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Abstract

Carbon fiber—reinforced plastics (CFRPs) have excellent mechanical and physical properties and are widely used to manufacture
structural components and skins in aviation and aerospace. Industrial applications impose high requirements on the quality and
efficiency of CFRP drilling. However, it is difficult to meet these requirements with conventional methods, such as drilling and
orbital drilling. To improve hole processing quality, a novel cutting tool for orbital drilling was proposed in this research.
Replacing the end mill in conventional orbital drilling (COD) with this novel cutting tool can enable an orbital drilling and
reaming (ODR) machining process, which can suppress defects and reduce the thrust force when machining CFRP composite
laminates. The thrust forces, tool wear, cutting temperatures, and hole quality in the ODR process presented in this paper were
studied experimentally. The results indicated that machining with the novel ODR tool effectively reduced the thrust force and
cutting temperature observed when machining with the general end mill. Moreover, the hole quality and tool life during ODR
were exceedingly better than those during COD. The experimental results showed that processing with the novel tool has
immense potential to replace existing processing methods for machining holes in CFRP composite laminates.

Keywords Orbital drilling - Thrust force - Delamination - Temperature - CFRP

Nomenclature Spl First marked point on the sidewall
d (mm) Diameter of the milling part Sp2 Second marked point on the sidewall
D (mm) Diameter of the peripheral cutting edges Sp3 Third marked point on the sidewall
a, (mm) Screw pitch of the helical path Sp4 Marked point of ambient temperature
e (mm) Eccentricity of the helical path Dt (°C) Temperature rise between marked point Sp1
R (mm) Radius of the arc of the ODR tool and the ambient temperature
d,p (mm) Diameter of reaming part at a height of a,, D22 (°C) Temperature rise between marked point Sp2
h (mm) Height of the reaming part and the ambient temperature
Vv, (mm/rev)  Feed rate in the Z direction D13 (°C) Temperature rise between marked point Sp3
v (mm/rev)  Tangential feed rate and the ambient temperature
F, Delamination factor
Do (mm)  Maximum diameter of the damaged zone
»4 YongLu D, (mm)  Hole diameter
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bearing structures to reduce the weight of aircraft. To connect
CFRP components with metal components, a substantial num-
ber of rivet and bolt holes must be manufactured in the CFRP
parts. For example, Gao et al. [3] reported that an F-16 jet
fighter contains 240,000 connecting holes and that there are
3 million connecting holes on a Boeing 747 airplane.

Due to the laminated structure of CFRPs, the interlaminar
shear strength and transverse tensile strength of CFRPs are
insufficient. Furthermore, the interlayer strength of CFRPs
will further decrease under the influence of cutting tempera-
ture due to the low glass transition temperature of epoxy resin.
This phenomenon will easily cause many machining defects
during the drilling process, such as delamination, matrix
cracking, fiber pull out, burring, and fuzzing [4, 5]. In partic-
ular, delamination is considered to be the most disas-
trous defect, as this phenomenon results in a significant
reduction in stiffness and load carrying capacity of me-
chanical components. Srinivasan et al. [6] reported that
CFRP part rejection due to delamination in the aircraft
industry is greater than 60%.

