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Abstract: As one of the main problems in the processing of
carbon fiber reinforced polymer (CFRP), tool wear affects
the quality and efficiency of hole making. As a new CFRP
hole making process, the suction-type internal chip removal
method can effectively slow down the tool wear rate. In
order to further clarify the reasons for this method to
slow down the tool wear, this study investigates the wear
mechanism of the internal chip removal tool. The main
contents include: first, the experimental parameters such
as drilling axial force, drilling temperature, and tool wear are
obtained through the experimental method, and the drawing of
the drilling temperature change curve of internal chip drilling is
completed; second, the polar analysis method is used to study
the influence of the drill parameters on the drilling axial force
and the tool wear, and the basis for the selection of the structure
of the internal chip drill is given; finally, the method of com-
parative experiments of the internal chip drilling process and
the non-internal chip drilling process is used to conclude that
the use of the internal chip drilling process can effectively slow
down the tool wear rate. Finally, the method of comparing the
internal chip removal and non-internal chip removal processes
is used to conclude that the use of internal chip removal pro-
cessing method can effectively reduce the axial force, drilling
temperature, and slow down the tool wear.
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1 Introduction

Carbon fiber reinforced polymer (CFRP) is widely used in
aerospace, automotive, and other fields for excellent phy-
sical and mechanical properties in many lightweight mate-
rials [1]. The rapid tool wear in CFRP hole- machining is
one of the problems that needs to be solved. Suction type
internal chip removal machining method can realistically
remove the chips generated during the cutting process
through the tool interior during the drilling process, which
has been found to effectively reduce the wear speed of the
tool [2]. The machining mechanism, tool wear law, and failure
form of CFRP drilling process are studied and analyzed.
Due to the special characteristics of CFRP material
itself and the high hardness and high wear resistance of
the carbon fiber reinforced phase, it causes a strong fric-
tional effect between the carbon-fiber-based hard points
and the cutting edge of the drill bit during the cutting pro-
cess, resulting in rapid wear of the drill bit [3]. In order to
effectively reduce tool wear, reduce machining defects, and
improve hole-machining quality, the form and mechanism
of CFRP tool wear need to be investigated, at the earliest.
Teti [4], through experimental studies of tool wear, con-
cluded that the mechanical form of hard point wear is the
most important form of wear for CFRP drilling tools. Rawat
and Attia [5], by studying the wear of carbide drills
machining CFRP, concluded that the main wear mechanism
of the tool is the scraping effect of hard point particles on the
cutting edge of the drill and the chipping phenomenon
caused by the destruction of the binder cobalt (Co) in the
carbide drill. Mayuet et al. [6] used an energy-dispersive
spectrometer (EDS) to perform elemental analysis of drill
wear after drilling CFRP and found that the tool wear con-
tained a large amount of carbon elements and a small
amount of binder (Co) elements, indicating that chemical
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forms of wear such as bonding and diffusion occur when
drilling CFRP. However, Wang et al. and Karpat et al [7,8]
found that during CFRP drilling, the drilling temperature is
not very high and chemical forms of wear generally rarely
occur; therefore, bonded and diffuse wear are not among
the main wear mechanisms of CFRP tools. Celik et al and
Ramirez et al. [9,10] conducted an experimental study on the
wear of CFRP drilling tools with carbide-coated drill bits and
concluded that the main forms of tool wear are blunting of
the cutting edge, chipping of the edge, wear of the rear tool
face and micro chipping of the coating. Also, Xia et al. [11]
found that, in addition to the wear of the main cutting edge
and the rear tool face, the edge band of the drill bit also
shows wear. In order to solve the problem of tool wear
seriously affecting the machining surface quality, exacer-
bating burrs, tearing, delamination and other hole defects
unique to composite materials, most scholars have basically
studied the material, structure, and machining process of the
tools. Bao and Gao et al. [12,13] developed a “grinding instead
of drilling” electroplated diamond drilling and grinding com-
bination tool. The combination tool can effectively reduce the
wear rate and improve the tool life and machining efficiency.
Zhao et al. Peng et al. and Wei [14-16] studied the tool wear of
coated, uncoated carbide twist drills and polycrystalline dia-
mond (PCD) inlay drills when machining CFRP by experi-
mental methods, and found that the hard points at the corner
of the outer edge of the main cutting edge of uncoated carbide
twist drills were the most severely worn; the tool wear of
coated carbide twist drills was mainly due to the spalling of
the coating, micro chipping of the cutting edge and carbon
fiber. The wear of PCD inlay drill is mainly mechanical wear
and chip and resin adhesion wear. Qian et al. and Wang et al
[17-19] studied the wear of the cross edge and the second
main cutting edge by internal coolant holes double point
angle drill, and found that the reverse cooling process could
reduce the drilling temperature and inhibit the tool wear by
opening the internal coolant holes on the cutting edge and
using the micro-cooling lubrication process. To improve the
hole-machining quality and tool life of drilling CFRP/Ti lami-
nated composites, Yang et al. and Li et al [20,21] proposed a
low-frequency vibration-assisted drilling (LFVAD) process,
and by comparing the tool wear analysis with that of
ordinary drilling, it was found that the total wear of LFVAD
drills was small and the wear distribution was uniform,
which could effectively improve the machining quality.
In summary, it can be seen that scholars have con-
ducted experimental studies on CFRP tool wear using dif-
ferent processes for different materials and special structures
of drills, and concluded that the tool wear mechanisms and
failure forms are different for different machining processes
and different tool structures. Also, it is found that the reverse
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cooling process can achieve the effect of reducing drilling
temperature and inhibiting tool wear. Therefore, this work
studies the wear mechanism of internal chip drilling tools
under the internal chip processing, and provides a theoretical
research basis for the subsequent optimization of the internal
chip processing and internal chip tools.

