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Abstract

Carbon fiber reinforced plastics (CFRPs) are used widely to reduce the structural weight. Drilling and
milling processes are inevitable in order to satisfy the assembly requirements of CFRPs structure.
However, the subsurface damage easily occurs due to the interface debonding under the cutting forces
in machining of CFRPs, and severely reduces the mechanical properties of the structure. This paper
studies the chip formation mechanism in machining of CFRPs. Firstly, the characteristic of cutting
forces and the specific energy under different ratios of cutting depth to cutting edge diameter (RDD)
are investigated by the orthogonal machining of CFRPs. Furthermore, the tool-material interactions
are analyzed to investigate the chip formation mechanism. In addition, the fiber failure and the
interface debonding are analyzed by the scanning electron microscope (SEM) of the machined surface.
For 90° cutting angle, fiber failure mode is like microbuckling due to the insufficient support of the

matrix for RDD=1, and the interface debonding does not extend to the subsurface. It changes into the
kinkband formation with the increasing of the RDD. For 135° cutting angle, mode I fracture of the
interface easily occurs due to the opening load with the increasing of the RDD. Thus, the RDD should
be controlled to reduce the severe subsurface damage in machining of CFRPs.

1. Introduction

Carbon fiber reinforced plastics (CFRPs) have the advantages of having a higher specific strength
compared to metals and reducing the structural weight of aircraft [1]. CFRPs are usually fabricated to
near net shapes by autoclave, compression molding or filament winding. However, a large number of
drilling and milling processes are inevitable in order to satisfy the dimensional tolerance and the
assembly requirements [2]. Due to the anisotropic characteristic of CFRPs, the subsurface damage
caused by the fiber-matrix debonding comes into being so easily in machining of CFRPs [3]. It
severely reduces the mechanical properties of CFRPs [4,5]. CFRPs are increasingly applied in the
main structure of aircraft, such as the wing covers and fuselage section. With the increasing of the size
of the structure, the damage criterion today is so small as to be almost nonexistent due to the
tremendous loads. Thus, the nature of the damage in the chip formation must be studied, and the
damage will be reduced by choosing the suitable machining parameters.

Chip formation in machining of CFRPs is widely studied in the literature. Fiber orientation is a major
factor affecting the chip formation. Two basic failure mechanism at macro level are suggested:
shearing in the perpendicular direction of fiber and buckling in the parallel direction of fiber [6]. The
main mechanisms preceding the chip separation versus the fiber orientation are summarized in the
following modes: delamination type chip formation occurs for O fiber orientation, fiber cutting type
chip formation occurs for 0° to 90° fiber orientation, the chip formation is dominated by macro facture
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for 105° to 150° fiber orientation [7]. It is found that the subsurface damage comes into being so easy
for 90° and 135° fiber orientations due to the large cutting forces [8, 9]. Furthermore, the effect of
machining parameters and tool geometry on the damage are also investigated. Nakayama at al. study
the effects of the cutting edge radius and relief angle on the depth of deformed part for 0 to 90 fiber
orientations [10]. The results reveal that a tool with a large cutting edge radius obtain deeper depth of
deformed part, but the relief angle could not provide significant effects on depth of deformed part.
Zhang at al. reveals that the subsurface damage is related to the depth of cut and rake angle, and at a
larger depth of cut (e.g. 50um and 100um), the sub-surface damage becomes more severe when the
fiber orientation is between 120 and 150 [11]. Furthermore, Jahromi at al. the subsurface damage
decreases with the increasing of the angle from 5 to 20 [12]. Furthermore, Q. An finds that the cutting
and thrust forces increase with the increase of the cutting edge radius, especially when the cutting edge
radius is larger than the depth of cut [13].

Consequently, the cutting edge radius and the depth of cut affects the subsurface damage significantly.
In addition, the strength of fiber becomes higher to satisfy the load performance of the main structure
[14], such as T80OOH and IM7. The gap of strength between the fiber and the interface becomes larger
accordingly. The interface debonding between the fiber and matrix is more likely to happen due to the
large cutting forces in the chip formation for machining of high strength CFRPs. Thus, this paper
presents an experimental investigation on the effect of the ratios of cutting depth and cutting edge
diameter (RDD) by the orthogonal cutting of the high-strength CFRPs. The cutting forces and the
micro topography of the machined surface are measured. Furthermore, based on the compare of the
characteristic of cutting forces and the specific energy under different RDDs, tool-material interactions
are analyzed to investigate the chip formation mechanism. Finally, the failure of the fiber and matrix
are discussed by the micro topography analysis.

