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Abstract: Drilling two different materials in a layer, or stack-up, is being practiced widely in the
aerospace industry to minimize critical dimension mismatch and error in the subsequent assembly
process, but the compatibility of the drill to compensate the widely differing properties of composite
is still a major challenge to the industry. In this paper, the effect of customized twist drill geometry
and drilling parameters are being investigated based on the thrust force signature generated during
the drilling of CFRP/ Al7075-T6. Based on ANOVA, it is found that the maximum thrust force for
both CFRP and Al7075-T6 are highly dependent on the feed rate. Through the analysis of maximum
thrust force, supported by hole diameter error, hole surface roughness, and chip formation, it is found
that the optimum tool parameters selection includes a helix angle of 30°, primary clearance angle of
6°, point angle of 130°, chisel edge angle of 30°, speed of 2600 rev/min and feed rate of 0.05 mm/rev.
The optimum parameters obtained in this study are benchmarked against existing industry practice
of the capability to produce higher hole quality and efficiency, which is set at 2600 rev/min for speed
and 0.1 mm/rev for feed rate.

Keywords: single-shot drilling; CFRP/ Al stack; thrust force signature; twist drill; surface roughness;
hole diameter; ANOVA

1. Introduction

A typical wide body aircraft requires at least 55,000 holes to be drilled for construction
and assembly [1]. Holes” quality and integrity is critical to the safety and reliability of
aircraft, and must meet the stringent requirements of aircraft manufacturers as well as the
aviation industry standards. Hence, the drilling method, tools and parameters selected
are essentially important to ensure that the tight tolerance and requirements of aircraft
assembly is being fulfilled. Of late, a single-shot drilling technique is increasingly applied
on the metal and composite materials, such as aluminum and carbon fiber-reinforced
polymer (CFRP), where both materials are stacked up and drilled in a single shot, to ensure
perfect alignment and matching in the assembly process at a later stage, where aluminum
and CFRP are stacked in layers forming the aircraft structure [2,3]. It is also the aim that
the preceding processes should require minimum operational steps and reduced reworks,
which greatly minimize production cost. The conventional drilling of polycrystalline
diamond (PCD) drilling in the assembly of aircraft structures is being gradually replaced
with single-shot drilling, mainly driven by the dire need to reduce drilling steps, which in
return reduces the process, the amount of cutting tools to be used and there is an overall
reduction in drilling cost [4,5]. It also promises better hole alighment and integrity. As
such, the single-shot drilling technique is fast becoming a preferred choice for the drilling
of aluminum-CFRP stack up [2,6].
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Despite the progress made on the single-shot technique for stacked material drilling,
the aviation industry still faces some challenges in producing optimum and consistent
hole quality, which is critically required for safety and reliability. Besides holes having a
relatively small and tight tolerance, the challenge imposed on the stacked-up materials is
due to their vast difference and contrasting properties, where a compromising processing
parameter is difficult to determine by the conventional approach. [7,8]. The significant
difference in the properties of both metal and composites contribute to rapid tool failure
and poor hole quality when both materials are drilled in a single shot, without proper
guidance and a systematic approach [9,10]. On top of that, in current practice in the
industry, the drilling process is carried out based on a trial-and-error method or is highly
skill-dependent on the experience of the operators. This has contributed to inconsistency
in holes’ tolerance and quality, which have resulted in high scraps, bringing about huge
loss to the company. Statistically, it is reported that about 60% of the rejection are due to
the defects in the holes [11].

Since CFRP composite material offers excellent strength to weight ratio, damage
tolerance, fatigue and corrosion resistance, it is gradually replacing the conventional
material and currently make up 50% of the structural weight of aircraft [12]. In order
to facilitate component assembly, drilling is a common machining process. However,
due to the property of alternately matrix and reinforcement materials of CFRP, the tool
selection and machining parameters will largely correspond to the machining process
quality [13,14]. In the research conducted by Phadnis et al. [15], thrust force, torque and
delamination damage increase significantly with feed rate, but decrease gradually with
increasing cutting speeds. Fernandes and Cook [16] studied the drilling of CFRP of varying
thickness and found that chip formation during drilling operation caused high tool wear
rates and subsequently increased drilling force. Qi et al. [17] showed that delamination-free
holes can be obtained if the thrust force is maintained lower than a critical thrust force.
Heisel and Pfeifroth [18] investigated the effect of varying point angles on the drilling of
CERP and proposed that a lower point angle will result in a smaller feed force.