2 Experimental conditions

2.1 Experimental conditions for CFRP
internal chip removal drilling process

2.1.1 Workpiece materials and parameters

The workpiece material selected for the experiment is a
T800-grade CFRP laminate. Of these, carbon fiber has a
volume ratio of 65%. The thickness is 4.96 mm and the
material size is 21 mm x 20.5mm, as shown in Figure 1.
The mechanical performance parameters of CFRP lami-
nates are shown in Table 1.

In the table, E; is the elastic modulus in the X direction;
E, is the elastic modulus in the Y direction; G4, is the shear
modulus of the XOY plane; vy, is the Poisson’s ratio; p is the
density; X" is the X direction tensile strength; X° is the X
direction compression strength; ¥” is the ¥ direction tensile

a) b)

Figure 1: CFRP workpiece materials. (a) Before machining and (b) after
machining.

Table 1: CFRP mechanical performance parameters

E; (GPa) E, (GPa) Gy, (GPa) Vi2 P (kg/m®)
230 14 28 03 1,760

X" (MPa) X (MPa) ¥" (MPa) Y© (MPa) S (MPa)
3,530 1,800 350 2,730 380
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strength; Y© is the Y direction compression strength; and §
is the shear strength.

The drill bit used in the experiment was provided by
Guohong Tool System (Wuxi) Co., Ltd as shown in Figure 2.
The carbide drill bits with inner chip drains function (the
diameter of the inner chip channel is 2 mm) and the car-
bide drill bits without inner drains, respectively, the geo-
metric parameters of the drill bit are shown in Table 2.

2.2 Experimental platform for drilling of
inner chip

The suction-type internal chip removal system (Figure 3) for
experiment is composed of machine tool, CFRP, external-rota-
tion-internal-chip removal tool handle, inner-chip-removal
drilling bit, chip pipe, chip collecting device, and so on.
Among them, the internal chip removal drilling bit and the
external-rotation-internal-chip-removal tool handle had chip
removal holes.

The function of the system is to discharge the chips
generated in the drilling process of CFRP in real time
through the chip removal channel, reduce the cost of man-
power and material resources, improve the efficiency and
quality of drilling, and realize the green processing of CFRP.
The working principle of the system is that, when the
machine tool is working, the spindle drives the suction
type inner-chip-removal drilling bit installed on the external
and external-rotation-internal-chip removal tool handle to
drill. At the same time, the fan in the chip collecting device

i Inner chip removal hole =

Figure 2: Carbide drill bits.

Table 2: Geometric parameters of the drill bit

Drill Type Drill Helix Drill Point Rear
material angle  diameter angle  angle
© (mm) © ]
Straight YG6X 30 6 90 8
shank 8 110 12
twist drill 9 120 16
10 140 20
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External-rotation-
internal-chip removal
tool handle
Inner-chip-removal
drilling bit

S

£

Control syst;sm i ~Chip collecting device

Figure 3: Suction-type internal chip removal system.

provides the power to absorb chips (negative pressure), the
system uses the negative pressure to suck chips out through
the chips suction channel of the drill bit, and sucks the chips
through the chip removal channel of the drill bit and the
external-rotation-internal-chip removal tool handle with the
chips removal channel into the chip collecting device, thus
completing the process of the aspiration-type internal chips
removal drilling.

2.3 Data acquisition and workpiece
inspection device

The internal chip removal experiment is carried out on a
KV800 CNC milling machine (Figure 4), where the axial
force is collected by the Kistler 9257B three-way dynamic
piezoelectric dynamometer, transmitted to the data acqui-
sition system via the Kistler 5070A charge amplifier, and
output by the DHDAS test system software.

The drilling heat is measured by means of pre-buried
thermocouple, and the temperature measurement system
consists of K-type thermocouple and data collecting instru-
ment, as shown in Figure 5. Before the experiment, a 2 mm
diameter hole needs to be drilled at a suitable location on
the CFRP workpiece to pre-bury the thermocouple, at a
depth of about 3 mm from the surface. The distance between
the experimental hole and the buried wire hole is 1mm
(Figure 6a), and the actual diagram of the distance between
the pre-buried thermocouple hole and the experimental
hole is shown in Figure 6b. During the drilling process, the
temperature change value measured by the thermocouple
was displayed by the data collecting instrument, and the
highest temperature during the drilling process was selected
as the drilling temperature in this study. In addition, an
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DHDAS Test system software 5070A Charge amplifier

Figure 4: Drilling axial force acquisition system.

Probe can be bent at will

Protective spring /\

P~

Blue negative electrode
- i .
Red positive electrode
a)

Figure 5: Temperature measurement system. (a) K-type thermocouple
and (b) data collecting instrument.

ultra-depth-of-field microscope (VHX-1000) from Keenes was
used for tool wear inspection.