2. Experiment setup

The orthogonal cutting experiments are conducted to investigate the chip formation in machining of
CFRPs. The angle formed by rotating from the cutting direction to fiber orientation is defined as the
cutting angle (&) as shown in Figure 1. Meanwhile, the angle formed by rotating from the reslutant
force to the fiber orientation is defined as the angle of action (4e). As mentioned above, the subsurface
damage for 90° to135° is serious in machining of CFRPs. This study obtains the orthogonal machining
of unidirectional CFRP for 90° and 135° cutting angles. The work piece is fixed on the table of the
linear motor, and moves in linear motion providing a steady cutting motion as shown in Figure 1. The
cutting tool is fixed on the dynamometer table. The cutting forces are measured by a six-dimensional
dynamometer Kistler 9327C. The measured froce are divided into two components as follows the
cutting force (F¢) and the thrust force (F).

Generally, the cutting tool with a lager rake angle can reduce the machining damage[12]. Meanwhile,
there is no effect of the relief angle on the machining quality[10]. However, the choiece of the relief
angle should take account of the tool wear caused by the bouncing back of the fiber. Furthermore, the
diameter of the cutting edge should be close to the one of fiber[14]. As a relult, the tool geometries
used in this paper are shown in Table 1, and the tool material is cemented carbide. The unidirectional
CFRP work material used in this study is fabricated from the TORAYCA prepregs with T800 carbon
fiber. The UD-CFRPs laminates with 24 polies have a thichness of 3mm and are cut into 40x100mm
sheets. Two types of UD-CFRPs laminate of 0° and 45° fiber orientation are selected as shown in
Figure 2. Consequently, the experimental conditions are conducted to investigate the effect of RDD on
the chip formation as shown in Table 1.
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Figure 1. Diagram of orthogonal cutting of UD-CFRP.  Figure 2. Experimental setup.
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Table 1. Machining parameters and tool geometry.

Parameters Value
Cutting angle (6/ °) 90, 135
Depth of cut(ac / um) 10, 30, 50
Diameter of cutting edge(de/ um) 10
Rake angle(/ ©) 25
Relief angle(/ ©) 5

3. Results and Discussions

The measured cutting forces are very different under different RDDs as shown in Figure 3. The
process of chip formation is smooth just as the ductile material for RDD=1. With the increasing of
RDD the degree of the cutting forces fluctuation increases. It reveals that the chip formation
mechanism changes accordingly, and the machining responses should be investigated to understand it.
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Figure 3. Time series signals of the cutting forces for 6= 90°.

3.1. Characteristics of Cutting Forces

For 90° cutting angle, the thrust force is larger than the cutting force when RDD=1. With the increase
of RDD, the cutting force increases all the time. However, the thrust force increases firstly and then
decreases. Meanwhile, its direction is reversed when the RDD=5, and its value is far less than the one
of the cutting force as shown in Figure 4. For 135° cutting angle, the thrust force is smaller than that
for 90° cutting angle, but the cutting force is larger than that for 90° cutting angle when RDD=1. It is
different from the phenomenon for 90° cutting angle that the cutting force is far greater than the thrust
force. With the increase of RDD, the increase of the cutting force (Fc) is faster than the one for 90°
cutting angle obviously. The thrust force direction is reversed in case of RDD=3.
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Figure 4. Cutting forces under Figure 5. Specific cutting energy and angle of different RDDs: a)
different RDDs. 6=90°, b) 6=135°.

Furthermore, the Specific Energy (K) required for different mechanisms of chip formation are also
discussed. It is the energy required for the removal of unit volume. It can reveal the failure mechanism
in the process of chip formation. Figure 5 shows the Specific Energy required for chip formation of
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different RDDs for 90° and 135° cutting angles. For 90° cutting angle, the specific cutting energy (Kc)
increases with the increasing of RDD on the whole. Contrarily, the specific thrust energy (Kt)
decreases with the increasing of RDD. The specific cutting energy (Kc) for RDD=1 is nearly equal to
that for RDD=3, and then a substantial rise occurs for RDD=5. It reveals the chip formation
mechanism changes with the increasing of RDD from 1 to 5. However, the specific cutting energy (Kc)
presents a linear growth for 135° cutting angle, but the specific thrust energy (Kt) barely changes with
the increasing of RDD. The specific cutting energy (Kc) for 135° is larger than that for 90° cutting
angle obviously once RDD > 3. It reveals that the bending-dominant chip formation needs more
energy than the cutting-dominant one. In addition, the energy is used to press the work material when
RDD<S5 for 90 cutting angle and RDD<3 for 135 cutting angle. However, the energy is used to raise
the work material when RDD=5 for 90 cutting angle and RDD>3 for 135 cutting angle.

3.2. Tool-material Interaction

Based on the analysis of the characteristic of the cutting forces, the chip formation is found to be
changed as the increasing of RDD for both 90 and 135 cutting angles. Chip formation modes are
dependent on the tool-material interaction in nature as shown in Figure 6.

Tool 7,‘

Figure 6. Tool-material interaction under different RDDs: a) RDD=1, 6=90°; b) RDD=5, 6=90°; c)
RDD=1, 6=135°; d) RDD=5, 6=135°.

