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Abstract; Formation of entrance and exit defects in coarse pitch orbital drilling (CPOD) of carbon fiber reinforced
plastic (CFRP) plates was investigated. Deep observation on entrance and exit morphology shows tear and burr are
typical defects. Meanwhile, tear is more obvious than burr, and more entrance tears emerge than exit tears. As
one of the major causes of entrance and exit defects in CPOD, cutting forces were substaintially studied by contrast
experiments. Then, the effect of cutting parameters on entrance and exit tear was qualitatively analyzed through a
single factor test. Experiment results indicate that the variation of rotation speed has little influence on entrance
and exit tear. Increasing tangential feed per tooth can enlarge entrance tear, but bring little effect on exit tear. By
increasing axial feed pitch, the hole entrance and exit show severe tear. When revolution radius grows bigger and
bigger, entrance and exit tear firstly decreases, and then increases. Finally, the models of tear and delamination
during CPOD of CFRP were established, the formation mechanisms of entrance and exit defects were revealed, and
the control strategies were accordingly put forward.
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0 Introduction

The increased usage of composite materials
in aero structure components is one of the impor-
tant indicators to appraise modern aircraft ad-
vancement™’, Among various composite materi-
als, CFRP is widely used in aerospace industry,
which has good mechanical and adhesive proper-
ties. However, its heavy usage also raises the de-
mands of high quality and precision of secondary
machining hole. When machining such material
by push drilling (PD), excessive axial force and
high tool wear often bring about delamination and
tear at the hole entrance and exit. Hence, it is ur-

gent to minimize axial force and improve its dis-
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tribution, finally eliminate defects during CFRP
hole fabricate™®®.

Scholars have research on PD of CFRP in the
aspect of cutting mechanism, drill bit structure,
cutting parameters optimization, and so on.
Lachaud et al. studied the distribution of PD force
along cutting edge, and found the force was uni-
form along chisel edge and main cutting edge ™.
Tsao et al. machined CFRP with various drill
bits. The experimental results showed that feed
and drill size had the greatest influence on axial
force, and the axial force of core-saw drill was the
highest®*'. Krishnaraj et al. analyzed the influ-
ence of process parameters on delamination dur-

ing PD of CFRP". Wonm et al. studied the
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effect of pilot hole on PD force, and found that it

could reduce axial force by 50% M.

Many schol-
ars put forward a kind of variable feed strategy to
inhibit exit defects''*""', Tao et al. investigated
the effect of exit back-up on exit delamination,
and found that exit back-up could raise the critical
value of thrust force*,

The above research achievements have played
an important role in promoting PD technique de-
velopment of CFRP. However, PD has many in-
herent defects as semi-enclosed cutting, high tool
wear, chip removal difficulty, and fixed size hole
making, and therefore PD fails to meet the de-
mand of high precision and efficiency hole-mak-
ing. Developing new hole-making technologies
based on cutting mechanism is a good choice.

In the 1990s’, foreign scholar first proposed
a new hole-making method by milling (i. e. orbit-
al drilling, OD)", Compared with PD, this
method could significantly reduce axial force, and
also have advantages of little tool wear, easy chip
removal and heat dissipation, good machining ac-
curacy, and so on. It has a good application pros-

brzel - Recently,

pect in aviation manufacturing
the new hole-making process is becoming a re-
search hotspot. Wang et al. conducted contrast
experiment of OD and PD of CFRP, and discov-
ered the reduction of cutting temperature worked
as the main reason to improve exit defect in

ODH*,

revolution speed on cutting temperature, and dis-

Shigehiko et al. studied the influence of

covered the increase of revolution speed and the
adoption of compressed air would help to lower
cutting temperature in OD"". Wang investigated
the influence of cutting parameters and tool wear
on cutting force, and analyzed the changes of di-

ameter tolerance, roundness error, and surface

ence of axial feed and tangential feed on cutting
force and hole precision ™.

Although a large amount of research achieve-
ments have been gained in OD of CFRP, research
focuses on small pitch orbital drilling (SPOD),
which is subject to mechanism study and machi-
ning devices. Small pitch feed could decrease ma-
chining efficiency, and need higher revolution
speed. Especially in robotic hole-making sys-
tems, SPOD may impact machining performance
of the whole system™!, Therefore, Shan et al.
proposed a new machining method as coarse pitch
orbital drilling (i. e. CPOD)™in which axial feed
pitch was greater than or equal to 0. 5 mm. How-
ever, the increase of axial feed pitch would en-
large cutting force, and accelerate tool wear,
which lead to different hole defects from PD and
SPOD. The paper attempts to study defect type
and formation reason during CPOD of CFRP, in

order to better inhibit entrance and exit defects.