2.4 Orthogonal experimental design and
data collection

Axial force is the main factor leading to CFRP hole-machining
defects (delamination, tearing), and the study of the change
law of axial force and tool wear will be beneficial to reduce
hole-machining defects and improve machining quality.
When drilling CFRP, as the amount of tool wear increases,

1 mm

Thermocouple wire

Figure 6: Thermocouple pre-buried location. (a) Thermocouple buried
wire. (b) Hole spacing measurement.
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9257B Piezoelectric dynamometer

Data acquisition system

the cutting edge of the drill becomes increasingly blunt,
making it more and more difficult for the tool to remove
the material. When the tool wear value reaches a certain
level and the drill bit is worn out and no longer has good
cutting performance, the axial force will also change drama-
tically. To study the factors affecting tool wear, a large
number of experiments need to be conducted, which is
time-consuming. In order to derive the influencing factors
related to tool wear more quickly and accurately, this work
conducts a study on internal chip removal tool wear by
designing orthogonal experiments.

2.4.1 Orthogonal experimental design and protocol

For the purpose of wear study, this work selects carbide
twist drill for machining T800 CFRP, and reasonable guide-
lines for tool selection by studying the change law of axial
force, drilling temperature, and tool wear is given.

Cutting parameters: spindle speed was 3,000 rpm, feed
rate was 20 mm/min, and the drill bit was the same batch
of the same manufacturer. A three-factor, four-level ortho-
gonal experiment was designed to study the variation in
the axial force and tool wear under different drill para-
meters, and the factor level table is shown in Table 3.
In order to truly reflect the changes between axial force,
drilling temperature, and tool wear under different drill
parameters, the axial force and drilling temperature were
measured for each hole, and the tool wear was measured
once every five holes processed.

Table 3: Factor level table

Drill diameter/(mm) Point angle/(°) Rear angle/(°)

1 6 90 8

2 110 12
3 9 120 16
4 10 140 20
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2.4.2 Experimental data collection and result analysis

During the drilling process, the axial force and drilling
temperature during the drilling process were measured
in real time by the force measurement system and tem-
perature measurement system, and the tool wear of the
drill bit was measured by the ultra-depth-of-field micro-
scope, and the collected experimental data are shown in
Table 4.

It can be seen from the experimental data in Table 4
that the maximum value of axial force is 123.6 N and the
minimum value is 90.8 N; the maximum value of drilling
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very different from the axial force. Through the analysis of
experimental data, it can be seen that the change process
of drilling temperature can be divided into three stages
during the internal chip removal process, as shown in
Figure 7.

Stage 1 is the preparation process, the drill bit has not
yet touched the workpiece, the temperature measured at
this time is the room temperature (the room temperature
in summer is about 25°C).

Stage II is the cutting process, and the L point is the
point where the cross-edge just starts to touch the CFRP

temperature is 117°C and the minimum value is 94.°C; the I I | I |
maximum value of chisel edge width is 45um and the 120 4 | |I |
minimum value is 30 pm; the maximum value of rounded I : :
CER is 57.46 ym and the minimum value is 33.31 ym; and 100 4 : }:..L., |
the maximum value of flank wear land width is 252 pm and | ST I

.. . . © | o \.\. |
the minimum value is 177 ym. From the overall point of < | : " \ |
view, the variation intervals of axial force, drilling tem- § I f“ \ Q I
perature, and tool wear values are large, which indicates § . I 1 et
that changing the drill parameters has a certain influence g : ,/
on the drilling process. Eg : !

= 7 L/
S S

2.4.3 Study of the variation process of drilling =

temperature

0 ¥ T T T X T X T T T L 1
0 5 10 15 20 25 30
During the drilling process of CFRP, the drilling tempera- Time (5)
ture will show a certain change pattern with the different
drilling positions, but the change in drilling temperature is  Figure 7: Drilling temperature variation curve.
Table 4: Results of orthogonal experimental data
Factor A Factor B Factor C F/(N) T/(°C) W/(pm) CER/(pm) VB/(pm)

1 1(6) 1(90) 1(8) 90.8 94 37 427 223
2 1 2 (110) 2(12) 102.75 99 33 36.56 203
3 1 3(120) 3(16) 101.25 102 31 34.29 186
4 1 4 (140) 4 (20) 104.5 106 30 37.15 177
5 2(8) 1 2 98.64 99 30 33.78 201
6 2 2 1 100.35 103 39 4438 230
7 2 3 4 105.25 106 33 34.83 223
8 2 4 3 108.78 iy 37 37.35 227
9 3(9) 1 3 100.25 100 Iy 4529 235
10 3 2 4 103.5 106 30 33.31 216
n 3 3 1 105.38 108 36 37.47 216
12 3 4 2 109.83 112 35 36.43 229
13 4 (10) 1 4 94.75 109 45 57.46 252
14 4 2 3 105.68 12 34 41,65 212
15 4 3 2 106.3 114 33 405 210
16 4 4 1 123.6 17 40 42.87 221

Factors A, B, and C denote the drill diameter, point angle, and rear angle, respectively, F denotes the axial force, T denotes the drilling temperature,
W denotes the tool chisel edge width, CER denotes the rounded cutting edge radius, and VB denotes the rear tool flank wear land width.
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workpiece, i.e., the beginning of drilling. At the beginning
of drilling, the abrasive action between the cutting edge
and the workpiece material generates drilling heat, and as
the main cutting edge cuts into the workpiece, the rear face
of the main cutting edge starts to rub against the machined
surface. As the drilling process is semi-closed, and the
thermal conductivity of CFRP material is low, the heat
transferred to the surrounding environment is less, which
leads to the accumulation of drilling heat, and it is mainly
concentrated on the cutting edge. Therefore, the drilling
temperature continues to rise until the transverse and the
main cutting edges are completely drilled out of the CFRP
workpiece, i.e., when the drilling temperature reaches the
maximum value at P point.