Drilling is one of the most widely used processes in the
machining of CFRPs. Bonnet et al. [1] showed that the thrust
force is the main reason for the severity of delamination.
Drilling can cause severe damage in CFRPs during hole ma-
chining. Therefore, the influences of the tool properties and
the cutting parameters on the CFRP damage sustained during
hole machining have been extensively studied over the past
few decades. Twist drills, which are the most widely used
tools in drilling, have been extensively studied. Durdo et al.
[7] compared the effect of the tool geometry and feed rate on
machining holes in CFRPs and found that an appropriate se-
lection of tools and machining parameters can effectively re-
duce the occurrence of delamination. Iliescu et al. [8] com-
pared the influence of coated and uncoated twist drills on the
cutting force, the cutting parameters, and the tool wear in the
process of CFRP drilling. During the drilling process, the twist
drill continuously rotates; however, the cutting speed of the
chisel edge is zero. The material below the chisel edge is
crushed by squeezing action rather than shearing action [9].
Jain et al. [10] found that the thrust force generated by the
chisel edge accounts for approximately 40-60% of the total
thrust force of a twist drill. Twist drills cannot meet the high-
quality processing requirements of CFRPs [2, 11]. Step drills
are also used in CFRP processing to enhance the machining
quality. Isbilir et al. [12] compared the machining quality of
twist drills and step drills by developing a 3D finite element
model for CFRP drilling and showed that the machining per-
formance could be effectively improved by optimizing the
step drill geometry. The geometry of the step drill was adjust-
ed to further improve the machining quality. Feito et al. [13]
studied the influence of the step drill geometry on machining
damage and established a simulation model to predict cutting
force and delamination, which can help optimize machining
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parameters. Shyha et al. [2] studied the influence of the tool
geometry and cutting parameters on the cutting force, torque,
delamination factor and tool life when machining with twist
drills and step drills. In addition to step drills, some other tools
are also used in CFRP machining. Lazar et al. [14] compared
the machining process of a double-point angle drill, a tapered
drill-reamer, and a twist drill and found that the maximum
thrust force was related to the tool geometry and the feed rate,
and the spindle speed had nearly no influence. Hocheng et al.
[15] theoretically analyzed the processing quality of various
tools by calculating the critical thrust forces of a twist drill, a
candlestick drill, a core drill, a special core drill, a saw drill, a
step drill, and other special drilling tools. To reduce tool wear
caused by the cutting temperature, Biermann et al. [ 16] adjust-
ed the structure of an electroplated diamond core drill to im-
prove the heat dissipation performance and to reduce the pro-
cessing temperature. In addition to common drilling tools,
scholars have also developed new tools for CFRP drilling.
Su et al. [17] proposed a novel tool that combined the advan-
tages of a candlestick drill and a double-point angle drill. A
novel drill structure based on a tapered drill-reamer that can
remove material from a CFRP in the upward direction was
proposed by Jia et al. [18]. Butler-Smith et al. [19] pointed out
that compared with a traditional core drill, an electroplated
diamond core drill can greatly reduce the cutting force and
processing temperature in CFRP drilling. Tsao [20] studied
the influence of the diameter ratio and machining parameters
on the machining effect of step core drills and found that the
diameter ratio and feed rate have the most obvious influence
on machining performance, and the type of core cutter will
affect the maximum thrust force [20]. These types of drills
mentioned above are shown in Fig. 1.

The impacts of the drill types (twist drill, candlestick drill,
step drill, dagger drill, saw drill, double-point angle drill, 8
facet drill, core drill, and special core drill), tool geometry
(diameter, point angle, helix angle, and chisel length), and tool
material on delamination have been extensively studied. Drill
bits with special structures, such as step drills and saw drills,
could achieve superior processing quality with higher process-
ing efficiency than a twist drill. Although the performance of
the drilling process has improved with the abovementioned
drill bits, sometimes the requirements set by industry, such
as high quality, high efficiency, and low cost, are still quite
hard to satisfy.

To further improve the quality of hole machining, several
hole machining methods have been proposed in recent years,
such as orbital drilling, wobble milling [21, 22], vibration-
assisted cutting [23], water jet cutting [24], laser cutting
[25], and EDM [26]. Orbital drilling (helical milling) is a
promising technique for CFRP machining and has already
been widely adopted in practice. Pereira et al. [27] summa-
rized the research on orbital drilling, wherein they noted the
differences between orbital drilling and conventional drilling
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Fig. 1 Images of different drilling tools: a twist drill, b candlestick drill, ¢ step drill, d dagger drill, e saw drill, f double-point angle drill, g 8 facet drill, h