1 Tests of Entrance and Exit Defects
in CPOD

The tests of entrance and exit defects were
performed on UPC710 machining center with a
spindle of 50 kW. The maximum spindle speed
was 18 000 r/min and the maximum feed rate was
50 m/min. Cutting parameters of CPOD were de-
signed in Table 1. Rotation speed n, was set as
3000, 4 500, 6 000 r/min. Tangential feed per
tooth f, was set as 0. 03, 0. 04 and 0.05 mm.
Axial feed pitch P was set as 0.5, 1, and 1.5
mm, and revolution radius e was set as 1, 2 and
3 mm. The test of CPOD used two solid carbide
end mills with four teeth and coating TiAIN. The

diameters of the two end mills were 8 mm and

roughness”. Denkena et al. analyzed the influ- 6 mm,respectively.
Table 1 Cutting parameters and experimental condition in CPOD
Cutting tool
- 5 Cooling n./ Sl P/
Diameter/ Number of ) e¢/mm
Material method (r*min ") (mm =z ') mm
mm teeth

g Solid carbide end 3 000 0.03 0.5 1
6 4 mills coated Dry milling 4 500 0. 04 1.0 2
TiAIN 6 000 0.05 1.5 3
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The test materials were comprised of T300
carbon fiber and 3234 epoxy resin. The stacking
sequence of the laminate is [0/90 Jss. The CFRP
laminates were 15 plies with 60% fiber volume
{raction. Physical photo and plain weave sketch of
the CFRP laminates are shown in Fig. 1. The size
of the CFRP laminates was 200 mm X 100 mm X
3.8 mm. Chip removal by vacuum was adopted to

lower temperature in cutting zone.

Fig.1 CFRP laminates

To analyze the impact of coarse pitch feed on
cutting force and hole making defect, a contrast
test of CPOD and PD was also conducted. Cut-
ting parameters in contrast test were designed in
Table 2. PD test was performed by a 10,2 mm
solid carbide drill with two teeth and Coating
TiAIN. The tools of contrast test are shown in

Fig. 2.

(b) Drill
Fig.2 Tools of contrast test

Cutting force was measured using 3-compo-
nent dynamometer, Kistler 9265B, and 5019 Kis-
tler charge amplifier. Entrance and exit defects
were observed by tool microscope. To display en-
trance and exit defects clearly, image zooming
technique was used in morphology pictures pro-
cessing. Therefore, holes with the same diameter

might show different sizes in various pictures.

Table 2 Cutting parameters in contrast test

Hole diameter/ Hole making ng/ Sa/ e/ P/ d./
mm method (r+ min ") (mm =z ") mm mm mm
10. 2 CPOD 3 000 0. 06 1.1 1 8
10. 2 PD 800 0.05 0 10.2

2 Entrance and Exit Morphology
Observation and Cutting Force
Analysis in CPOD

2.1 Observation of entrance and exit morphology

Fig. 3 gives entrance and exit morphology
when a J10. 2 mm hole was produced by CPOD
using a J8 mm end mill with n,of 3 000 r/min,
f,.0f0.05 mm, and P of 0.5 and 1. 5 mm. As
can be seen from Fig. 3(a), there is some exit
tear. Parallel torn cracks on the surface layer
could be observed clearly, and the bottom materi-
als are invisible. These cracks at the peripheral
direction of the hole is wide enough and looks like

a rectangular. From Fig. 3(b), the entrance shows

(d) Atthet

) At the hole exit (P

Fig. 3 Entrance and exit morphology with &8 mm

end mill
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a certain scope of tear, and the torn materials
have fallen off. The torn shape parallel to the pe-
ripheral direction of the hole looks like zigzag.
The length of entrance tear is 1. 82 mm, and the
width is 0. 656 mm. When P is set at 1. 5 mm,
entrance and exit tear are obviously serious as
shown in Figs. 3(c,d). There is much exit tear
and uncut materials in CPOD. The broken of un-
cut materials at the hole exit appears at one side
of the hole, which is evidently different from the
broken at the hole center in PD. Although the
torn materials at the hole entrance has not fallen
off, strip tore is more distinct than that in Fig. 3
(b).