Stage III is the receding stage after the drilling is com-
pleted. At this stage, because the heat in the hole does not
dissipate easily, the temperature also drops slowly, and
therefore requires some time before room temperature is
reached.

3 Study of the influence of tool
parameters on wear conditions

During CFRP machining, the magnitude of axial force will
have a direct impact on the tool wear, which will further
affect the hole-machining quality and hole wall surface
quality. The study of tool wear mechanism and failure
form has certain research significance to improve the
tool machining performance and hole-machining quality.
Therefore, based on the experimental data above, this
study further investigates the influence law of tool para-
meters on tool wear situation.

3.1 Study of the effect of drill parameters on
the chisel edge width

The extreme difference method [22] was used to analyze
the experimental data of CFRP drilling and machining by
calculating Kj; (the sum of experimental values at level j of
each factor) and k; (the mean of the sum of experimental
values at level j of each factor), and the extreme difference
R;, which indicates the maximum difference of the mean
index under the same factor. The larger the value of R;, the
more important this influencing factor is, the greater
the variation in the level of this factor, and the greater
the impact on experimental results [23]. R; is derived
from Equation (1).
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R; = max(k;) — min(ky). @

Based on the experimental data in Table 4 and Equa-
tion (1), Ky, ki, and R; of the chisel edge width were calcu-
lated, as shown in Table 5.

From the data in Table 5, it can be seen that Ry(W) =
8.25 um, Rg(W) = 8 um, Rc(W) = 5.25 pm, and Rc(W) < Rg(W)
< RA(W). The chisel edge width is most significantly influ-
enced by the drill diameter, second most influenced by the
drill point angle, and the rear angle has the least influence
on it, where A1-B3-C2 is the optimal level of chisel edge
width. Therefore, in the case of already given machining
parameters, if it is necessary to obtain a reasonable chisel
edge width, the influence of the drill diameter size on the
chisel edge width is given priority when selecting the tool
parameters.

3.1.1 Study on the effect of drill diameter on the chisel
edge width

According to the experimental data in Table 5, it can be
seen that kxy(W) = 32.75 pm, kao(W) = 34.75 pm, kas(W) =
35.5 um, and ka4(W) = 41 um are not equal to each other,
and kas(W) > kas(W) > kan(W) > kaqy(W), then it indicates
that changing the drill diameter size will cause the change
in the chisel edge width, where Al is the A factor of the
superior level.

According to the experimental data in Table 5, the tool
chisel edge width curves were plotted for different drill
diameters, as shown in Figure 8.

As can be seen from Figure 8, the average and max-
imum chisel edge widths show an increasing trend with
the increase in drill diameter, and the fluctuation of chisel
edge width is the largest when the drill diameter is 9 and
10 mm. Analysis of the reason: the increase in the drill
diameter and the increase in the chisel edge length lead
to a larger contact area between the chisel edge and the
workpiece and the chip, which makes the grinding action
between the tool, the workpiece, and the chip more intense
and therefore, accelerates the wear of the chisel edge.

Table 5: Data analysis of chisel edge width

Kn Ko Kz Ka kn ki ki3 kis R;

131 139 142 164 3275 3475 355 41 8.25
B 165 136 133 142 4125 34 3325 355 8
Cc 152 131 143 151 38 3275 3575 375 525

The primary and secondary factors affecting the chisel edge width: Drill
diameter (A) > Drilling angle (B) > Rear angle (C).
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3.1.2 Effect of drill point angle on the chisel edge width

According to the experimental data in Table 5, it can be seen
that k(W) = 41.25 um, kg(W) = 34 pm, kg3(W) = 33.25 um, and
kpa(W) = 355 um are not equal to each other, and kg (W) >
kpa(W) > kgy(W) > kga(W), then it means that changing the size
of the drill point angle will cause the change in the chisel edge
width, where B3 is the B factor of the superior level.

According to the experimental data in Table 5, the
graphs of the chisel edge widths at different drill point
angles are plotted as shown in Figure 9.

As seen in Figure 9 both the average and maximum chisel
edge widths show a trend of decreasing and then increasing
with the increase in the drill point angle, and the fluctuation of
the average chisel edge width between 110° and 120° is less
than 1 um. Analysis: During the machining process, the size of
the drill point angle will not only have an effect on the cutting
force, but also on the chip removal of the drill, which will
affect the tool wear and life. If the drill point angle is too
small, the gradient of cutting speed on each point of the
cutting edge will increase, while the cutting width will
increase and the thickness will decrease, so that the force
and heat generated by the drilling process are gathered on
the cutting edge, and the chip removal effect is not good,
resulting in the hard point particles of chips causing wear of
the tool; if the drill point angle is too large, it will also
accelerate the wear of the tool. Therefore, the general choice
of the size of the drill point angle is about 120°.

3.1.3 Influence of rear angle on chisel edge width

According to the experimental data in Table 5, it can be
seen that k(W) = 38 um, k(W) = 32.75 pm, k(W) =

50
—m— Average chisel edge width
—o— Maximum chisel edge width
45 °
g
= 4
=i
b=t
: 2/ ’ ]
5 404
3 2 o
3 /
o ° 5.5
2
© 351 —
/ 0.75
u 2
30 T T T T T T T T T

Drill diameter (mm)

Figure 8: Chisel edge width at different drill diameters.
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O 35 /l
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\
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Figure 9: Chisel width at different drill point angles.

