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Abstract

Carbon fiber-reinforced plastics (CFRPs) have many excellent properties, such as lightless, high specific strength, and high
corrosion resistance, and they have been extensively used in the aeronautics and astronautics. It is a challenge for studies on the
defect-free drilling technology and the causes of drilling defects to the CFRP materials. The purpose of this study is to research
the machining parameters and the stepped drill geometry effect on cutting force and hole wall damage with the test methods. Both
a twist drill and three stepped drills were employed in drilling CFRP plates under the experimental conditions. The effects of both
the processing parameters and the stepped drill structure (the ratio of the pilot section diameter to the sizing diameter section
diameter (D;/D)) on thrust force and hole wall damage were investigated, and the damage mechanism of hole walls was revealed
by analyzing the cross-section features of the hole wall. The results show that the maximum thrust force of T3 (D,/D =0.5) is
minimal, so T3 should be selected to reduce the risk of delamination. D;/D, feed rate, and spindle speed are the main factors that
affect the size of the hole wall damage. In addition, a special cutting force F.. is defined to explain the influence of tool structure

and feed rate on hole wall damage.
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1 Introduction

With the excellent high strength-to-weight ratio, high
stiffness-to-weight ratio, and high corrosion resistance, carbon
fiber-reinforced plastics have a wide range of applications in
aerospace and defense [1, 2].

Drilling is one of the most important processing methods of
machining CFRP, and usually is the final operation for the
acrostructures’s assembly. The hole quality usually affects both
the assembly quality and the service life of the aircraft. The
current situation is that the CFRP material is an anisotropic
material, and its processing mechanisms are different from
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metal. The cutting surface of CFRP produces a lot of unique
features [3], such as cracks, burrs, fiber pull out, and delamina-
tion. These unique features are easily affected by processing
parameters, tool geometry, tool types, and materials. In addi-
tion, these features will weaken the part structure and the as-
sembly quality.

Many scholars have done a lot of researches on the problem
of drilling CFRP. Thrust force is the main cause of serious
delamination. Both processing parameters and tool geometry
are the major factors affecting thrust force. The maximum
thrust force was drastically affected by the machining param-
eters [4]. Krishnaraj et al. [5] studied the impacts of the cutting
parameters on the machinability of T300 woven CFRP lami-
nates under the condition of high-speed drilling, and the re-
sults showed that the feed rate had a great influence on thrust
force, push-out delamination, and diameter of the hole than
the spindle speed. The delamination factors increased with the
increase of the feed rate or the spindle speed. To reduce the
thrust force and the delamination, Schulze et al. [6] recom-
mended setting the feed at low values, especially in the drilling
process of UD-CFRP. Lazar et al. [7] studied the effects of
machining parameters and drill geometries on cutting forces.
They presented the force distributions along the cutting edges
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at low feed and also showed that the feed and the drill geom-
etry both were the most important parameters.

The tool structure, material, and type have been extensively
researched [8, 9]. One type of the twist drill and one type of
the drill with special geometry were used for drilling the thin
carbon/epoxy laminates by Piquet et al. [10]. They summa-
rized that the smaller contact length between the special ge-
ometry drill and the hole might result in less delamination. Xu
et al. [11] carried a study on drilling of T800S/250F CFRP
laminates with two kinds of drills: a dagger drill and a twist
drill. The results showed that increasing the thrust force would
result in exacerbating delamination damage greatly, and the
dagger drill gave better drilling performance than the twist
drill. Shyha et al. [12] found that when an uncoated WC
stepped drill was used at higher feed rate (0.2 mm/rev rather
than 0.1 mm/rev) it could significantly increase the number of
holes made productivity (up to 50% improvement). Tsao and
Hocheng [13, 14] studied the influence on the delamination
factor by using various type drills: twist drill, candle stick drill,
and saw drill. Analytically, they predicted the various drill bits
thrust force, and compared with a twist drill. To study the
impact of the drill geometry on unidirectional laminate
GFRPs, Bhatnagar et al. [15, 16] carried out a comparative
study. The results indicated that eight facet and Jo-drills were
suitable drills for drilling composite materials duo to the lower
thrust force and torque. Karpat et al. [17-19] and Wang et al.
[20] drilled the CFRP with double point angle drills. They
suggested that the workpiece properties, tool geometry, and
processing conditions must be taken into consideration in the
selection of process parameters. To research the effect of drill
bit geometry on the thrust force, Durao et al. drilled the GFRP
and CFRP composite laminates with various drill bit geome-
tries, and the results showed that the brad point drill bits and
step drill bits produced lower thrust force than the standard
twist drill and slot drill while drilling composite laminates
[21-24]. The conventional twist drills with diameters of 8, 9,
10, 11, 12, and 13 mm were used to study the influence of the
drill diameter on the thrust force and torque [25]. The results
showed that thrust force and torque increased with drill diam-
eter and feed rate. Mohan et al. also studied the influence of
drill diameters and feed rate on thrust force and torque [26].
Teti emphasized the importance to develop better drill struc-
tures and processing strategies [27].