Fig. 4 shows entrance and exit morphology
when a & 10. 2 mm hole is produced by CPOD
using a 6 mm end mill with rotation speed n, of
3 000 r/min, f, of 0. 05 mm, P of 0. 5 and
1.5 mm. In Fig. 4, there is no tear and burr at
the hole exit, and little tear happens at the hole
entrance. Entrance tear in Fig. 4(d) is more seri-

ous than in Fig. 4(b).

Fig. 4

Entrance and exit morphology with

@6 mm end mill

From Figs. 3,4, it is easy to know that the
increase of P would sharply worsen entrance and
exit defects, and small diameter tool would con-
tribute to restrain entrance and exit defects, and
much more entrance tear emerges than exit tear.

In the tests, it is also discovered that entrance

and exit tear looks more serious than delamina-

tion and burr,
2.2 Analysis of cutting force

Cutting force is one of the major factors cau-
sing entrance and exit defects in CFRP. To inves-
tigate the influence of cutting force on hole mak-
ing defects in CPOD, the contrast experiment
was performed according to Table 2. Fig. 5 shows
measure values of cutting forces in CPOD and

PD.

Fig. 5 Cutting forces of PD and CPOD

Compared Fig. 5 (b) with Fig. 5 (a), we
found that F, and F, in CPOD are bigger than
those in PD. The axial force F, of CPOD is about
250 N, while the value of PD is 350 N, which is
significantly reduced by about 29%. As cutting
speed of tool center top (TCP) is 0 during PD,
hole center materials are separated from the
workpiece by squeezing. However, hole bottom
materials in CPOD are cut by side and front cut-
ting edges. The difference might have impact on
entrance and exit defects in CPOD.

Since axial force of CPOD mainly comes from
front cutting edge, it is also observed that the

amplitude of axial force in CPOD is uprising fas-
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ter than that in PD. When axial feed depth of the
tool is equal to axial feed per tooth, axial cutting
thickness per tooth of front cutting edge remains
at a constant value, and the axial force at the mo-
ment reaches the maximum. As rotating speed is
much higher than revolution speed, the variation
of axial feed depth from zero to the maximum is
transient. In PD, chisel edge first contacts with
workpiece material and main cutting edge gradu-
ally participates in cutting. The process would
cause the rise in drilling axial force to slow down.

The experiment result is shown in Fig. 5.

3 Main Factors Affecting Entrance
and Exit Tear in CPOD

Adjusting cutting parameters is the most
convenient method to control cutting force.
Therefore, a single factor experiment was adopt-
ed to study the influence of cutting parameters on

entrance and exit tear in CPOD.
3.1 Influence of n, on tear

Fig. 6 shows entrance and exit morphology
when the hole is produced by CPOD of CFRP
using a &8 mm end milling with n, of 3 000,
4 500 and 6 000 r/min, f, of 0. 05 mm, e of 2
mm, and P of 1 mm. Entrance torn materials fall
off when n,=3 000 r/min. When n, =4 500 r/
min, entrance torn materials are still connected
with the workpiece. When n, =6 000 r/min, a
small amount of burr occurs at the entrance. Un-
der the three above rotation speeds, there is no
exit tear but only little burr at the exit. In gener-
al, rotation speed n, has a limited impact on en-

trance and exit tear.

n/t « min™) 3000 4500 6000

Entrance

Exit

Fig. 6 The influence of n, on entrance and exit tear

3.2 Influence of f, on tear

Fig. 7 shows entrance and exit morphology
when the hole is produced by CPOD of CFRP by a
&8 mm end milling with n, of 3 000 r/min, f, of
0.03, 0.04 and 0. 05 mm, e of 2 mm, and axial P
of 1 mm. From Fig. 7, the increase of f, causes

slight worsening of entrance tear, while exit tear

does not emerge.

.

Fig. 7 The influence of f, on entrance and exit tear

For further analysis, undeformed chip model
in OD is established as shown in Fig. 8. Herein,
frmex and  f,.me donate the maximum cutting
thickness of side and front cutting edges. P do-
nates axial cutting depth of side cutting edge,
which is also called as axial feed pitch. According
to the model, f,.mx and f,.... can be calculated
by Egs. (1), (2). The two equations reveal that
the increase of f, has more effect on side edge
cutting than front cutting edge. Consequently,

the entrance tear is more serious

. _ Zmen,
fzt.max - (7’[52) (l)

_ P,
fza.max - (7’1\2) (2)

where Z is the number of tool teeth, n, means
revolution speed.