35.75 um, and kc4(W) = 37.5 ym are not equal to each other,
and key(W) > kca(W) > kes(W) > keo(W), which means that
changing the rear angle size will cause the change in the
chisel edge width, where C2 is the C factor of superior level.

According to the experimental data in Table 5, the
curves of the chisel edge width at different rear angles
are plotted as shown in Figure 10.

As can be seen from Figure 10, the average and max-
imum chisel edge widths show a trend of decreasing and
then increasing with the increase in the rear angle, and the
overall change in the maximum chisel edge width fluctu-
ates between 4 and 6 um, indicating that the change in the
rear angle size has a greater influence on the maximum
chisel edge width. Analysis of the reason: the smaller the
rear angle, the more intense the friction between the tool-

50
—m— Average chisel edge width
—e— Maximum chisel edge width|
45 °
g 4
k=
T .
404 e
<
L °
= m
S 4 . 1.75
-5.25
3
]
30 T T T T T T T
8 12 16 20

Rear angle (°)

Figure 10: Chisel edge width at different rear angles.
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workpiece, so the greater the amount of wear caused by
hard point wear, therefore, the greater the abrasive effect
between the chip and the chisel edge, resulting in increased
wear. When the rear angle is too large, the radius of the
cutting edge arc becomes small, making the drill especially
sharp, which in turn leads to faster wear rate.

3.2 Influence of drill parameters on the
rounded CER

Based on the experimental data in Table 4 and equation (1),
Ky, kj, and R; of the drilling axial force are calculated, as
shown in Table 6.

From the data in Table 6, it can be seen that R,(CER) =
14.05 pm, Rg(CER) = 7.94 ym, and Rc(CER) = 4.93 um, and Rc
(CER) < Rg(CER) < RA(CER), that is, the rounded CER is most
significantly influenced by the diameter of the drill bit,
followed by the drill point angle, and the rear angle has
the least influence on it, where A1B3C2 is the optimal level
of the rounded CER. Therefore, if a reasonable rounded
CERis required for a given machining parameter, the influ-
ence of the drill diameter on the radius of the cutting edge
is given priority when selecting the tool parameters.

3.2.1 Effect of drill diameter on the rounded CER

According to the experimental data in Table 6, kay(CER) =
34.57 um, ka»(CER) = 37.59 pm, k3(CER) = 38.13 pm, and ka4
(CER) = 48.62um, which are not equal to each other.
ka4(CER) > ka3(CER) > kao(CER) > ka1(CER), meaning that
changing the drill diameter size causes a change in the
rounded CES, where A1 is the superior level of the A factor.

According to the experimental data in Table 6, the
curves of the rounded CER at different drill diameters
were plotted as shown in Figure 11.

As can be seen from the figure, the average and max-
imum rounded CER increase with the increase in the drill
diameter, and the rounded CER in the drill diameter of 9
and 10 mm change fluctuation value is greater than 10 pm,

Table 6: Rounded CER data analysis
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Figure 11: Rounded CER at different drill diameters.

the change trend is more obvious. Analysis of the reason:
When the diameter of the drill bit increases, the linear
speed will become larger, and the rotation speed of the
drill bit will also increase, making the friction speed
between the tool and the hole wall faster, leading to the
deterioration of the processing conditions at the corner of
the upper outer edge of the cutting edge, further acceler-
ating the wear rate.

3.2.2 Effect of drill point angle on the radius of the
rounded CER

According to the experimental data in Table 6, kg;(CER) =
44.7 pm, kgy(CER) = 38.98 um, kg3(CER) = 36.76 pm, and
kgo(CER) = 38.45um are not equal to each other, and
kg1(CER) > kgy(CER) > kg4(CER) > kp3(CER), indicating that
changing the size of the drill point angle will cause a
change in the rounded CES, where B3 is the superior level
of the B factor.

According to the experimental data in Table 6, the
curves of the rounded CER at different drilling point angles
were plotted as shown in Figure 12.

Kin Ki> Ki3 Kia kin ki ki3 kia R;
A 150.27 150.34 152.5 182.48 34.57 37.59 38.13 48.62 14.05
B 178.8 155.9 147.02 153.8 447 38.98 36.76 38.45 7.94
C 166.99 147.27 158.58 162.75 11,75 36.82 39.65 40.69 4.93

Primary and secondary factors affecting the rounded cutting edge radius: Drill diameter (A) > Drilling angle (B) > Rear angle (C).



DE GRUYTER

N
W
]

—=&— Average rounded cutting edge radius
—e— Maximum rounded cutting edge radius

(=)
(=}
1

-13.08

Rounded cutting edge radius (um)

30 T T T T T T T T T T T
90 100 110 120 130 140

Drilling angle (°)
Figure 12: Round CER at different drill point angles.

As can be seen from Figure 12, the average and max-
imum round CER show a trend of decreasing and then
increasing with the increase in the drilling point angle,
and the round CER fluctuates relatively more when the
drilling point angle is 90° and 110°. Analysis of the reasons:
the drill point angle is too large, resulting in the reduction in
the tool entity at the outer edge corner, the cutting edge
of the drill becomes thinner, making the heat dissipation
of the tool in the process worse, which will cause accelerated
wear of the drill; and the drill point angle is too small, the
heat and force generated by the cutting process are gathered
on the cutting edge, which will also lead to faster tool wear.