Currently, research on machining CFRP mainly focuses on
the superficial phenomenon of the cutting force, matrix

breakage, and fiber breakage [28], but pays little attention
on hole wall damage in the process of UD-CFRP drilling and
lacks the work of the deeper damage mechanism. A pilot hole
forms after the primary stage of the stepped drill drilling,
which can reduce the threat to delamination significantly and
obtain a larger critical thrust force at the beginning of delam-
ination [29]. Also, increasing the critical thrust force, larger
processing parameters can be chosen, which can improve
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processing efficiency. Therefore, with the application of a
stepped drill, a reduction in energy consumption can be ex-
pected, which is meaningful for green manufacturing. Taguchi
method and radial basis function network were used to predict
the thrust force of stepped drill [30]. However, few research on
drilling CFRP unidirectional plates with stepped drill has been
reported, and little attention has been paid on the geometry of
the stepped drill on the thrust force and the hole wall damage.
The purpose of this study is to research the machining param-
eters and the stepped drill geometry effect on cutting force and
hole wall damage, to provide a reference for the hole wall
damage controlling and tool design in the process of compos-
ite laminates drilling. A twist drill and three stepped drills are
employed in drilling CFRP plates under the experimental con-
ditions. The effects of the processing parameters and the drill
geometrical structure on thrust force and hole wall damage are
investigated, and the damage mechanism of the hole wall is
analyzed.

2 Test conditions

The workpiece is a unidirectional CFRP plate with a thickness
of 4.9 mm. Figure 1 shows the schematic of CFRP structure.
The reinforcing fiber is Toaray-T800S, and the epoxy matrix
is Toray 250F. All fibers are in the same direction (see Fig. 1).

The drills are made of ultra-fine grain carbide bars with the
identical diameter of 6 mm. T1 is an uncoated twist drill. T2,
T3, and T4 are uncoated twin lipped stepped drills, incorpo-
rating a 6-mm sizing diameter section with a pilot diameter of
4.5, 3, and 2 mm, respectively. The drill morphology is shown
in Fig. 2. Both stepped drill schematic and the geometric pa-
rameters of the used drill bits were displayed in Fig. 3 and
Table 1, respectively.

Experiments are conducted on a KVC800/1 Vertical
Machining Center. The spindle speed range is 0-6000 rev/
min. The full factor experiment including 15 cutting parame-
ters is designed (spindle speed () 1500, 3500, and 5500 rev/
min, feed rate (f) 0.01, 0.02, 0.03, 0.04, 0.05 mm/rev), and all
tests are performed under a dry condition. The test conditions
are shown in Table 2.

The cutting force was measured using a Kistler 9253B23
force dynamometer and a Kistler S080A charge amplifier. The
force signals are sampled with a 32-bit PC-based data

Fig. 1 The schematic of CFRP structure
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T1 T2 T3 T4
Fig. 2 Drill geometries (T1) twist drill, (T2—4) stepped drill

acquisition system. Scanning electron microscopy (JMS-
6308LV) is used to observe the hole wall surface morphology.