core drill, and i special core drill

in terms of kinematics and material removal and outlined the
advantages of orbital drilling in processing CFRPs such as the
cutting temperature, tool life, and machining performance.
Brinksmeier et al. [28] mathematically described the cutting
conditions in orbital drilling and showed the computational
relationship between the parameters. In this method, an end
mill, for which the axis is parallel to the hole to be drilled,
rotates around its axis and exhibits planetary motion around
the hole axis [29]. Moreover, the end mill moves along a
helical path that can be decomposed in the axial direction
and tangent direction. Affected by the trajectory, the cutting
motion of the orbital drill includes frontal cutting and periph-
eral cutting. Voss et al. [30] found that in processing CFRPs,
orbital drilling is obviously superior to traditional drilling in
terms of several factors, including the cutting force, tool life,
and processing quality, but the processing time is longer.
Ahmad et al. [31] studied the influence of eccentricity, work-
piece thickness, and tool surface conditions on the machining
quality of orbital drilling with a constant cutting speed and
feed rate. Zhou et al. [32] studied the influence of cutting
speed and eccentricity on tool life and machining quality in
orbital drilling of CFRP/Ti with a dedicated tool. Orbital dril-
ling can effectively improve the quality of machining and
supersede traditional drilling. In practice, the orbital drilling
process can be accomplished in two ways. One way involves
the usage of a multiaxis CNC machining center that generates
planetary motions for the tool through interpolation. The other
way is accomplished by installing an orbital drilling hole—
machining end effector on an NC milling machine or a robot.
During the machining process, affected by the eccentricity of
planetary motion, the diameter of the drilled hole must be
larger than that of the tool. Compared with traditional drilling,
orbital drilling has many advantages, the most important of
which is that orbital drilling has less thrust force, which can
effectively reduce the possibility of delamination. A longer
tool life is one of the benefits of orbital drilling since the chips
are removed by the helical groove or retained in the radial
clearance between the hole and the tool, thereby reducing
the friction between the chips and the tool. Another advantage
is that the tool cuts the material on the hole wall intermittently,
which promotes heat dissipation and improves the processing
quality. Therefore, in terms of machining quality, tool life,
cutting temperature, and processing efficiency, orbital drilling
does have many advantages over conventional drilling.

However, there are still some drawbacks in orbital drilling.
In the process of orbital drilling, the cutting edge at the end of
the tool keeps cutting constantly, thereby resulting in a high
cutting temperature and severe tool wear. The whole end of
the tool cuts in and out of the workpiece at approximately the
same time, causing a sharp increase and decrease in the thrust
force at the hole entrance and exit [29]. More importantly,
delamination still occurs frequently. To settle these problems,
Ohta et al. [33] developed a tilted planetary drilling system
(tilted orbital drilling) based on orbital drilling. The tilted or-
bital drilling technique is performed by tilting the tool against
the workpiece at a small angle during COD [3]. Wang et al.
[34] analyzed the machining process and material removal
process of orbital drilling and tilted helical milling and pointed
out that the machining quality of tilted helical milling is better
than that of orbital drilling [34]. However, the stiffness of the
machining system is reduced by the tilted orbital drilling tech-
nique. Moreover, the processing equipment for this process is
more expensive than that used for orbital drilling.

Currently, although scholars have provided various methods
to make holes in CFRPs, there still exist substantial demands to
meet the needs of industrial applications such as high quality and
low cost. Therefore, in this paper, the author proposed a tool to
transform orbital drilling to the process of ODR, which can mit-
igate the generation of defects such as burrs and delamination
while reducing the influence of the cutting temperature on the
processing effect. The performance of the ODR was compared
with the COD process to illustrate the superiority of the tool
proposed in this research. The realization of ODR with the ded-
icated tool is analyzed in Section 2. Section 3 presents the exper-
imental instruments and cutting parameters used in the compar-
ative experiments. Section 4 mainly focuses on the analysis of
the experimental results, including thrust force, tool wear, cutting
temperature, and hole-exit quality. In the last section, the conclu-
sions are reached.

2 Process of ODR
2.1 Realization of ODR
Research and practical experience indicate that step drills and

orbital drilling are very suitable for reducing the damage
sustained while machining CFRPs. To reduce the defects at
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the exit and improve the machining performance, a novel
machining process combining the advantages of step drills
and orbital drills is proposed, as shown in Fig. 2. The ODR
process is performed by replacing the end mill in COD with a
dedicated tool. The tool consists of peripheral cutting edges, a
reaming part and a milling part, which have a smaller diameter
(d) than that of the peripheral cutting edges (D). The hole
made by the milling part has a smaller diameter than required.
The reaming part has a nonuniform diameter and connects the
milling part to the peripheral cutting edges. The bottom of the
reaming part has the same radius as the milling part, and the
roof of the reaming part has the same radius as the peripheral
cutting edges. The radius of the arc (R) of the ODR tool is
larger than the diameter of the tool, and the arc is only tangent
to the periphery cutting edge. The reaming part is used to
expand the hole made by the milling part. The peripheral
cutting edges are of the same form as those on an end mill
and can expand the hole to the required diameter.
Furthermore, the tool structure is relatively simple to fabricate.