3.2.3 Effect of rear angle on the round CES

According to the experimental data in Table 6, kc;(CER) =
41.75 pm, kcp(CER) = 36.82 um, kc3(CER) = 39.65 um, and kcq
(CER) = 40.69 pm are not equal to each other, and k¢y(CER)
> kca(CER) > kc3(CER) > kco(CER), indicating that changing
the rear angle size will cause a change in the round CES,
where C2 is the superior level of the C factor.

According to the experimental data in Table 6, the
curves of the round CES at different rear angles are plotted
as shown in Figure 13.

As can be seen from Figure 13, both the average and
maximum round CER both show a trend of decreasing and
then increasing with the increase in the rear angle; at the
rear angle of 16° and 20°, the fluctuation value of the max-
imum round CER is 12.17 pm, which is the largest change at
this time, while the fluctuation value of the average round
CER is the smallest. Analysis of the reason: changing the
rear angle of the drill will cause changes in the wedge

Wear mechanism analysis of internal chip removal drill for CFRP drilling == 9

N
[
1

| [—=— Average rounded cutting edge radius
60 4 [—®  Maximum rounded cutting edge radius

g

3

N

B 55+

k 12.17
b 50

]

o

g

g 45 4

=

Q

B

£ 40

=i

=

5]

~ 35 4

30 T T T T

8 12 16 20
Rear angle (°)

Figure 13: Round CER at different rear angles.

angle, cutting edge strength, and life of the tool. Smaller
rear angle and better cutting edge rigidity will significantly
accelerate the wear rate, while the larger rear angle will
weaken the cutting edge and the cutting edge strength of
the drill, reduce the heat dissipation performance, making
the drill cutting edge prone to chipping, so the drill cutting
edge blunt radius value of 12° rear angle is the smallest.

3.3 Influence of drill parameters on the
width of flank wear land

Based on the experimental data in Table 4 and equation (1),
Ky, kij, and R; of the drilling axial force are calculated, as
shown in Table 7.

According to the data in Table 7, it can be seen that R,
(VB) = 28.5 um, Rp(VB) = 17 um, and R:(VB) = 9.75 pm, and
Rc(VB) < Rp(VB) < Ry(VB), i.e., the width of flank wear land
is most significantly influenced by the diameter of the drill
bit, followed by the drill point angle, and the rear angle has
the least influence on it, where A1B3C2 is the optimal level
of the width of the flank wear land. Therefore, if a reason-
able width of the flank wear land is required for a given

Table 7: Analysis of width of flank wear land data

Kn Ko Kz Ka ki ki ki3 kis R;

789 886 896 903 197.25 220.25 224 22575 28.5
B 911 861 843 854 22775 21525 21075 2135 17
C 890 851 860 868 2225 21275 215 217 9.75

Primary and secondary factors affecting the width of the flank wear
land: Drill diameter (A) > Drilling angle (B) > Rear angle (C).
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machining parameter, the influence of the drill diameter
on the width of the flank wear land is given priority when
selecting the tool parameters.

3.3.1 Effect of drill diameter on the width of the flank
wear land

According to the experimental data in Table 7, it can be
seen that kx;(VB) = 197.25 um, k»,(VB) = 220.25 pm, ka3(VB) =
224 pm, and ku4(VB) = 225.75 pm are not equal to each other,
and kg > kas > kaz > kay, indicating that changing the drill
diameter will cause a change in the width of the flank wear
land, where Al is the A factor of superior level.

According to the experimental data in Table 7, the
curves of the width of the flank wear land under different
drill diameters are plotted, as shown in Figure 14.

As can be seen from Figure 14, the average and maximum
width of the flank wear land increases with the increase in the
drill diameter; when the drill diameter is 6 and 8 mm, the
fluctuation value of the average width of the flank wear
land is 23 um, which is the largest change, while the fluctuation
value of the maximum width of the flank wear land is the
largest when the drill diameter is 9 and 10 mm. Analysis of
the reason: the diameter of the drill increases, the cutting area
of the cutting edge becomes larger, and the squeezing pressure
and contact area between the drill and the workpiece also
become larger, which makes the tool wear intensify and the
axial force of drilling increases.

3.3.2 Effect of drill point angle on the width of the flank
wear land

According to the experimental data in Table 7, kp,(VB) =
227.75 mm, kg,(VB) = 215.25 mm, kgz(VB) = 210.75 mm, and

—&— Average width of the flank wear land
—o— Maximum width of the flank wear land

Width of the flank wear land (um)
L8] [
= =
1 1

200

190 T T T T T

Drill diameter (mm)

Figure 14: Width of the flank wear land at different drill diameters.
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kg4(VB) = 213.5 mm are not equal to each other, and kg,(VB)
> kgy(VB) > kpy(VB) > kp3(VB), indicating that changing the
size of the drill point angle causes the width of the flank
wear land change, where B3 is the superior level of the B
factor.

According to the experimental data in Table 7, the line
graph of the flank wear land width at different drill dia-
meters is plotted as shown in Figure 15.

As can be seen from Figure 15, the average and max-
imum width of the flank wear land both show a trend of
first decreasing and then increasing with the increase in
the drilling point angle, and the fluctuation value of the
flank wear land width change is larger when the drilling
point angle is 90° and 110°. Analysis of the reason: Under
the same processing conditions, when the drill point angle
increases, the front angle of the cutting edge of the drill
will become larger, making the friction between the cutting
edge of the drill and the workpiece significantly reduced,
the drilling heat will also become smaller, which is condu-
cive to reducing the wear of tool flank. However, when the
drill point angle is too large, the cutting edge of the drill
becomes thinner, resulting in a smaller tool volume for
heat dissipation, and the increase in drilling heat during
processing will cause accelerated wear of the drill.