3 Results and discussions
3.1 Drilling force

For drilling polymer matrix composites, the thrust force is the
main reason for delamination. Figure 4 shows a typical thrust
force plot of the stepped drill. The 14 stages are twist drill
drilling process. In the 1-2 stages, with the cutting edge cut-
ting into the workpiece material, the thrust force is increased
from zero. When all the cutting edges are involved in the
drilling, the thrust force increases to its peak (for stepped drill
that is the first peak.). In the 2—3 stages, drill tip, chisel edge,
and main cutting edge are cutting into the workpiece material,
which causes a reducing of the distance between the chisel
edge and bottom of the workpiece. So, the workpiece material
reduces the tool support stiffness, leading a reduction in the
drilling thrust. In the 3—4 stages, as the drilling proceeds, the
drill tip firstly cut off the workpiece bottom and the chisel
edge is not involved in cutting. Therefore, the thrust force is
reduced. If a twist drill is used, the thrust force will reduce to
zero in this stage. The next 4-7 stages are the unique stages of
the stepped drill. The 4-5 stages are similar to the 1-2 stages.
However, only the main cutting edges (sizing diameter section
of the stepped drill) gradually cut into the workpiece material.
When all the cutting edges involve in the drilling, the axial
thrust increases to its second peak. The 56 stage is similar to

Pilot section

Sizing diametersection g1 <

D,

5 mm

Fig. 3 Stepped drill schematic

Table 1 Geometric parameters of the used drill bits

Tool type D (mm) Dy/D §, (°) Point angle 0 (°) Helix angle /3 (°)

T1 6 1 - 110 28
T2 6 0.75 90 110 28
T3 6 05 90 110 28
T4 6 033 90 110 28

the 23 stages. In the 67 stage, the main cutting edge of the
sizing diameter section is the only cutting edge. The thrust
force trend is similar to the 3—4 stages. In the 7-8 stages, the
main cutting edge (sizing diameter section of the stepped drill)
firstly cuts off the workpiece bottom and the thrust force re-
duces to zero.

Figure 5a shows the thrust force for these four tools at n =
3500 rev/min and f'=0.03 mm/rev, and Fig. 5b shows the
torque for tools at » =3500 rev/min and /' =0.03 mm/rev.
The maximum thrust forces are different due to the different
tool structures. When drilling with the stepped drill, the thrust
force appears two peaks: one is at point 2 (see Fig. 4), and the
other is at point 5 (see Fig. 4). The maximum thrust force of
the twist drill T1 appears at the point 2 (see Fig. 4). The two
thrust force peaks of the stepped drill T2 are almost equally,
but the maximum thrust force of the stepped drill T3 and T4
appear at the point 5 (see Fig. 4). The maximum thrust forces
of T2, T3, and T4 are 25.93, 41.55, and 33.72% less than T1,
respectively. The maximum torques of T2, T3, and T4 are
33.55, 52.72, and 50.48% less than T1, respectively.

As can be seen from Fig. 6, the thrust forces of the four
drills increase dramatically as the feed rate is elevated. This is
mainly because the elevated feed rate leads to an increasing in
cutting depth per revolution, and the drill bit is required to cut
off more material volumes per revolution and to overcome
much high drilling resistance. So, the thrust forces increase.

Table 2  Test conditions

Workpiece
Reinforcing Toaray-T800S
Epoxy matrix Toray 250F
Fiber volume content 60%
Fiber bundle 5 um, 24 K
Thickness 4.9 mm
Drill
Material Ultra-fine grain carbide
Diameter 6 mm
Type Stepped drill

Machining parameters
1500, 3500, 5500 rev/min
0.01, 0.02, 0.03, 0.04, 0.05 mm/rev

Spindle rotation (1)
Feed rate (f)
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Fig. 4 A typical thrust force plot
of the stepped drill
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Thrust force #z (N)

20 4

As shown in Fig. 6, it is noted that the variation of the max-
imum thrust forces is small under different spindle speeds.
The gap among the maximum thrust forces at n = 1500 rev/
min and 7 = 5500 rev/mm is less than 10 N. Therefore, the
feed rate is the main factor affecting the thrust force. This
conclusion is in agreement with the Ref. [11].