The Al7075-T6 aluminum alloy, with zinc as the main alloying element, is commonly
used in aircraft construction due to its strong and high strength advantage compared to
many steels; it possesses good fatigue strength and average machinability [19,20]. Fur-
thermore, Zitoune et al. [21] mentioned in their paper that the major problems arising in
aluminum is the built-up edge (BUE) and burr at the exit side of the hole. However, BUE
can be eliminated by increasing the spindle speed and the exit burr can be reduced if the
feed rate is increased.

In most of the research, the study of critical thrust force is used as a benchmark to
evaluate the drilling quality of stacked up materials. Zitoune et al. [21] found that the
thrust force and torque during the drilling of CFRP/Al increase with the feed rate but
decrease with spindle speed, similar to single material drilling. Moreover, the thrust force
and torque during the drilling of Al compared to CFRP is doubled at a low feed rate
(0.05 mm/rev) but tripled at higher feed rates (0.1 mm/rev and 0.15 mm/rev). This is
because of the higher impact of the fiber and reduced effective clearance angles of the drill,
thereby creating frictions between the CFRP /Al stack. Even so, it discussed when drilling
stacked up materials, that machining demands higher feed rates in order to break up the
chips and avoid the creation of burrs or built-up edge-built-up layer (BUE-BUL) [22].

Thrust force is the signature generated from a dynamometer at real time to monitor
the drilling operation of the stacked-up materials. Based on various articles of the scientific
literature [23-30], the thrust force recorded during the drilling of aluminum was found
to be two to three times higher than those recorded during the drilling of the composite
material. The thrust force generated while drilling CFRP is between 40 N and 300 N, while
a range of 180 N to 658 N is recorded for the drilling of aluminum. Besides the mechanical
properties of the stacked-up material, the thrust force is greatly influenced by the selection
of parameters and tool geometries combination.
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Montoya et al. [24] considered that abrasion was the strongest wear mechanism
observed in CFRP/ Al drilling, mainly due to the highly abrasive properties of carbon fiber.
The CFRP damage at the hole entry is directly related to the aluminum chip evacuation.
Zitoune et al. [27] found that the increase feed rate will lead to a significant increase in the
value of the roughness, regardless of the type of drill used. In addition, Benezech et al. [31]
concluded that the selected machining parameters have more influence on the surface
roughness of CFRP than aluminum. This could be due to the isotropy property of the
material [21].

Chip breakability is another factor which influences the quality of drilled holes. Zi-
toune et al. [25] mentioned that the feed rate and the drill diameter have a greater effect
on chip breakability than spindle speed, due to the increase in cross sectional area of chip.
Generally, discontinuous chips or small well-broken chips are preferable for aluminum
because their small size allows them to move through the flutes more easily, decreasing the
torque requirement and temperature and eventually reducing the risk of drill breakage.
Moreover, the evacuation of aluminum chips directly affects the hole quality of CFRP, at the
both the entry and wall of the hole [21], leading to the occurrence of peel up delamination
at the top of the hole. The presence of continuous chips and accumulation of dust quantity
in the air has been reported to reduce the efficiency of the vacuum system used for chip
evacuation [25]. Hence, in order to maintain a sufficient hole quality for both aluminum
and CFRP, the optimum parameter combination can be obtained with the use of lower feed
rate. Both surface roughness and chip breakability are found to be highly dependent on
the feed rate but not the spindle rate.

It is found that the hole diameter of metallic part is consistently larger than the
composite. Zhang et al. [32] explained that the defects which are found in the CFRP holes
are erosion, flash and tearing, whereas aluminum appears to have adhesive material and a
large burr on the hole surface.

This paper aims to identify the optimum drill geometry and drilling parameters for
stacked-up materials thanks to the thrust force signature. It could be used for process
monitoring and active feedback for process improvement. This will also benefit the industry
as the performance of drill bit and the drilling process can be measured based on real time,
where instant feedback may be used to rectify onsite problem.