3.3.3 Effect of rear angle on the width of the flank
wear land

According to the experimental data in Table 7, k¢ (VB) =
222.5 pm, kcp(VB) = 212.75 pm, kcs(VB) = 215 um, and kca(VB) =
217 pm are not equal to each other, and k¢;(VB) > kc4(VB) >
kc3(VB) > kco(VB), indicate that changing the rear angle

270
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Figure 15: Width of the flank wear land at different drill point angles.
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causes the change in the width of the wear zone of the rear
tool face, where C2 is the superior level of C factor.

According to the experimental data in Table 7, the line
graph of the width of the flank wear land at different rear
angles is drawn, as shown in Figure 16.

As can be seen from Figure 16, both the average and
maximum flank wear land width show a trend of decreasing
and then increasing with the increase in the rear angle. Ana-
lysis of the reason: the rear angle of the drill can reduce the
friction between the tool flank and the processing surface,
increasing the rear angle can reduce the tool-workpiece sur-
face friction, but also will aggravate the deterioration of the
cutting edge of the tool heat dissipation conditions, making
the drilling temperature rise, thus intensifying the tool wear.
The smaller the rear angle, the larger the angular surface
formed by the tool flank wear, and the greater the friction
between the tool flank-machining surface, resulting in greater
wear caused by hard point wear. Therefore, as the rear angle
increases, the width of the flank wear land decreases and
then increases.

4 Study on the wear law of internal
chip removal drill bits

In the process of drilling and processing CFRP, the wear of
the drill bit will shorten the service life of the tool and also
induce processing defects, which will affect the quality of
hole-machining. Due to the special structure of the internal
chip removal drill bit, the force of each part in contact with
the workpiece during the cutting process is different, and
the internal chip removal process can discharge the chips
at the first time and take away part of the cutting heat,
which can reduce the friction between the tool and the
chips. Therefore, it is necessary to study the tool wear law
and failure forms of internal chip removal drills. In this
section, based on the optimal drill parameters derived
from Section 2, the carbide twist drill under the conditions
of the drill diameter of 6 mm, the drill point angle of 120°,
and the rear angle of 12° is selected for the tool wear law of
the internal chip removal drill and the analysis of its causes.

4.1 Methods for characterizing tool wear

During the machining process of CFRP, the contact surfaces
of tool-workpiece and tool-chip are prone to hard point
wear due to friction, mainly because of the fiber components
in the workpiece and chip. The hard point wear is mainly
characterized by the formation of striped areas or the
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Figure 16: Width of the flank wear land at different rear angles.

decrease in cutting edge sharpness (increase in the cutting
edge arc radius), and occurs on the rake and flank faces, but
the flank face wear is more intense. Therefore, in this study,
cutting edge blunting and flank face wear are used as the
evaluation criteria for tool wear of internal chip drill, and the
rounded CER and the flank wear land width (VB) are used to
characterize the degree of cutting edge blunting and flank
face wear, respectively.

In this study, the rounded CER of the tool after CFRP
hole-machining was measured using an ultra-depth-of-
field microscope to extract the profile data of the cutting
edge, as shown in Figure 17. A new algorithm proposed by
Wyen et al. [24] is used to calculate the rounded CER by
iterative method to determine the least squares circle in
the wear area of the rake and flank faces.

For the measurement of VB, the tool flank face wear
measurement method proposed by Celik et al. [9] was used
to calculate VB by comparing the cutting edge profile
before and after tool wear, as shown in Figure 18. The
comprehensive evaluation of tool wear by CER and VB
better reflected the real condition of tool wear in CFRP
drilled hole-machining.

4.2 Comparative analysis of tool wear
experiments on internal and external
chip removal drill bits

In the process of drilling and machining CFRP, due to the
difference in tool wear between internal chip removal
machining and non-internal chip removal machining, car-
bide drills with the drill diameter of 6 mm, the drill point
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Figure 17: Cutting edge profile.

angle of 120° and the rear angle of 12° with chip removal
flow channels and carbide drills without internal flow chan-
nels were selected in this section under the machining
conditions of the feed rate of 20 mm/min and the spindle
drilling speed of 3,000 rpm. Under the machining conditions
of 3,000 rpm, the carbide drill bit with 6 mm diameter, 120°
drilling angle, and 12° rear angle with chip flow channel and
the carbide drill bit without internal chip flow channel were
selected for internal chip flow processing and non-chip flow
processing, and the comparative experimental analysis of
the drilling axial force, drilling temperature, chisel width,
round CER, and width of the flank wear land under the two
cutting processing methods were conducted, respectively, to
conclude the superiority of the internal chip flow processing
method.

4.2.1 Comparative analysis of drilling axial force
variation

The variation curve of drilling axial force for internal chip
removal machining and non-internal chip removal machining
are shown in Figure 19.

From the analysis of the experimental results, it can be
seen that: (1) regardless of the use of internal chip proces-
sing or non-internal chip processing, the drilling axial
force increases with the increase in the number of holes,

— w572ﬂw

and then decreases. (2) The drilling axial force of internal
chip processing is obviously smaller than that of non-
internal chip processing. This is because with the increase
in the number of holes, the width of the chisel edge wear
becomes larger, which makes the contact area between the
workpiece and the cutting edge become larger, so the
squeezing force on the workpiece increases. When internal
chip removal drilling is used, the negative pressure of chip
removal generates an upward suction force to offset part of
the axial force, which makes the axial force of internal chip
removal drilling significantly smaller than that of non-
internal chip removal drilling. (3) As the number of holes

Rake face

Flank face

(r==" "

B

Figure 18: Width measurement of the flank wear land.
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increases, the wear on the flank face increases, because the
cutting edge near the flank face will be thinned, which
leads to a decline in the round CER; the chip edge round
CER decline, resulting in the cutting edge becoming sharp,
and then the drilling force is reduced.

