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Abstract

Due to the excellent performance of carbon fiber-reinforced plastic (CFRP), it is used more and more widely in the form of
pipe and shaft parts. In order to reveal the formation mechanism of CFRP pipe concave drilling defects, the causes of hole
entrance defects, exit defects, and exit sidewall defects were analyzed by combining theory with experiment, and the effects
of different processing parameters on hole exit delamination defects were studied. Through theoretical analysis, it is found
that the delamination at the front end of the chisel edge does not necessarily affect the final defects of the hole in CFRP pipe
concave drilling. The experiment proves that the chisel edge can effectively drill through the outermost material and has no
effect on the formation of the final hole damage. When the candle stick drill is used for drilling, there is almost no damage at
the hole entry. After the outermost woven fiber cloth is drilled through, different degrees of damage occur at the intersection

of longitudinal and transverse fibers.
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1 Introduction

Carbon fiber-reinforced plastic is a kind of composite mate-
rial, which takes resin as the matrix and carbon fiber as the
reinforcement phase, and is cured under a certain tempera-
ture and pressure. Because of its light weight, high strength,
corrosion resistance, and fatigue resistance, it has now
become the preferred material to effectively reduce struc-
tural weight in aviation, aerospace, and automotive industrial
fields [1-3]. With the development of modern manufactur-
ing technology, CFRP members that are widely used mainly
include stiffened structures that can perform primary or sec-
ondary load bearing [4], honeycomb structures for earth-
quake resistance and energy absorption [5], axle structures
used to transfer axial loads [6], and pipeline components
used for gas—liquid medium transmission [7].
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In the assembly process of CFRP pipeline components,
it is essential to connect with other components. In order to
ensure the reliability of connection and the service life of
components, the preferred connection mode between CFRP
pipes and other components is mainly mechanical connec-
tion [8]. Therefore, it is a necessary processing procedure
to make holes for CFRP pipes, especially for small diameter
CFRP pipes. Compared with common homogeneous metal
materials, CFRP is a heterogeneous material, which also has
the characteristics of anisotropy and weak interlaminar per-
formance. In the drilling process, it is often prone to delam-
ination, tear, burr, and other processing damages [9-12],
which will adversely affect the service life of the processed
components. Compared with the drilling of CFRP flats,
CFRP pipes have certain curvature structure characteristics,
and the changes of thrust force, hole entry, and exit damages
in drilling are different from those in flat drilling. Figure 1
shows the drilling schematic diagram of CFRP pipe.

Finite element analysis is an effective method to analyze
the formation of CFRP pipe drilling defects. Hocheng and
Tsao [13] used numerical analysis to predict the critical
delamination force of woven fiber CFRP pipe. The material
was set as orthotropic linear elastic material to simulate the
last layer before drilling. The thrust force was applied to the
chisel edge and the main cutting edge, and the force on the
chisel edge (50% of the total thrust force) was distributed
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Fig. 1 Schematic diagram of
CFRP pipe drilling

in the horizontal circular area. The critical thrust force of
the simulation analysis was compared with the experimen-
tal results, and they were in good agreement. By using this
numerical analysis method, the critical thrust force could
be predicted when drilling composite materials in combina-
tion with material characteristics, hole diameter, and pipe
diameter. Zhao et al. [14] used the method of combining
simulation and experiment to compare and study the hole
quality of CFRP pipe with and without aluminum alloy inner
bushing under two drilling conditions. The ABAQUS was
used to establish a simulation model of the twist drill drilling
T700 CFRP pipe, adopted 3D Hashin failure criteria, and set
the tool as a rigid body. For the convenience of calculation,
the aluminum alloy bushing was set as a fixed constraint,
which could be regarded as a rigid body without deforma-
tion. The simulation results showed that the aluminum alloy
bushing improved the quality of the hole entry by 4.4% and
the hole exit by 8.3%. Based on the simulation and experi-
mental results, the best machining parameters of hole qual-
ity were obtained. Li et al. [15] established finite element
simulation models for drilling with positive and negative
curvature and studied the formation mechanism of drilling
defects with positive and negative curvature. The twist drill
was set as a rigid body, CFRP was taken as an equivalent