2. Materials and Methods
2.1. Worpiece Materials

Drilling tests were carried out on a CFRP and aluminum 7075-T6 (Al7075-16) stack.
The density of CFRP and A17075-T6 was 1.601 g/cm? and 2.597 g/cm?, respectively, and
the hardness value of the former was 180 HV, while the latter was 250 HV. The composite
specimen was 3.6 mm thick, made up of 26 plies of unidirectional carbon fiber and 2 plies
of glass fiber, which were placed at the top and bottom of the laminate, joined together
by carbon/epoxy prepregs. The cure ply thickness of carbon fiber and glass fiber were
0.125 mm and 0.08 mm each, respectively. The layer stacking was symmetric, with the
sequence of [45/135/90,/0/90/0/90/0/135/45,/135]s. Meanwhile, the metal panel used
was Al7075-T6, with the percentage of alloying elements as follows: Al~92.459, Mg~2.696
and Zn~4.845 wt%.

2.2. Cutting Tool and Force Measurement Setup

In this work, the twist drill bit was made of tungsten carbide with a composition
of WC~ 93.36 and Co~6.64 wt%. It had a density of 14.35 g/cm? and a hardness value
of 1625 HV, both of which were significantly higher than the work-piece material. Six
parameters with two levels (low and high) were studied in order to identify the optimum
drilling parameters for stacked-up CFRP/Al 7075-T6 that complies with the specifications.
The feed rate, spindle speed, helix angle, primary clearance, point angle and chisel edge
angle were selected as the parameters for this study. The design of experiment (DOE)
method was applied to simplify and eliminate the insignificant combination of parameters.
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Table 1 shows the combination of parameters for each run was generated based on L8
(26) fractional factorial design using Minitab 16. A total of 8 runs of experiments were
conducted. Figure 1 shows the experimental setup for thrust force measurement for run 1
until run 8. Five holes (called Trials) were drilled for each experimental condition (called a
Run) to reflect the quality of holes more accurately by taking the average readings besides
monitoring the thrust force. For this experiment, 8 drill bits (one bit for each Run) with a
bit diameter of 4.826 mm each were prepared based on the parameter combination.

Table 1. Parameter combination based on fraction factorial design.

Helix Primary Point Edge Speed Feed
Run Angle Clearance Angle Angle (re\II’/min) Rate
©) ) ©) ©) (mm/rev)
R1 15 6 110 45 2600 0.1
R2 15 8 110 30 2600 0.05
R3 15 6 130 45 1500 0.05
R4 15 8 130 30 1500 0.1
R5 30 6 110 30 1500 0.1
R6 30 8 110 45 1500 0.05
R7 30 6 130 30 2600 0.05
R8 30 8 130 45 2600 0.1

Drill bits for
Run 1 to Run 8
(from left to right)

\F# \
)|

e

B

Data Acquisition System
Figure 1. Experimental setup for drilling process and drill bits for Run 1 to 8.

2.3. Drilling Process

The drilling operation is carried out on CNC high speed milling machine, model
Alpha T21iFB that manufacturer by FANUC CORPORATION (Yamanashi, Japan). Figure 1
shows the experimental setup of the drilling process with CNC milling machine, work-
piece jig, dynamometer and data acquisition system. To acquire the thrust force signature
during the drilling process of a stacked-up material, a dynamometer (Kistler 4 component
dynamometer type 9272) was attached to the worktable of the CNC machine. When the
force was detected during the drilling operation, the test data were transmitted to the
data acquisition system. The data acquisition system consisted of a multichannel charge
amplifier (type 5070) and Kistler DynoWare software (IMC Measurement and Control
Version 3.2 Rev 2). After the four component sensors on the dynamometer transferred the
charge signal to the multichannel charge amplifier, and the multichannel charge amplifier
converted the resulting charge signal, which was proportional to the applied force, to
voltage. The resulting signals were converted to force and torque by the calibrated data
and were displayed in the software in the form of thrust force signature versus progression
of drilling time.
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2.4. Hole Integrity Assessment

Hole integrity assessment was carried out for hole diameter error and surface rough-
ness. The hole measurement was performed using a coordinate measuring machine (CMM)
model Crysta-Plus M443, and surface roughness was measured using a contact roughness
tester (Surftest SV-3100). Both equipment was supplied by Mitutoyo America Corporation,
Aurora, Illinois. For hole measurement, four points along the hole circumference were
taken by placing the probe at the midpoint of the hole thickness for CFRP and the A17075-T6
aluminum panel, respectively. Diameter error was determined from the difference between
nominal and measured value.