2.2 Hole forming process of ODR

In COD, the axis of an end mill exhibits planetary motion
around the axis of the drilled hole while feeding downward;
thus, a helical path is formed. The formation of the hole can be
decomposed into three stages. (1) The edges on the tool end
face reach the workpiece and begin to plunge into the work-
piece. (2) When the tool moves along a helical path in the
workpiece, the bottom profile of the hole cross section starts
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Fig. 2 ODR and the ODR tool
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to be shaped like a simple folded line with a drop of a,/2 and
retains this shape until the edges on the end face pass through
the workpiece [29]. (3) The end face penetrates the workpiece,
and the material remaining at the exit of the hole is removed
by the peripheral cutting edges of the tool.

Due to the tool geometry, the hole formation process of ODR is
more complicated than that of COD. When the workpiece thick-
ness is greater than the height of the reaming part, the hole forma-
tion process of ODR can be divided into six stages. Figure 3a—f
shows cross sectional drawings of the tool at the crucial height
during ODR. (1) The edges on the milling part of the tool touch the
workpiece and begin to plunge into the workpiece (Fig. 3a). (2)
The tool moves along a helical path in the workpiece. The milling
part makes a hole with a diameter of d + 2e. The reaming part
expands the hole that was made in the previous revolutions by the
milling part (Fig. 3b). (3) After the tool has completed » revolu-
tions, the workpiece forms a circumferential groove with its depth
reaching & (n = h/ay). Then, at that moment, the reaming part
completely immerses into the workpiece. The peripheral cutting
edges remove the material that remains on the hole wall. The
diameter of the entrance is expanded to D + 2e (Fig. 3c). (4)
The tool moves along a helical path in the workpiece, and each
part repeats the operation: a hole is made by the milling part, which
is expanded by the reaming part and then subsequently expanded
to D + 2e by the peripheral cutting edges until the milling part
passes through the workpiece and makes a hole with a diameter of
d. Delamination often occurs in this stage, and compared with the
general end mill, the ODR tool has a smaller milling part and thrust
force, which effectively reduces the possibility of delamination
(Fig. 3d). (5) In the next revolution, the material remaining at the
exit is removed by the reaming part, and the diameter of the exit is
expanded to d,, + 2e (Fig. 3e). (6) In the next » revolutions, the
reaming part removes the material that remains on the hole wall,
and the peripheral cutting edges expand the hole to D + 2e until
the milling part passes through the workpiece to a depth of 2 + a,,.
The hole exit diameter achieves the required size of D + 2e. Thus,
the ODR process is completed. In the process of reaming, the
milling part does not participate in cutting; the thrust force is kept
at a very low level (close to 0) or even a negative value to inhibit
the generation and expansion of delamination (Fig. 3f).

It can be seen from the ODR process that the dedicated tool
mills a smaller hole at first and expands the diameter of the
hole to the required size after multiple reaming processes.
Machining with the ODR tool can combine two processes—
milling and reaming—into a single process.

3 Experimental setup
3.1 Workpiece material and cutting tool

In this research, the carbon fiber—reinforced composites were
composed of carbon fibers and epoxy resin, for which the
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Fig. 3 Hole/tool cross sectional
drawings at crucial heights during
ODR: a contact with the top, b
expanding the entrance, ¢
completion of the entrance, d
contact with the bottom, e
expanding the exit, and f

completion of the exit e
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volume fractions were 60% and 40%, respectively. The com-
posite was made from 3 k plain unidirectional prepreg
(TAIRYFIL TC-33 3 k, polyacrylonitrile (PAN)-based carbon
fibers) with epoxy resin as the matrix material. The thickness
of each layer was approximately 0.12 mm. The top and the
bottom prepreg plies were bidirectional prepreg plies woven
by interlacing 0° and 90° fibers, and 36 unidirectional prepreg
fiber layers with a symmetrical layout [0°/+ 45°/90°/— 45°]
were in the middle of the composite. The tensile strength of
the composite was 2400 MPa, and the Young’s modulus was
160 GPa. The manufacturing process included compression
molding, high-temperature curing and cutting, and the CFRP
was cut to dimensions of 90 mm x 90 mm x 5 mm.