Fig.2 Tool-workpiece contact
and force analysis of concave
drilling

Primary
cutting edge *

@ Springer

V4

Pipe surface
drilling

Concave
drilling

homogeneous material with a certain fiber orientation, and
the geometric model of the workpiece material was estab-
lished by the stacking method. The outermost layer is 0°/90°
fiber fabric layer, the internal material is layered accord-
ing to [0°/45°/90°/135°], characterized by Hashin failure
criteria, and the interlayer is represented by zero thickness
cohesive unit. Compared with the test, the maximum error
of the reverse curvature drilling was 8.9% and 4.3% for the
maximum thrust force and delamination damage factor,
respectively. And the maximum error of the positive curva-
ture drilling was 9.2% and 2.5%, respectively. The error was
relatively small, indicating that the model is reliable. In posi-
tive and negative curvature plate drilling, the axial force and
hole wall damage increased with the increase of feed rate.
The interaction between the drill bit and the material dur-
ing FRP drilling is the key factor leading to defects. Due
to the complex structure of the drill bit, the different spa-
tial position relationship and action form between cutting
edge and the fiber, the fiber fracture damage mode and the
resulting cutting effect are very different. At present, the
most commonly used tools in FRP drilling research are twist
drills, Brad drills, double point angle drills, step drills, and
solid end mills [16-20]. Erturk et al. [16] used twist drills
and Brad drills to drill multilayer polymer composite pipes,
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Table 1 Experimental tools and parameters

Name Parameters
Tool Candle stick drill (®6 mm)
CNC KVC800/1

1500, 3000, 4500
0.01, 0.02, 0.03, 0.04

Spindle speed (rev/min)
Feed rate (mm/rev)

which performed well in thrust force, torque, and surface
roughness. Gemi et al. [17] compared the performance of
twist drill, Brad drill, and candle stick drill in processing
GFRP pipes. Compared with the twist drill, the thrust force
of Brad drill and candle stick drill decreased by 8% and 13%
on average, respectively. The hole exit and side wall damage
of the candle stick drill were very small. Gerier [18] et al.
used a TiAlN-coated twist drill (®10 mm in diameter) to
drill flat plates and convex plates, and the flat plates pro-
duced more hole exit burrs. The results of variance analysis
showed that the feed rate and cutting speed had no signifi-
cant effect on burr factor when drilling CFRP convex plates.
Qiu et al. [19] used step drills to drill CFRP pipes, to study
the effect of feed rate on hole exit damage, and to analyze
the formation process of delamination and tear damage. In
another study[20], they studied the formation process of the
hole exit damage of T700 CFRP pipes processed by double
point angle drills and candle stick drills. The candle stick
drill could cut off the yielding materials at the hole exit side
because of their sharp outer corner edge, and the hole exit
delamination damage was small. In this paper, the forma-
tion of CFRP pipe concave hole exit damage was analyzed
by theoretical method firstly. Then, a candle stick drill was
used to drill the concave surface of CFRP pipe, to study the
formation process of entry and exit damage, to analyze the
impact of processing parameters on the hole exit quality, and
to provide a basis for the selection of CFRP pipe drilling
tools and processing parameters.

Fig.3 Experimental equipment

2 Theoretical analysis

During the drilling of CFRP pipe, the drill bit successively
contacts the convex and concave surfaces of CFRP pipe and
carries out mechanical loading. Figure 2 is the schematic
diagram of concave drilling of CFRP pipe. a is the included
angle generated by the connecting line between the chisel
edge and the outer edge corner (see Fig. 2). & is the axial
height distance between the chisel edge and the outer edge
corner.