Surface roughness measurement was performed on a cut-off wavelength of 0.8 mm
and an evaluation for measurement in thickness direction of 1.6 mm. Roughness measure-
ment was repeated four times for each hole and the average value was taken.

2.5. Chip Observation

Chip formed during the drilling is an important indicator of the tool-material interac-
tion and the resulting force during the drilling process. In this work, chip formed during
the drilling was observed using an optical microscope of magnification 25x and the chips
were categorized according to their different characteristics form.

3. Results and Discussion
3.1. Thrust Force Analysis

Figure 2 shows the thrust force signature generated from dynamometer during the
drilling of holes 1 to 5 for Run 1 (R1). The force signature represents a characteristic
curve for the Al7075-T6 and CFRP layer as single-shot drilling took place. The maximum
thrust force for each run is obtained by averaging the peak thrust force values of the five
consecutive holes drilled. The thrust force of the aluminum plate (AL7075-T6) is proven to
be two or three times higher than the thrust force of the CFRP panel based on Table 2. This
result is in agreement with results in the literature [33]. This is due to the higher hardness
of the aluminum panel (250 HV) compared to the carbon composites panel (180 HV) [34],
resulting in lower impact on the fiber while drilling CFRP [35]. The thrust force of CFRP
obtained from this experiment ranges from 87.69 N to 126.18 N, whereas for Al7075-T6, it
varies between 218.21 N and 375.54 N. From the obtained result, R2 has the lowest CFRP
peak thrust force, while R7 generates the lowest Al7075-T6’s peak thrust force value.

0.40

0.35 A

0.30 A

0.25

0.20 A

Thrust force, kN

0.15 4

0.10

A AN M

0.00 T T T T T T T T
0 2 4 6 8 10 12 14 16

Time ,s

Figure 2. Thrust force signature for Run 1 (2600 rev/min, 0.1 mm/rev).
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Table 2. Tabulation of maximum thrust force value of CFRP and A17075-T6.

Run Thrust Force Ratio
Fmax Fmax
CFRP Al17075-T6
R1 109.6798 375.5436 34
R2 87.6906 281.6864 3.2
R3 105.3568 280.1942 2.7
R4 118.6368 347.0388 2.9
R5 99.8840 289.8348 29
R6 91.5390 227.8538 2.5
R7 103.4484 218.2104 2.1
R8 126.1754 300.0978 24

Through comparison of the thrust force signature generated from hole number 3,
which represents an ideal condition of drilling process, it is observed that the trend of
the thrust force signature produced during the drilling of Al7075-T6 differs between that
of a helix angle of 15° (R1 to R4) and a helix angle of 30° (R5 to R8). Based on Figure 3,
the thrust force signature from R1 to R4 fluctuate dramatically, causing a higher thrust
force peak, with an average of 333.328 N. Meanwhile, the thrust forces generated from
R5 to R8 have more stable fluctuation and a lower peak magnitude (average thrust force
of 258.731 N), comparatively. The result proved that the helix angle is a significant factor
affecting the thrust force of the aluminum panel.

Helix angle
)

Thrust force signature

Average
maximum
thrust force
(N)

Run 1

Run 2 Run 3

Run 4

/"

A A

Agﬂ R1 -396.30
R2 - 284.39

|

15

Run 5

A
|
fil

I

[

Run &

R3 - 299.82
[ R4 - 352.44

Average
333.33

R5 —286.85

/ M

/ | {1 R6 —230.42
w [

30 J]

AL

i)

| [ R7 —218.06
| B R8 —299.59

Average
258.73

Figure 3. Thrust force signature for A17075-T6 panel at 15° and 30° helix angle.
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3.2. Analysis of Variance

In order to further analyze the influence of parameters to the maximum thrust force of
CFRP and Al7075-T6, respectively, the ANOVA technique is applied. The p-value calculated
from ANOVA is used as an indicator to verify the optimal processing parameters which
are statistically significant towards its responses, whereby the p-value of the model must
not exceed 0.05, since a 95% confidence level is selected for the analysis. Based on the
ANOVA result shown in Tables 3 and 4, factors which significantly influence the maximum
thrust force value for CFRP are feed rate (47.22%) and point angle (45.09%); meanwhile,
for Al7075-T6, feed rate (58.4%) and helix angle (38.87%) contribute significantly to the
maximum thrust force value. Furthermore, the aforementioned values of percentage of
contribution show that feed rate has the strongest correlation to the thrust force value for
both materials.