A general end mill and an ODR tool were adopted in the
experiment; details of the tools are listed in Table 1.

3.2 Experimental conditions

To compare the machining performance of the two kinds of
tools, an empirical study of the thrust force and tool wear was
conducted. The first set of tests was based on machining
CFRPs with orbital drilling and employed the same experi-
mental conditions while installing different types of tools. The
experiments were carried out using a VM7032 CNC milling
machine with a spindle speed as high as 8000 rpm. A fixture
that ensured drilling without a support backplate was devel-
oped and used throughout the experiments. A type 9257B
Kistler dynamometer was used to record the forces in the
drilling process. The experimental setup is shown in Fig. 4.

i
1]
%

D+2e A
—

(e) ®

A random experiment was conducted on the cutting force and
the wear state of the tools. The machining conditions were a
hole diameter of 10 mm (eccentricity of 1 mm), a Z-axis feed
rate of v, = 0.01 mm/rev, a tangential feed rate of v; = 0.063
mm/rev, and a tool rotational speed of 1500 rpm (cutting
speed of 95.4 mm/min). The cutting force and the flank wear
width were measured every 10 holes, and each tool was tested
for 160 bores because the tool wear of the general end mill
reached the threshold for determining the tool life in accor-
dance with ISO 8688 (maximum flank wear of 0.3 mm).
Variable spindle speeds in the second set of tests helped to
achieve cutting temperature comparisons between the two
kinds of tools. A VM7032 CNC milling machine and an
FLIR A315 thermal infrared imager were used in the test.
The experimental facility is shown in Fig. 5a, and an infrared
image of the workpiece is shown in Fig. 5b. The thermal
infrared imager was placed on one side of the workpiece and
focused on the sidewall of the workpiece. Four points were
marked in the infrared image: Sp4 showed the background
temperature, whereas Sp1-3 showed the temperature at three
points at different heights on the sidewall. The holes made in
this test were required to be as close together as possible to the
sidewall of the workpiece. To ensure the integrity of the hole
wall and to truly show the variation in the cutting temperature,
the axis of the hole was 6 mm away from the workpiece
boundary (the hole radius was 5 mm in this test). This ap-
proach can show the effect on the temperature of different
tools, although the temperature field distribution was slightly
different from that during actual industrial production. Each
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Table 1 Details of the cutters

Tool type Feature Value
General end mill ~ Tool diameter 8 mm
Carbide K20
Helix angle 30°
Coated No
Flutes 4
Rake angle of the end teeth and peripheral cutting edges 7°
Tool clearance of the end teeth and peripheral cutting edges 7°
ODR tool Diameter of the milling part 5.5 mm
Diameter of the peripheral cutting edges 8 mm
Radius of the arc of the ODR tool 10.625 mm
Height of the reaming part 5 mm
Carbide K20
Helix angle 30°
Coated No
Flutes 4
Rake angle of the milling part, reaming part and peripheral cutting edges 7°

Tool clearance of the milling part, reaming part and peripheral cutting edges ~ 7°

tool was tested for three bores. The use of new tools in each
machining instance avoided the effects of tool wear on the
experimental results. The machining conditions included a
hole diameter of 10 mm (an eccentricity of 1 mm), a Z-axis
feed rate of v, = 0.01 mm/rev, and a tangential feed rate of v,
= 0.063 mm/rev. To achieve this aim, three different spindle
speeds were selected: 1500 rpm (cutting speed of 95.4 mm/
min), 2000 rpm (cutting speed of 127.2 mm/min), and
2500 rpm (cutting speed of 159 mm/min). The experiment
was repeated three times, and the results were recorded.

Fig. 4 The experimental setup in test 1

@ Springer

All the experiments adopted dry machining, and a vacuum
cleaner was not used. The exit quality and the tool wear were
measured using an Anyty 3R-WM401 portable digital
microscope.