In the manufacturing process of CFRP pipes, due to the
bending of carbon fibers, bending resistance Fq is formed
along the pipe diameter. The conditions for delamination at
the front end of the chisel edge are shown in Eq. (1), where
F, is the critical delamination force. When the thrust force is
a central load during drilling, F, is the thrust force. The drill
used in this paper is a candle stick drill. The thrust force is a
central load and a circumferential partial load. F, should be
the central load at the front end of the chisel edge. In con-
cave drilling, the delamination at the front end of the chisel
edge does not necessarily affect the final defects of the hole.

F.+F,>F, ¢))
The conditions for the delamination at the corresponding
hole edge at the outer corner of the drill bit are shown in Eq. (2).

Fzl*cona + F, > F, )

where F; is the thrust force for the secondary main cutting
edge. When the front-end material of the chisel edge is not
broken, F; is the traction force of the chisel edge on the
material. When the front-end material of the chisel edge
breaks, the chisel edge has no traction on the material. The
calculation formula of a is

a = arctan(2h/D) 3)

where D is the diameter of the candle stick drill.
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Fig.4 Hole entry formation process

(a) CFRP concave plane drilling (b) A section (c) B section

Fig.5 Schematic diagram of hole section

3 Experimental design inner layer is a unidirectional fiber layer, in the order of
[0°/45°/90°/135°]. The drill used in the experiment is a can-

The experimental material is CFRP pipes, with an outer ~ dle stick drill with the helix angle of 30°, the first relief angle
diameter of ®22 mm and an inner diameter of ®16 mm.  of the main cutting edge is 10°, and the front angle of the
The outermost ]ayer is a 0°/90° fiber fabric ]ayer, and the main cutting edge is 5°. The reverse edge width is 0.5 mm.

Tool

WY

(b) (©) o=0°
Tool

L= <

CFRP

(d) g=45°/135° (€) p=90°
Fig.6 Schematic diagram of the reverse cutting edge
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(dd=4.5mm

Fig.7 Formation process of hole exit (n=3000 rev/min, f=0.01 mm/rev)

In order to study the formation mechanism of drilling defects
on the concave surface of CFRP pipes, holes with different
depths were drilled under the processing parameters (the
spindle speed (n) was 3000 rev/min, and the feed rate (f) was
0.01 mm/rev). In order to study the influence of processing
parameters, the spindle speed of 1500, 3000, and 4500 rev/
min and the feed rate of 0.01, 0.02, 0.03, and 0.04 mm/rev
were used to carry out full factor experiments (see Table 1).
The experiment was completed on the KVC800/1 CNC
machining center (with the highest spindle speed of 6000
rev/min) produced by Sichuan Changzheng Machine Tool
Factory. The hole quality was observed by using a 3D micro-
scopic system with super depth of field (model: KEYENCE
VHX-500FE). The cutting force during drilling was recorded
by using a Kistler 9253B23 large flat plate dynamometer
(Fig. 3).

Fig. 8 Forming process of uncut
materials of attachment of A
section
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4 Experimental results and analysis
4.1 Defect formation process
4.1.1 Hole entry

When twist drills and double point angle drills were used
to drill CFRP plates, the entrance often produces delamina-
tion [15, 20]. When the candle stick drill was used for drill-
ing, there was almost no damage at the hole entry. Figure 4
shows the formation process of CFRP pipe concave drilling
hole entry (n=3000 rev/min, f=0.01 mm/rev). d is the drill-
ing depth. It can be seen from the figure that the horizontal
edge first cuts into the workpiece, and then, the main cutting
edge gradually cuts in. After the main cutting edge cuts a
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Fig.9 Schematic diagram of
stress on hole exit side Tool

CFRP

. ‘ A section
B section -

(a) Cutting Diagram

(b) No deformation of fiber (c) Deformation of fiber

Fig. 10 Changes of thrust force 175

with processing parameters | B 1500 rev/min
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Thrust force (N)
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certain distance, the reverse cutting edge at the outer corner
cuts into the workpiece at section A (see Fig. 5), and finally,
the whole drill point cuts into the workpiece. During the for-
mation of CFRP concave drilling entrance, the cutting part
of the main cutting edge produced a small range of damage
(Fig. 4b), but the final hole entrance did not show damage
(Fig. 4c). The reason is that under the sufficient support of
the workpiece material, when the damage range caused by
the main cutting edge exceeds the range of the hole nominal
diameter, the reverse edge at the outer corner of the candle
stick drill can effectively cut the fiber (see Fig. 6), preventing
the formation of the final hole entrance damage.