Table 3. Summary of ANOVA for maximum trust force for CFRP panel.

p-Value Percentage of
Source Sum of Square df Mean Square F Value Prob > F Contribution
Model 1142.06 3 380.69 66.23 0.0007 -
Point angle 527.27 1 525.27 91.38 0.007 45.09
Chisel edge point 66.65 1 66.65 11.60 0.0271 5.72
Feed rate 550.14 1 550.14 95.71 0.0006 47.22
Residual 22.99 4 5.75 - - 1.97
Cor Total 1165.06 7 - - - 100
Std Dev. 2.40 - R? - 0.9803 -
Mean 105.30 - R? adjusted - 0.9655 -
C.V% 2.28 - R? predicted - 0.9211 -
PRESS 91.97 - Adequate - 22,748 -
precision

Table 4. Summary of ANOVA for maximum trust force for A17075-T6 panel.

p-Value Percentage of
Source Sum of Square df Mean Square F Value Prob > F Contribution
Model 19,312.31 2 9656.15 89.09 0.0001 -

Helix angle 7716.93 1 7716.93 71.19 0.0004 38.87
Feed rate 11,595.38 1 11,595.38 106.98 0.0001 58.40
Residual 22.99 5 108.39 - - 2.552
Cor Total 19,854.27 7 - - - 100
Std Dev. 10.41 - R? - 0.9727 -

Mean 290.06 - R? adjusted - 0.9618 -

C.V% 3.59 - R? predicted - 0.9301 -

PRESS 1387.41 - Adequate - 21.686 -
precision

Main effect plot is applied alongside to study the effect of each parameter to the
maximum thrust force value. As depicted in Figure 4, it is found that the lowest thrust
force is generated during CFRP drilling with primary clearance angle of 6°, point angle of
110°, chisel edge of 30°, spindle speed of 1500 rev/min and feed rate of 0.05 mm/rev. Helix
angle of 30°, point angle of 130°, chisel edge of 30°, speed of 1500 rev/min and feed rate of
0.05 mm/rev represent the optimum values found to obtain the lowest thrust force during
Al7075-T6 drilling in the tested range. Meanwhile, the primary clearance angle appears to
have no effect on CFRP and Al7075-T6, respectively.
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(a) Main Effects Plot for Thrust force (CFRP)
Data Means
T Helx angle Primary clearance Point angle
110 /.
105 - o S
100 /
= 957 T T T T T T
3 15 30 6 8 110 130
= Chisel edge angle Speed Feedrate

1154

110
105 / e /

g e

100

i

T T T T
30 45 1500 2600 0.05 0.10

95

(b) Main Effects Plot for Thrust force (Al)
Data Means
Helx angle Primary dearance Pont angle
325+ \
300 \,\
I — .-___——-‘
— —
275
e
c 250_ T T T T T T
E 15 30 6 8 110 130
Chisel edge angle Speed Feedrate
3254 /
300+
p— QST
— — /
275 /
250 ./

30 45 1500 2600 0.05 0.10

Figure 4. Main effect plot for the maximum thrust force (a) CFRP and (b) Al7075-T6.

The analysis of Figure 4 also indicates that a higher feed rate results in higher maxi-
mum thrust force for both CFRP and Al7075-T6. This is because a high feed rate increases
the cutting depth per revolution, thus increasing the shear area of CFRP [36]. An increase in
helix angle leads to a lower thrust force for Al7075-T6 while there is no effect for CFRP. This
is associated to the increase in the rake angle on the lips, which consequently contributes to
a better surface finish. As for CFRP, besides the feed rate, the point angle and chisel edge
angle appear to significantly the peak thrust force value. A lower point angle and chisel
edge angle will both result in a lower peak thrust force. A lower point angle is optimum
for CFRP because of the non-homogenous behavior of CFRP. In addition, the point angle is
a critical factor to CFRP because it is the first contact point that cuts the fibers and matrix at
the drill hole wall [18]. It is more effective to cut the CFRP, which is stacked layer by layer
using a more acute angle (110°) because the cutting area is smaller besides minimizing
delamination damage [37]. As for the chisel edge angle, it is related to the cutting lips
produced. At a lower chisel edge, the cutting lips produced are longer, leading to a more
efficient cutting process.
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3.3. Hole Integrity Analysis
3.3.1. Hole Diameter Error