3.3 Influence of axial feed pitch P on tear

Fig. 9 shows entrance and exit morphology
when the hole is produced by CPOD of CFRP
using a @8 mm end mill with n, of 3 000 r/min,
f, of 0.05 mm, revolution radius e¢ of 2 mm, and
P of 0.5,1 and 1. 5 mm. In Fig. 9, entrance and
exit tear shows an evident uptrend under coarse
pitch feed. The reason is that when axial feed

pitch increases, axial feed per tooth of front cut-
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Fig. 8 Undeformed chip in orbital drilling

ting edge increases according to Eq. (2), and axi-
al cutting depth of side cutting edge is increasing
at the same time. If ¢ remains unchanged, cutting

effect of front cutting edge is increased, which

leads to serious entrance and exit tear.

)| om | oo | oos |

) ...

1t
Fig. 9 Influence of P on entrance and exit tear

3.4 Influence of revolution radius e on tear

Fig. 10 reveals entrance and exit morphology
when the hole is produced by CPOD of CFRP
using a J8 mm end mill with n, of 3 000 r/min,
fnof 0.05 mm, P of 1 mm, and ¢ of 1, 2 and
3 mm. With the increase of revolution radius, en-

trance and exit tear decreases at first, and then

increases.

I I N

Entrance ...

Fig. 10 Influence of ¢ on entrance and exit tear

Two cutting zones of front and side cutting
edges are demonstrated in Fig. 11. Zone B refers
to the region of the smallest circle. The materials
in zone B are only removed by front cutting edge.
Zone A represents the shadow area outside of
zone B, where front and side cutting edges both
participates in processing. The cutting effect in
OD presents two forms. One is similar to cutting
effect of drilling, the other is like the cutting
effect of milling. When e is small, zone B be-
comes large accordingly, and the first cutting
effect is dominant in OD. When e increases, the
area of zone A is accordingly enhanced, so the

second cutting effect gradually plays a dominant
role in OD.

Fig. 11

The influence of e on cutting zone

4 Formation Mechanism of Entrance
and Exit Defects in CPOD

Similar to PD and SPOD, entrance and exit
tear always accompanies with delamination during
CPOD of CFRP. The following part focuses on
analyzing formation mechanisms of tear and de-

lamination in CPOD of CFRP.
4.1 Delamination and tear at the hole entrance

When the tool feeds along helical track, front
cutting edge enters into cutting at first. With the
tool going on feeding, side cutting edge gradually
also participates in cutting. According to the rela-
tive movement trail between the tool and the
workpiece, hole surface is machined by side cut-
ting edge.

The moment tool cuts into workpiece, a
downward normal pressure F,, as shown in

Fig. 12(a) is generated by the collision between
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Delamination

(a) Sketch of entrance delamination

|

l

(b) Instantaneous forces on side cutting edge

Fig. 12 Formation model of entrance delamination

the front cutting edge of the tool and the surface
layer of CFRP. Most of F,, comes from front cut-
ting edge. As rotation speed n, is higher than rev-
olution speed n, and axial feed per tooth f,, is
small, F,, quickly reaches the maximum. Under
F.. , the stress and strain of the hole bottom ma-
terials changes greatly. Due to the greater thick-
ness of the uncut materials, deformation and de-
lamination is not distinct between the interlayers
of hole bottom materials. As for hole edge, the
material is cut by side cutting edge. Under tool
rotation, an upward force F,; caused by side cut-
ting edge acts on the part material, which is
shown in Fig. 12 (b). If the interlayer stress
caused by F,, reaches the limit value, entrance de-
lamination would occur. However, the size of en-
trance delamination would become smaller and
smaller when OD is going on.

Besides, the materials of entrance delamina-
tion are also acted upon by tangential component
force of side cutting edge F,; » which is shown in
Fig. 13. With the action of F,; , bend deformation
occurs in entrance delamination materials along
the hole direction of circumference. When the de-
formation reaches to limit value, these bended

materials would be broken, and entrance tear ap-

/
F,

z]

Fy
==
~

\___

The boundary of tear

The boundary of delamination

Fig. 13 Formation model of entrance tear

pears. But in PD of CFRP, main cutting edge of
drill bit is gradually involved in cutting, then sur-
face layers at the hole entrance produce downward
bend deformation. In this processing method, en-
trance tear is difficult to be produced, which is
obviously different from the situation in CPOD.
Since CFRP is a hard and brittle material, cutting
vibration is inevitable in CPOD of CFRP, which
could increase entrance tear and burr. Therefore
much, more entrance tear in CPOD emerges than
in PD.