It can be found from Fig. 7 that the maximum thrust forces
firstly decrease with the increasing of the D/D and reach a
valley value at D/D of 0.5. Then, it increases with D;/D.
Under the same processing conditions, the maximum thrust
forces of the twist drill (T1) are bigger than the stepped drills
(T2, T4, and T3). The main reason is that the stepped drill
drills the pilot holes first, and then expands the pilot hole to
the sizing diameter. Therefore, the influence of the chisel edge
on the thrust force has been eliminated, resulting in a reducing
on the maximum thrust force. When the ratio of D,/D of the
stepped drill is 0.75, the two peaks of the thrust force are
almost equal. Therefore, it can conclude that the chisel edge

5 10 15 20 25 30
Time (s)

has no contribution to the maximum thrust force when the
value of D,/D is lower than 0.75.

The thrust forces produced by T2, T3, and T4 are 18-26,
33-46, and 24-33% less than T1, respectively. Here, the gap
among the thrust forces is caused by the difference of the tool
geometry. The maximum thrust force of T3 is minimal. So, in
order to reduce the risk of delamination during the drilling
process, T3 should be selected.

3.2 Hole wall surface morphology

The fiber cutting angle 6 is defined as the angle between fiber
orientation and cutting speed direction. Figure 8 shows the
damage area of the hole wall that the hole drilled by T2 at
n =1500 rev/min and f'=0.02 mm/rev. Figure 8e, f, g corre-
sponds to the position A, B, and C at Fig. 8b, respectively. For
0 =0~90°, the machined surface shows better quality than that

Fig. 5 a Thrust force. b Torque. (a) (b)
(n=3500 rev/min and f= 180 5
0.03 mm/rev) 4
Z 120 - 7, .
g z
S T2 <
2 3 g2 2
z 0 T4 g T3
= =1 T4
0 7 0 T T T
3 .9 12 15 3 6 9 12 15
Time (s) Time (s)
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Fig. 6 Maximum thrust force in function for different tools (a T1, b T2, ¢ T3, d T4)

of 8 =90°~180°. s is defined as the area of the hole wall
damage (see Fig. 8b).

Figure 9 shows the cross-section features of the hole wall.
The damage area distribute at the hole wall where 0 is
120°~150°. In the damage area, the degree of damage weak-
ened along the direction of the tool rotation. The most serious

Thrust force (N)
g 8 8 B B

&

0.03

D1/D o Feed rate (mm/rev)

Fig. 7 Maximum thrust force in function for D/D (n=3500 rev/min)

degree of overcut damage appears at € = 150° (see Fig. 8g).
Then the overcut damage weakens at 6 = 135° (Fig. 8f), finally
disappears at 0 =120° (see Fig. 8e). & is defined as the depth of
the hole wall damage (see Fig. 9), and the range of 4 is 60—
95 wm measured in the experiments.

When 6 is in the range of 90°~180°, the fibers breaking
occurs by the maximum bending stress. So the breaking point
is not at the cutting edge but at the bottom of the cutting edge,
and that means the fiber bundles are broken. Thus, some ma-
terials under the bottom of the cutting edge have been cut
away, leading to a rough surface (see Fig. 8e—g). However,
when 6 =0°~90°, the fiber breaks under the shear and
stretched action of the cutting edge, resulting in a high quality
of hole wall surface.

Figure 10 shows the schematic of the damage formation of
the hole wall. For the fiber cutting angle 6 = 90°~180°,

Fy = Fy x cos(0-60) (1)

When the tool rotates from H; to H,, § changes from
180° to 90°, leading to an increase in F,. When F,
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reaches a certain value, the fibers have been torn and
the damage of the wall surface occurs.

For the cutting edge moving from A to B, suppose that the
number of carbon fibers which are cut off at position A is

100.00 umll ens:X 200

Fig. 9 The cross-section features of the hole wall for T2 (n=1500 rev/
min, /=0.01 mm/rev)
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Fig. 8 a The schematic of the hole wall damage. b Hole wall damage morphology. ¢ 6 =0°. d # =45°. e Position A. f Position B. g Position C
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equal to those at position B, namely S; = S,. Therefore, /, is
greater than /5, leading to a weakness phenomenon of the
damage degree along the direction of rotation.