4 Results and discussion
4.1 Thrust forces and tool wear

The ODR process was divided into six stages, as shown in
Fig. 3. When the thickness of the workpiece was not greater
than the height of the reaming part, stages c, d, and e will
merge into two stages. In test one, the workpiece thickness
was the same as the reaming part height, and stages ¢ and d
took place at the same time. The raw data of the cutting force
during ODR are shown in Fig. 6.

Figure 6 shows that the thrust forces reached the maximum
value during the machining process in stage a. In stage b, the
thrust forces decreased but fluctuated at a specific frequency
and amplitude. This was probably due to the thickness reduc-
tion in the remaining material, which reduced the thrust force.
The leading cause of the thrust force fluctuations was the
periodic variation in the layup direction of the CFRP plate.
The number of thrust force fluctuations in stage b was approx-
imately equal to the number of cycles in the layup orientation.
In stages ¢ and d, the thrust force reached the minimum value
of smooth cutting because the milling part was about to pass
through the bottom of the material. The milling part was the
primary contributor to the thrust force, and the thrust forces
approached zero when the milling part passed through the
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Fig. 5 a Experimental setup in test 2 and b an infrared image of the
workpiece

workpiece in stage e. In stage f, the thrust forces maintained a
low level (near zero) until the ODR process was completed. In
this experiment, the ODR process took approximately 40 s to
complete. It can also be observed that the forces in the X and
Y directions increased during the entry of the reaming part and
decreased with the exit from the workpiece.

The raw data of the cutting force of the COD are shown in
Fig. 7. Compared with the trend of the cutting force in the
ODR process, the trend of the cutting force in the COD pro-
cess was much simpler. Figure 7 shows that the thrust forces
reached the maximum values in stage 1. In stage 2, the thrust
forces gradually decreased but fluctuated at a specific

160

80

Cutting Force (N)
=)

—
=N
e

Time (s)

Fig. 6 Cutting force of ODR

frequency and amplitude. In stage 3, the thrust forces
approached approximately zero and maintained a low level
(near zero) until the COD process was completed. In this
experiment, the COD took approximately 20 s to complete.
The amplitude of the force fluctuations in the X and Y direc-
tions remained unchanged during the process.

The maximum thrust force and tool wear during the COD
process and the ODR process in test 1 are shown in Fig. 8. The
workpiece was fixed on the fixture and suspended with a large
span, and the thrust force was affected by the deformation of
the workpiece during machining. Due to the installation of the
workpiece and the position of the drilled hole, the axial force
of the hole near the fixture was large. The maximum axial
force fitting curve is also shown in Fig. 8, wherein the influ-
ence of the hole position is considered. The thrust force gen-
erated by the ODR tool was approximately 20% less than that
of the general end mill, and the thrust force increased on a
small slope with an increase in the number of holes.
Comparing the thrust forces in the COD process and the
ODR process, the most obvious difference was that the thrust
forces generated by the ODR tool were much lower than those
generated by the general end mill. Moreover, there was a stage
in the ODR process in which the reaming part expanded the
exit of the hole while maintaining the thrust force at a low
level (near zero). Process of reaming is a reliable guarantee
of a high-quality exit without delamination.

Cutting Force (N)

Time (S)

Fig. 7 Cutting force of COD
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Fig. 8 Maximum thrust force and
tool wear of the ODR tool and
general end mill

10th

Maximum thrust force (N)

0.094 mm

goth
0.186 mm 2

160t
0.305 mm

» f‘\'\. s
/ .