The hole diameter of the stacked-up materials are largely dependent on the selection
of different tool geometries and parameters. The nominal diameter is the actual diameter
of the drill bit before drilling. The measured diameter is the resulting hole diameter after
the drilling process. The difference in the nominal and measured diameter for each hole
was determined. The variation between hole diameter of CFRP and Al7075-T6 are also
compared for each run. The comparisons are presented in Figure 5 below.

100
80 4 EE CFRP diameter error
AL 7075-T6 diameter error
60 4 EXX¥ Stack up diameter error

40 -

Hole diameter error,um
o
|

40 -

-60

-80 4

- 1 00 T T T T T T T T
R1 R2 R3 R4 R5 R6 R7 R8

Run number
Figure 5. Hole diameter error of CFRP, Al7075-T6 and multi-material stack from R1 to R8.

For R1, R2, R3, R4 and R?7, the hole diameter error of CFRP is larger than Al7075-T6.
This is largely associated with continuous chip formation. Continuous chip formation leads
to chip clogging. Chips which are unable to be evacuated smoothly will remain in the hole
and enlarge the CFRP holes. On the other hand, R5, R6 and R8 have larger hole diameters
for Al7075-T6 compared to CFRP. This is mainly caused by the higher helix angle of 30°.
A higher helix angle contributes to a higher lifting force to evacuate the chips. Therefore,
the chips are able to evacuate properly and consistently. In comparison of all the runs, it
is found that run R7 produced the minimum hole diameter error between Al7075-T6 and
CFRP, emerging as the run with the optimum parameter combination for minimum hole
diameter error.

3.3.2. Hole Surface Roughness Analysis

Hole surface roughness is one of the evaluation methods of the hole quality of the
stacked-up materials. The average surface roughness (Ra) was used as a measurement
parameter in this study. In general, the acceptable surface roughness is an Ra value of
CFRP and Al7075-T6 below 3 pm and 1 pum, respectively [35]. The hole surface roughness
for both CFRP and Al7075-T6 for both runs are presented in Figure 6. Overall, the hole
surface roughness values of CFRP and Al7075-T6 for all runs are within the acceptable
range. In addition, R6 has the lowest CFRP hole surface roughness value, followed by R7,
whereas R7 is recorded with the lowest Al7075-T6 hole surface roughness, followed by R3.
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However, surface roughness is not a sensitive method to select the optimum parameters,
as all of the surface roughness values of all runs are still within the acceptable range.

20
I CFRP
1.8 vz ALI1075-T6
1.6 -
E 14-
%
_fg:b 12
=3
2 1.0
(0]
Q
‘g 0.8 -
wn
2
o 0.6 1
s
04 -
02 - g
é
0.0 i
R4 RS R6 R7 RS

Run number

Figure 6. Comparison of hole surface roughness CFRP and Al7075-T6 from R1 to R8.

3.4. Chip Formation Analysis

The chip shape and size are good indicators on the deformation occurring during the
drilling process. With the usage of a twist drill of a fixed diameter, the chips produced
while drilling Al7075-T6 in terms of its shape and size are highly associated to the chosen
parameters. At a low spindle speed of 1500 rev/min, the shearing rate is low, causing chips
to easily wind, and this results in a continuous long chip being formed. When the spindle
speed increases to 2600 rev/min, the shearing speed is larger, resulting in wider chips.
Chips became harder to wind because of the high stiffness and they break into smaller
spiral pieces. In terms of feed rate, the value of 0.05 mm/rev is preferred due to the more
consistent shape and size of the chips. At a lower feed rate, the shearing area is small and
the chips can be evacuated at a smoother rate.