The angle formed by rotating from the resultant force to fiber orientation is defined as the angle of
action (/e) to investigate the tool-material interaction. It has been noted that the chip formation mode
for 90° cutting angle is cutting-dominant type in the literature. As shown in Figure 5 (a), the fact that
the chip formation is the cutting-dominant type may be premised on the condition that the angle of
action is larger than 45° for 90° cutting angle. Meanwhile, the angle of action becomes close to 90°
with the increasing of RDD. It presents the resultant force is nearly perpendicular to the fiber as shown
Figure 6(b). However, the angle of action is smaller than 45° when RDD=1. In this case, the resultant
force direction is nearly along the fiber pointing in the work material as shown in Figure 6 (a). The
fiber suffers the pressure of the cutting edge. As a results the chip formation mode changes into a
buckling-dominant type instead of the cutting-dominant type accordingly.

In case of 135° cutting angle the chip formation consists of the compression after the large bending
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deformation of fibers. Unlike the case of 90° cutting angle, the fiber contacts the rake face firstly when
RDD >3. This is the same as the cantilever beam. It is more likely to cause mode I fracture with the
increasing value of the component of the resultant force along the fiber. Figure 5(b) shows there are
the same chip formation modes for both RDD=3 and RDD=5. However, the angle of action is smaller
than 45° shows further evidence for that there is a press action of the cutting edge when RDD=1.

3.3. Failure mechanism in chip formation

Detailed examination of the machined surface is conducted by SEM to understand the failure
mechanism of the fiber and the matrix in the process of chip formation. In case of RDD=1, there is no
subsurface damage as shown in Figure 7(a, c). As discussed above, the specific thrust energy required
for 90° cutting angle is far greater than the one for 135° cutting angle. Fibers are initially straight and
well aligned for 90 cutting angle, have some resistance to bend due to the surrounding composite. Its
failure point is above the cutting plane. The uncut fiber is pressed by the cutting edge. As a result,
these fibers may crush in the manner of brittle material as shown in Figure 8(a). Its fracture
morphology is the same as the one of the compression microbuckling under the unidirectional
compressive load. However, the stiffness perpendicular to the fiber of the surrounding composite
decreases for 135° cutting angle. Fibers may bend leading to a misalignment. In this case, the load by
the cutting edge produce a shearing action on fibers. The energy required for this failure mode depends
on the shearing strength of fibers. Thus, it needs less energy to failure than that for 90° cutting angle
due to the large compressive strength of fibers.

As shown in Figure 7 (b), there is a V shape obviously in the machined surface. The direction of the
long side of the V shape is nearly coincide with that of the resultant force. During machining, first a
small crack develops at the tool tip due to the compression of the cutting edge. The crack extends
along this direction forming a plane as shown very clearly in Figure 7(b), which consists of the
kinkband of fibers. With the cutting edge cutting in the work material, the matrix is under the shear
load due to the pushing of the rank face. It requires more energy to fracture than that under the
opening load [18]. The chip separates from the work material until mode I fracture occurs at a plane in
the interface along the fiber. Meanwhile, the long crack is obvious at the machined surface as shown in
Figure 8(b), which distributed at equal distance corresponding to the subsurface damage as show in
Figure 7(b). It is caused by mode I fracture of the interface due to the bending deformation of the fiber
before the chip separation.

In case of 135° cutting angle fibers bend obviously with mode I fracture of the interface when RDD>3
as shown in Figure 7(d). It is mainly caused by the pushing of the rank face as discussed in tool-
material interaction. Furthermore, fibers easily bend without the restriction of the matrix due to mode |
fracture. As shown in Figure 8(c) the fractographic features shown on the fiber ends exhibit the
morphology of the tensile failure. Consequently, the bending deformation would trigger the tensile
failure of fibers at the position where the radius of curvature of the fiber achieve the minimum.
According to the theory of the cantilever beam the cantilever length becomes much longer with the
increasing of the RDD. This process can induce the severe subsurface damage with the growth of
hundreds times. Therefore, the fiber only be cut after the cutting edge contacts it as for 90° cutting
angle.
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Figure 7. Subsurface damage under different RDDs: a) RDD=1, 6=90°; b) RDD=5, 6=90°; ¢) RDD=1,
6=135°; d) RDD=5, 6=135°.

Figure 8. Failure micro topography of fibers under different RDDs: a) RDD=1, 6=90°; b) RDD=5,
06=90°
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4. Conclusions

For 90° cutting angle, the chip formation of the cutting-dominant type is the repeated process
consisting of the Mode I fracture of interface after a series of fiber kinking when RDD>3. There is
some subsurface damage due to the bending of fibers. However, in case of RDD=1 the chip formation
is the process of the microbuckling due to the insufficient support of the matrix above the cutting plane,
and the interface debonding does not extend to the subsurface.For 135° cutting angle, Mode I fracture
of the interface easily occurs under the opening load with the large bending deformation when RDD>3.
Thus, the RDD should be controlled to reduce the severe subsurface damage in machining of CFRPs
for 135° cutting angle especially.
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