160t
0.227 mm

To make the tools wear out quickly, uncoated tools were
used in test 1. The tool wear was investigated with a micro-
scope. Figure 8 shows the flank wear of the milling part of the
10th, 80th, and 160th holes. An increase in tool wear and
maximum thrust force was noticed as the number of drilled
holes increased. The teeth of both new tools were quite sharp
in test 1. Figure 8 depicts images of the flank face of a tooth
from the ODR tool and general end mill. After drilling 10
holes, the wear rate on the flank face in the X-direction was
approximately 0.081 mm and 0.094 mm for the ODR tool and
general end mill, respectively. After drilling 80 holes, these

Fig. 9 Tooth wear conditions on
the peripheral cutting edge of two
kinds of'tools: a peripheral cutting
edge of a new ODR tool, b
peripheral cutting edge of the
ODR tool after drilling 160 holes,

¢ peripheral cutting edge of a new ODR
end mill, and d peripheral cutting tool
edge of an end mill after drilling
160 holes
General
end mill
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0.081 mm —Fit ODR
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Number of holes

wear rates were approximately 0.141 mm and 0.186 mm,
respectively; hence, the tooth of the general end mill sustained
moderate wear at this point. After drilling 160 holes, the wear
rates of the ODR tool and general end mill were 0.227 mm and
0.305 mm, respectively. At this point, severe wear traces were
observed on the general end mill, and the ODR tool had
sustained moderate wear.

The tool wear on the peripheral cutting edge of the general
end mill and the tool wear on the reaming part and the periph-
eral cutting edges of the ODR tool were also investigated, and
the results are shown in Fig. 9.

New tool

After drilling 160 holes

(b)

(d)
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The junction between the reaming part and the peripheral
cutting edges of the ODR tool is shown in Fig. 9 a and b. The
peripheral edge of the general end mill is shown in Fig. 9 ¢ and
d. Figure 9b shows that the reaming part of the ODR tool was
fully utilized, and mild wear can be observed on the whole
reaming part. As shown in Fig. 9d, only a small part of the
peripheral edge close to the end face was worn out. Affected
by the principle of COD, only a small part of the peripheral
edge was involved in machining, and this part was close to the
end face. The lack of utilizing most parts of the peripheral
cutting edges shortens the tool life, thereby resulting in a large
amount of waste and increases in cost.

4.2 Cutting temperatures

To investigate the impact of different cutting tools on temper-
ature, a FLIR A315 thermal infrared imager was used to mea-
sure the temperature on the hole wall. The temperature rise on
the hole wall during the ODR process, and the COD process
was obtained from the thermal infrared images, and the results
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Fig. 11 Impact of the cutting speed and cutting tools on the temperature
rise during machining

are shown in Fig. 10 and Table 2. Dtl, Dt2, and Dt3 indicate
the temperature rise between the marked points Spl,
Sp2, and Sp3 and the ambient temperature Sp4. Spl
was 1 mm away from the upper layer of the workpiece,
Sp3 was 1 mm away from the bottom of the workpiece,
and Sp2 was 1.5 mm away from Spl.

Figure 10 shows that the maximum temperature rise dur-
ing COD was greater than that during ODR. Each fluctua-
tion in the curves shown in this figure represents the com-
pletion of a processing revolution of the tool, which travels
closer to and then farther away from the measuring point.
Affected by the tool shape, the temperature rise during a
single processing revolution is limited, the number of pro-
cessing revolutions at each marked point is very high, and
the heat dissipation during the process is more efficient.
Heat accumulation is the main cause of the temperature rise
during ODR. In the observation of the temperature rise of
Spl, Sp2, and Sp3, it can be found that when the tempera-
ture of one marked point changes, the measuring point that
lies above it also changes with the same trend but a small
amplitude. This finding indicates that the heat source is dis-
tributed in the Z-direction. In contrast to the ODR, during
COD, there is a slight interaction between the marked
points, and the temperature changes at each marked point
are relatively independent, which indicates that the heat
source is relatively concentrated in the Z-direction.
Moreover, the number of processing revolutions at each
marked point is relatively low, but the temperature rise dur-
ing each single processing revolution is very high. The heat
accumulation and the large temperature rise during a single
processing revolution work together, resulting in a higher
maximum temperature rise in the COD.

Table 2 Exit delamination factor

of different cutting tools Ist hole 40th hole 80th hole 120th hole 160th hole
ODR tool 1 1 1.13 1.15 1.14
General end mill 1.11 1.32 1.23 1.38 1.41
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40t hole

ODR tool

General
end mill

2mm

Fig. 12 Burrs on the exits of holes drilled by two kinds of tools

The maximum temperature rise in the two kinds of tools is
shown in Fig. 11. As presented, compared with the general
end mill, the ODR tool has a lower processing temperature.
Especially in high-speed machining, the discrepancy in the
temperature rise between the two kinds of tools is more
prominent.