3.2.1 Tool structure

Figure 11 shows the damage area s of the hole wall
varies with feed rate for different spindle speeds. It
shows that the damage area of T1 is biggest, and the
damage area of T3 and T4 are relatively small at n =
1500 rev/min. At n =5500 rev/min, the damage area of
T1 is almost equivalent to T3 and T4, while the damage
area of T2 is the largest. The reason is that the remain-
ing material in the hole wall is less (0.75 mm) after
pilot section of T2. Therefore, the remaining material
lacked restraint in sizing diameter section, resulting in
larger damage. The order of the damage size of the hole
wall of the stepped drill is T2>T3 >T4. That is, it
decreases as the ratio of D,/D decreases. The hole wall
is formed by the twist drill outer corner (the stepped
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3D view

9=180°

Fig. 10 The schematic of the damage formation of the hole wall

drill outer corner of the sizing diameter section), corre-
sponding to the 5-6 stages in Fig. 4.

To explain the order of the damage areas T2 > T3 > T4, an
analysis is reported as follows. Figure 12 shows the force
diagram of a stepped drill at the 5—6 stages where F,; is a
projection of F.

F,=2F, (2)

F, is the average thrust force of the 5—6 stages.
Define a special cutting force:

Fypee = Fa /(b X f) (3)

where b is sizing diameter section cutting width (see Fig. 12).
Figure 13 shows the curves of the special cutting force
Fypee among the stepped drills. It can find the order of the

10

Damage area (mmz)
S
1

5] ——TI
—o— T2
—h—T3
01 —v—T4

Jf(mm/rev)  0.01 0.03 0.05:0.01 0.03 0.05:0.01 0.03 0.05

n (rev/min) 1500 3500 5500
Drilling conditions

Fig. 11 The curves of damage area s for four drills at different spindle
speeds

2D view

special cutting force of the stepped drills is T2 > T3 > T4.
Therefore, there is a positive correlation between the damage
area and the special cutting force.

Fig. 12 The diagram of the force of a stepped drill at the 5-6 stages
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f(mm/rev) 0.01 0.03 0.05 0.01 0.03 0.050.01 0.03 0.05
n (rev/min) 1500 5500

. 3500
Drilling conditions
Fig. 13 The curves of the special cutting force Fyp,. of the stepped drills

3.2.2 Feed rate and spindle speed

Figure 11 also shows that the damage area decreases as the
feed rate increases under the same spindle speed.
Simultaneously, the special cutting force decreases with the
increase of the feed rate (see Fig. 13). Therefore, the damage
area decreases as the feed rate increases. The reason is that the
elevated feed rate leads to an increase of the cutting depth per
revolution, and the drill bit is needed to cut off more material
volumes per revolution and to break more fibers. Therefore,
the ratio of the thrust force to the number of fibers is reduced,
resulting in a reduction of the damage area.

As shown in Fig. 11, it also shows that the damage area
increases as the spindle speed increases at the same feed rate.
In Wang’s research, it reported that the temperature increases
with the increase of the spindle speed [20]. The high temper-
ature will soften the matrix material, leading to an increase of
the damage area.

4 Conclusions

A twist drill and three stepped drills are employed in drilling
CFRP plates under the experimental conditions. The effects of
the processing parameters and the ratios of D/D on cutting
force and hole wall damage are investigated, and the damage
mechanism of hole wall is analyzed.

(1) The stepped drill shows better drilling performance than
the twist drill, i.e., smaller maximum thrust force and
hole wall damage area. The maximum thrust force of
T3 is minimal. So, in order to reduce the risk of delam-
ination and achieve high-quality hole wall during the
drilling process, T3 should be selected.

(2) The maximum thrust force decreases first and then in-
creases with D,/D, and the valley appears at D,/D =0.5.

@ Springer

(3) The area of damage distributes at the hole wall where 6 is
in the range 0f 90°~180°. In the damaged area, the degree
of damage weakened along the direction of the tool
rotation.

(4) Dy/D, feed rate, and spindle speed are the main factors
that affect the size of the hole wall damage. The damage
area decreases as the feed rate increases, but it increases
as the spindle speed increases.
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