4.2.2 Comparative analysis of drilling temperature
variation

The variation curve of drilling temperature for internal
chip removal machining and non-internal chip removal
machining are shown in Figure 20.

From the analysis of the experimental results, it is
clear that (1) regardless of the use of internal chip proces-
sing or non-internal chip processing, the drilling tempera-
ture shows an increasing trend with the increase in the
number of holes. (2) The drilling temperature of internal
chip processing is obviously smaller than that of non-
internal chip processing. This is due to the fact that the
chip can be taken away from the cutting area at the first
time when internal chip drilling is used, and part of the
cutting heat is taken away, which makes the drilling tem-
perature of internal chip processing significantly smaller
than that of non-internal chip processing.

4.2.3 Comparative analysis of chisel edge width
variation

The variation curves of drill chisel edge width for internal
chip removal machining and non-internal chip removal
machining are shown in Figure 21.
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Figure 19: Drilling force at different number of holes.
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Figure 20: Drilling temperature at different number of holes.

From the analysis of the experimental results, it can be
seen that (1) chisel edge width increases with the number
of holes, both with and without internal chip removal; (2)
the wear rate of the tool chisel edge width is almost the
same for the first 25 holes with non-internal chip removal
machining and internal chip removal machining; (3) after
the 25th hole, the wear rate of the tool chisel edge with
internal chip removal machining is slightly less than that
with non-internal chip removal machining. This is due to
the fact that during the drilling process, the chisel edge
part is extruded from the workpiece, and with the rotating
feed of the drill, the chips flow in radial and tangential
directions, which makes the rate of chip discharge from
the chip discharge aperture inside the drill at the chisel
edge relatively slow and has no obvious effect on reducing
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Figure 21: Chisel edge width at different number of holes.
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the grinding between the chips and the tool, so there is no
obvious difference in the chisel edge wear regardless of the
internal chip removal process or the non-internal chip
removal process.

4.2.4 Comparative analysis of rounded CER variation

The variation curve of rounded CER for internal chip removal
machining and non-internal chip removal machining is
shown in Figure 22.

The analysis of the experimental results shows that (1) the
rounded CER increases and then decreases for both internal
chip removal and non-internal chip removal machining; (2)
the change in the rounded CER is smaller for internal chip
removal machining than for non-internal chip removal
machining when the machining parameters are certain. This is
because the internal chip removal process can reduce the cutting
temperature and the wear between the tool, workpiece, and chip,
so the rounded CER of the internal chip removal process is
smaller than that of the non-internal chip removal process; 3)
The wear of the flank face increases with the number of holes.
Due to wear on the flank face near the cutting edge, resulting in
cutting edge thinning, and rounded CER decline.

4.2.5 Comparative analysis of flank wear land width
variation

The variation curve of flank wear land width for internal
chip removal machining and non-internal chip removal
machining is shown in Figure 23.
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Figure 22: Rounded CER at different number of holes.
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Figure 23: Width of flank wear land at different number of holes.

From the analysis of the experimental results, it can be
seen that (1) the variation in the width of flank wear land
shows an increasing trend for both internal chip removal
and non-internal chip removal machining, and (2) the var-
iation in the width of flank wear land is smaller when
internal chip removal machining is used than that of non-
internal chip removal machining when the machining para-
meters are certain. This is due to the fact that when internal
chip removal is used, the chips at the flank face can be
effectively discharged from the internal chip removal aper-
ture of the tool at the first time, which reduces the grinding
between the chips and the tool and decreases the wear rate
of the cutting edge, so the width of the flank wear land of
internal chip removal machining is smaller than that of non-
internal chip removal machining.

5 Conclusion

1) The temperature variation curve of internal chip removal
machining drilling process was plotted,;

2) The influence of internal chip removal tool parameters
on tool wear was studied, and it was concluded that:
(@) The primary and secondary factors affecting the

chisel edge width under given conditions: Drill dia-
meter (A) > Drilling angle (B) > Rear angle (C):

(b) Primary and secondary factors affecting the rounded
CER under given conditions: Drill diameter (A) >
Drilling angle (B) > Rear angle (C);

(c) The primary and secondary factors affecting the
width of the flank wear land under the given
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conditions: Drill diameter (A) > Drilling angle (B) >
Rear angle (C);

(d) It is further analyzed that at the given speed of
3,000 rpm and the feed rate of 20 mm/min, the car-
bide drill bit with 6 mm diameter, 120° drilling
angle, and 12° rear angle has the best hole-making
quality and service life.

3) Derived from the wear law of the internal chip drill:

(@) Under the given conditions, the chisel edge width
wear tends to increase with the increase in the
number of holes.

(b) Under the given conditions, the rounded CER tends
to increase and then decrease with the increase in
the number of holes.

(c) Under the given conditions, the width of flank wear
land tends to increase with the number of holes made.

(d) It is concluded from further analysis that under the
given conditions, the use of internal chip removal
machining can effectively reduce the drilling force,
drilling temperature, and tool wear generated in
hole-making.
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