4.3 Burrs and delamination

An optical microscope was used to observe the delamination
and burrs. The burrs on the hole exits obtained by the ODR
tool and the general end mill were observed, and the results are
shown in Fig. 12.

Manufacturing holes with the ODR tool can reduce the
degree of damage compared with manufacturing holes with
the general end mill. Even more importantly, note that the
cutting action of the reaming part eradicates the burrs caused
by the milling part, as shown in Fig. 13.

Figure 13a shows that on the exit, there is quite a large burr,
which was cut into small pieces during the next revolution (as
shown in Fig. 13b) and is nearly entirely removed after several
cutting revolutions (as shown in Fig. 13c).

ket

80t hole 120t hole 160t hole

When attempting to reduce defects, much attention is fo-
cused on delamination—including peel-up delamination at the
entrances of holes and push-down delamination at the exits of
holes—and burr formation; however, the primary focus is on
delamination. The occurrence of delamination damage cannot
be completely avoided with the application of two kinds of
tools. Delamination was also observed at the exits of holes
during the ODR process and the COD process in Fig. 12.
Many push-down delaminations and severe damage can be
observed at the hole exit in the COD. However, the ODR
process did not cause severe damage at the hole exit. For an
intuitive comparison, the delamination levels of the holes
were quantified. The delamination factor is calculated for dif-
ferent tools with Eq. 1. The factor, expressed as Fd, is the ratio
of the maximum diameter in the damaged zone (expressed as
Dinax) to the hole diameter, which is expressed as Do, [35].

Dmax

Fy= 1
¢ Dnoln ( )

Table 2 shows the impact of the number of holes machined
on the delamination factor (£,) of different cutting tools.

The degree of tool wear increased as the number of machined
holes increased, and the processing quality of the general end

—

—

(a)

—

b d

(c)

Fig. 13 Burrs removed by reaming part: a a burr appears, b the burr is cut up, and ¢ most of the burr has been removed
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mill gradually deteriorated. However, the ODR tool has always
demonstrated good processing quality. Even if the tool was mod-
erately worn, the machining quality was not seriously affected.

The primary goal of industrial applications is to minimize
delamination for optimal use of tools and to extend tool life.
Machining with ODR is indeed a better approach than machining
with COD, even though the former takes slightly longer than the
latter. The ODR process provides a minor delamination factor,
less thrust force, lower cutting temperature, and longer tool life,
which has good prospects towards industrial application.

Under the same cutting conditions, the machining perfor-
mance of two kinds of tools were studied in this paper, such as
cutting force, tool life, cutting temperature, and machining qual-
ity. Nevertheless, how to further improve the machining perfor-
mance of ODR tool has not been studied in this paper. Therefore,
this will be the main direction of future work. The authors intend
to study the influence of input parameters on machining perfor-
mance and optimize the operation time with a method of variable
feed rate to shorten the time of exit expansion.

5 Conclusion

In this research, the author proposed a dedicated tool for or-
bital drilling of CFRPs. The ODR tool, which contains a mill-
ing part, a reaming part and peripheral cutting edges, is more
complex than a general end mill. With the help of this novel
tool, COD can be improved to a process of ODR, which com-
bines two processes—milling and reaming—into one process.
The ODR tool was analyzed geometrically, and experiments
were carried out to verify the machining performance of ODR
tool for CFRPs; the processing results from the ODR tool
were compared with though from the general end mill.

1. Compared with the general end mill, the ODR tool re-
duces the thrust force and improves the processing quality
by reducing burrs and delamination. The cutting temper-
ature of the ODR tool is also significantly lower than that
of the COD tool, and this discrepancy is more obvious
under a higher cutting speed.

2. Under the same processing conditions, the tool life of the
ODR tool is significantly higher than that of the general
end mill, and the ODR tool can create more holes with
higher processing quality.

3. The ODR tool is easy to popularize and apply in industry
because it offers quality improvements without increasing
costs. The ODR tool is relatively easy to fabricate, and the
ODR process can be executed with the same equipment as
the COD process.
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