smaller circle radii.

Experiments verify the calculated maximum fiber
protrusion lengths for circular feed paths of various radii. The
developed model is applicable to any long fiber reinforced
composite with unidirectional top layers. The findings
contribute  to optimized milling strategies avoiding
delamination in FRP machining. Further research should focus
on mechanisms of separation or delamination propagation of
both fiber ends after initial fiber separation.
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