In conclusion, entrance delamination and tear
during CPOD is mainly caused by side cutting
edge. To restrain entrance lamination, it is neces-
sary to control cutting parameters of CPOD, and
reduce the upping axial force resulted from side
cutting edge. As for entrance tear, the tangential

force resulted from side and front cutting edge

should be reduced.
4.2 Delamination and tear at the hole exit

As tool gets closer to the back of CFRP lami-
nates, downward bending deformation appears at
the uncut layers of the hole bottom under the ac-
tion of F,, which is shown in Fig. 14.

Especially when tool comes near the last few
layers, large bending deformation occurs on the
uncut materials without back auxiliary support,
or other material constraints. Due to the exist-
ence of revolution radius, the hole side near TCP
significantly suffers from axial force F,, so the
delamination is large, while the other side far a-
way from TCP is under little action of F,,, and ac-

cordingly the delamination is small. The large
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Delamination

Fig. 14 Formation model of exit delamination

stress between layers causes model I crack to in-
crease gradually to form exit delamination. When
the machining process comes to the hole exit, the
materials of hole edge are firstly cut by side cut-
ting edge. At this moment, the hole bottom ma-
terials which are contacted with front cutting edge
still have a certain thickness. If hole exit has
large delamination, the situations in Figs. 3(c,d)
emerge.

From Figs. 15,11, it could be deduced that
cutting force distributing on front cutting edge
firstly keeps a constant value from inside to out-
side in the radial direction of the hole, and then
gradually decrease to zero. The materials of the
hole bottom are separated from the workpiece by
side cutting edge. As CFRP has low interlaminar
strength, a certain scope of exit delamination oc-
curs under axial force, although tool deviates
from the central of the hole. The torn materials
produce bending deformation along with the tan-
gential direction. The surface materials of exit
delamination are broken by the tangential force

and forms exit tear as shown in Fig. 15.

The boundary of delamination

Fy

F The boundary of tear

zl

Fig. 15 Formation model of exit tear

The exit tear becomes more obvious especial-

ly when axial force gets larger. At the moment,
the speed of stress variation at the hole edge is
much quicker than that at the delamination edge
far away from the tool, and the hole bottom ma-
terials still keep a certain thickness, which could
resist deformation to some extent. Thus, cover
type tear is easy to be formed at the hole exit.
When axial feed pitch is set at a small value,
front cutting edge produces little axial force,
which leads to a small scope of exit delamination.
At the same time, the stress variation at the hole
edge is quickly passed to the edge of delamina-
tion, and the uncut materials at the hole bottom
are thinning, whose property of resisting deform-
ation is reducing. Thus, open type torn is formed
at the hole exit. When a tool cuts through CFRP
laminates, side cutting edge is still machining the
hole exit till the end of OD.

In general, excessive axial and tangential
forces during CPOD of CFRP are the principal
causes to form delamination and tear at the hole
exit. The axial force comes from front cutting
edge, and the tangential force comes from front
and side cutting edges. To restrain delamination
and tear at the hole exit, optimization of cutting
parameters is suggested to reduce axial and tan-

gential forces.

5 Conclusions

(1) The typical defects at the hole entrance
and exit are tear and burr during CPOD of CFRP.
Meanwhile, tear is more obvious than burr, and
more entrance tear emerges often than exit tear.

(2) The contrast test between CPOD and PD
of CFRP shows that the former could reduce axial
force by about 50%, and bring about bigger tan-
gential and radial force at the same time.

(3) The single factor experiment results
show the following conclusions: @ the variation
of rotation speed has small effect on entrance and
exit tear. (@ The increase of tangential feed per
tooth could worsen entrance tear, but has no
effect on exit tear nearly. @ The increase of axial
feed pith could sharply enlarge entrance and exit

tear. @ The increase of revolution radius could
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firstly eliminate entrance and exit tear, and then
enlarge entrance and exit tear.

(4) The formation models of delamination
and tear at the hole entrance are established.
They show that entrance delamination is mainly
caused by upward axial force which is resulted
from side cutting edge, and entrance tear is
caused by aforesaid upward axial force and tan-
gential force which comes from side cutting edge.

(5) The formation models of delamination
and tear at the hole exit are also established.
From the models, it can be seen that exit delami-
nation is caused by downward axial force resulted
from front cutting edge, and exit tear is caused by
downward axial force from front cutting edge and

tangential force resulted from side and front cut-

ting edge.
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