By comparing the chip formation during drilling at different feed rates and spindle
speeds, as shown in Figure 7, it can be noticed that at a low speed and feed rate, continuous
chips are produced, which in general reflect a higher surface roughness [21]. In other
words, well-broken chips are preferable. As chips become longer, their movement through
the flutes is less viable, which consequently leads to an increase in torque, temperature
and a risk of drill breakage. At a speed of 2600 rev/min and feed rate of 0.05 mm/rev, the
chip formation is optimum. Tight helical chips are formed as shown in R2 and the chips
are serrated and fragmented into pieces, as in R7. When the chip is in a spiral cone chip, it
is easier for them to be ejected, and hence, aid in the chip evacuation during drilling. In
conclusion, short chips and tight helix chips are generally preferred to provide a better
surface finish to the work-piece [38].
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15° helix angle

307 helix angle

0.05 mm,rev

0.1 mm,rev
2600 rev/min

0.1 mm/rev 0.05 nnmfrev

1300 rev/min

Figure 7. Comparison of chip formation with varying spindle speed and feed rate.

3.5. Comparison of Optimum Geometry to the Industry Standard

Through the analysis of maximum thrust force, hole diameter, hole surface roughness
and chip formation, it is concluded that the best parameter for drilling stacked-up material
is R7. The parameters selected are a helix angle of 30°, primary clearance angle of 6°, point
angle of 130°, chisel edge angle of 30°, speed of 2600 rev/min and feed rate of 0.05 mm/rev.
However, in the aerospace industry, the customer requirement for speed and feed rate are
fixed at 2600 rev/min and 0.1 mm/rev, respectively, due to the concern of efficiency in
terms of time. Thus, with the consideration of hole quality control, experiments using both
parameter combinations are conducted and analyzed with similar methods, which is thrust
force, surface roughness and hole diameter analysis. The results obtained are compared in

Table 5 below.

Table 5. Comparison of maximum thrust force, hole surface roughness, hole diameter for feed rate 0.05 and 0.1 mm/rev.

CFRP Al17075-T6
Ave. Thrust Ave. Ave. Ave. Thrust Ave. Ave. Hole
Feed Rate Surface Hole Surface .
Force . Force Diameter
(mm/rev) Roughness Diameter Roughness
(N) N) (mm)
(nm) (mm) (um)
0.05 103.74 0.244 4.8265 218.008 1.1986 4.8221
- - —0.008 - - —0.0036 Nom.
- - 0.17 - - 0.07 Diff. (%)
0.1 127.302 0.8528 4.7975 274.894 1.6142 4.8368
- - 0.0225 - - —0.0168 Nom.
- - 047 - - 0.35 Diff. (%)

It is justified that the study using a feed rate of 0.05 mm/rev produces better results
compared to the study using a feed rate of 0.1 mm/rev, in terms of maximum thrust force,
hole diameter and surface roughness. This is because a lower feed rate will cut through
the material gradually at a smaller depth, giving a better surface finish. The formed chips,
which are tighter and smaller in pieces, can be easily evacuated from the surface, thus
improving the hole quality and the drilling process efficiency.



J. Compos. Sci. 2021, 5, 189 12 of 14

4. Conclusions

In this research, the drilling of stacked-up material of CFRP and Al7075-T6 using dif-
ferent drilling geometries and parameters was carried out. From the results, the following
conclusions can be drawn.

e  From the eight runs, it is deduced that for drilling CFRP and Al17075-T6 stacked-up
material, R7 has the best parameter combination, which includes a helix angle of 30°,
primary clearance angle of 6°, point angle of 130°, chisel edge angle of 30°, speed of
2600 rev/min and feed rate of 0.05 mm/rev. This is supported by maximum thrust
force, hole diameter error, surface roughness and chip formation analysis;

e  The range of thrust force which conforms to the diameter specification is 91.54 N to
103.45 N for CFRP and 218.21 N to 347.04 N for Al7075-T6;

e  For chip formation, the optimum parameters are found to be 2600 rev/min for spindle
speed and 0.05 mm/rev for feed rate, whereby short broken chips and tight helical
chips are formed. This aids the evacuation process during drilling, and hence provides
a better surface finish;

e By comparing the customer requirements and optimum parameters obtained in this
study, it is concluded that feed rate of 0.05 mm/rev is preferable for better drilling per-
formance. These conditions also allow one to produce desirable chips during drilling.
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