4.1.2 Hole exit

The outermost layer of CFRP pipe is 0°/90° fiber fabric
layer. Figure 7 shows the formation process of hole exit
damage. When the drilling depth is 3.5 mm, the chisel edge
has drilled through the outermost fabric, indicating that the

thrust force generated by the chisel edge has no effect on
the final damage of the hole. With the increase of drilling
depth (d=3.8 mm), a small part of the outermost fabric is
removed by the main cutting edge. When the drilling depth
increases to 4.2 mm, the reverse edge at the outer corner
has cut off some fibers at A section. Since then, due to the
lack of bottom constraint on the outermost fabric, the cut-
ting effect of the main cutting edge drops sharply, and it is
difficult to effectively remove the bottom material. When
the drilling depth is 4.5 mm, most of the fringe materials
at the hole bottom are cut off, and the bottom materials are
removed in blocks. The final hole is as shown in Fig. 7e, and
the hole exit has defects such as uncut material, delamina-
tion, and burr.

The uncut material is mainly formed by this part of fib-
ers in the outermost fabric, which exists near A section. The
length of the uncut material is about 0.5 mm, which is close
to the width of the reverse edge at the outer corner of the
candle stick drill. Figure 8 shows the formation process of

Fig. 11 Hole exit morphol-
ogy of different processing 1500 rev/min 3000 rev/min 4500 rev/min
parameters
. L ! Push out ,
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the uncut material of the attachment of A section. When the
reverse cutting edge of the outer corner is about to cut out
the hole bottom, the outermost fabric continues to yield due
to insufficient support of the underlying material. Figure 9
shows the force on the hole exit side. According to the force
analysis of the outermost layer, the outermost layer material
bears a F,; mainly produced by the reverse cutting edge. In
addition, for this part of deformed fiber in the outermost fab-
ric looped around the pipe, the initial stress existing during
material forming is released, and a downward axial force F g,
will be formed due to rebound (Fig. 9¢). Therefore, under
the action of F,; and F;;, small-scale delamination damage
is produced. After delamination damage occurs, this part
of deformed fiber in the outermost fabric around the pipe is
unrestrained and rebounds downward, increasing the yield
of materials. At this time, the drill bit continues to cut down-
ward, and the cutting force will be further reduced. This part
of deformed material is difficult to cut and finally forms
uncut material.

4.2 Hole exit defects

There is a strong correlation between the formation of the
hole exit defects and the magnitude of thrust force. Fig-
ure 10 shows the variation trend of thrust force with pro-
cessing parameters. The thrust force involved in the paper
is obtained under the condition of moving average filter
(window size 20). The maximum thrust force is taken here.
Under the three spindle speeds, the thrust force increases
with the increase of feed rate. This rule is consistent with
that in other literatures [21, 22]. The main reason is that the

increase in feed rate leads to an increase in resistance and
friction between the drill bit and the workpiece material. The
spindle speed has little influence on the thrust force.

The effect of cutting parameters on the formation of con-
cave drilling hole exit damage was observed with a super
depth of field microscope (KEYENCE VHX-500FE). When
examining Fig. 11, different degrees of uncut fibers and
delamination are formed under the hole exit. The fibers sur-
rounding the pipe and the fibers distributed along the length
of the pipe are the source of the uncut material [15]. The
uncut fibers are mainly distributed near A section and the
fiber cutting angle (6) between 0° and 90°. The uncut fibers
near A section are formed by fibers around the pipe. The
uncut material at 8 (0°-90°) is mainly formed by the fiber
along the pipe length. There are two forms of delamination
damage: one is that the material is directly removed, and
the other is accompanied by the generation of uncut mate-
rial. The delamination caused by fibers distributed along the
length of the pipe is mainly caused by the direct removal of
materials [15].

The delamination factor (F,) is used to measure the sever-
ity of delamination at the hole exit. In this paper, the delami-
nation factor (F) is defined as the ratio of the maximum
delamination radius of the hole exit to the nominal radius
of the hole. Figure 12 shows the variation of delamination
factor (F,) with feed rate. When the spindle speed (n) is in
the range of 1500-3000 rev/min, the delamination factor
(Fy) first increases and then decreases with the increase of
feed rate. Similar results were found in the literature [20,
21]. When the spindle speed () is 4500 rev/min, the delami-
nation factor decreases with the increase of feed rate. The

Fig. 12 Variation curve of 1.5
delamination factor with feed —— 1500 rev/min|
rate J + 3000 rev/min|
—&— 4500 rev/min
E 1.4
é‘ ]
&
.5 1.3
'53“ 124
1.1
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Fig. 13 Side wall morphology
of hole exit
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reason is that when the feed rate is small, the cutting force makes it difficult to cut off the material [20]. At the same
is small. The outermost material is lack of constraint, which time, with the same drilling depth, the smaller the feed rate

Fig. 14 Cutting diagram of
woven fiber cloth
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(a) The transverse fibers on top (b) The transverse fibers in below
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is, the more times the drill cuts, resulting in a larger delami-
nation range. With the increase of feed rate, when the thrust
force exceeds the critical delamination force, the delamina-
tion range will increase significantly. The effect of spindle
speed on the delamination factor does not exhibit a clear
pattern. The same conclusion was reached in literature [13,
23]. The reason is that the main factors causing delamina-
tion damage are the combined effects of cutting force and
cutting heat.

4.3 Hole exit sidewall defects

Figure 13 shows the hole exit sidewall morphology under
different processing parameters. The figure shows the mor-
phology near B section. The hole exit side wall defects
mainly include tear, burr, and material downward deforma-
tion. It can be seen from the figure that after the outermost
layer of woven fiber cloth is drilled through, no matter
whether the tool is cutting from the fiber distributed along
the length direction of the pipe to the winding pipe fiber
or cutting in reverse, there are different degrees of damage
at the intersection of longitudinal and transverse fibers.
The braided fibers on the surface of CFRP tubes have two
different states a and b (see Fig. 14). One is that fibers
distributed along the length of the pipe are exposed, and
the other is that fibers distributed along the length of the
pipe are hidden inside. There are four main cutting states
E, F, G, and H. Under state a, the lower transverse fiber
lacks restraint. Under state b, the lower longitudinal fiber
lacks restraint. Therefore, it is easy to produce tear dam-
age in the alternating places of vertical and horizontal in
the cutting process.

5 Conclusions

(1) Through theoretical analysis, it is found that the delami-
nation generated at the front end of the chisel edge does not
necessarily affect the final defects of the hole in CFRP pipe
concave drilling. The experiment proves that the chisel edge
can effectively drill through the outermost material and has
no effect on the formation of the final hole defects.

(2) Using the candle stick drill for CFRP pipe concave
drilling, there is almost no damage at the entrance. The hole
exit defects mainly include uncut material, delamination,
and burr.

(3) When the spindle speed is in the range of 1500-3000
rev/min, the delamination factor first increases and then
decreases with the increase of feed rate. The delamination
factor decreases with the increase of feed rate at the spindle
speed 4500 rev/min.

@ Springer

(4) In the concave drilling of CFRP pipes, after the outer-
most layer of woven fiber cloth is drilled through, the joints
of longitudinal and transverse fibers are damaged.
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