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Abstract

The usage of the composite materials, which is light and strong, has been rising thanks to the technological developments
in the aerospace industries. The most important operation in the assembly process of the parts in producing the aircraft
components is drilling which constitutes 50% of the total operation time. The reduction in the workmanship costs of the
drilling operation is very important for the competition. In this study, a new step drill was designed to reduce the drilling
operation time for drilling of ?5.94-mm holes on carbon fiber reinforced plastic (CFRP) parts. The tests were applied by
using a 12,000 rpm drill motor manually to simulate the actual process and to inspect the impact of new drill geometry on
the hole quality. The result indicates that double step drill geometry with 18° nose angle reduces the drilling operation time
by making the ¥5.94-mm hole in two steps instead of three steps. The cylindricity and delamination results of existing and
newly designed drill geometry were compared. From results, the established new design geometry could be employed for
drilling operations of CFRP materials. The time saving for one hole can be obtained as 30 s by using newly designed double
step drill. The operation time can be reduced as 33% with this new drill.
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1 Introduction in aviation documents, since the outcomes of the delamina-

tion are uncontrollable, it is desired not to be allowed during

The aviation industry is one of the most relevant examples
in which all final products must have superior quality with
guaranteed minimum mechanical properties [1, 2]. The
demands of the industries, like automobile, aircraft, machine
tool, railways and so on, are better surface quality and longer
functionality for machine parts [3, 4]. In the manufacturing
of machine parts, engineers focused on how to carry out
machining quickly and economically [5, 6]. The most impor-
tant quality defect encountered during drilling operations on
CFRP materials is the delamination occurring at the hole
inlets and outlets. Even though acceptable limits are given
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the processes. One of the factors that cause this defect is the
cutting parameters [7]. In the thermosetting CFRP mate-
rial, during the dry drilling process, the speed and mate-
rial content have an effect on the maximum drilling force
and maximum torque. Again, the cutting speed has an effect
on the maximum torque [8]. During the process of drilling
CFRP materials, the use of carbide tools is very common
due to the fact that they are resistant to abrasion and are
able to protect the cutting properties at high temperatures.
Feed rate, cutting speed, drill diameter and drill geometry
are the most important parameters that affect delamination.
The increase in the feed rate has the greatest effect on the
formation of delamination. In the radiographic error analysis
study, again it was observed that the increase in the feed rate
increased the delamination at the outlet of the hole [9]. The
effect of the increase in cutting speed is not so great though
[10]. In the process of drilling CFRP plate with a standard
twist drill, low feed rate and high cutting speed yielded the
best results [11]. It was possible to predict delamination with
a mathematical model of second order, including cutting
speed, feed rate and drill diameter [12]. In the process of
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drilling T700 CFRP material with a standard carbide drill
with double margins, the best results were obtained with
a cutting speed of 9000 rpm and at a feed rate of 400 mm/
min [13].

In the researches on the structure of the CFRP material
used, chip formation, delamination, heat formation and their
effects were investigated. Chip formation was investigated
in the holes drilled in unidirectional CFRP material with
different fiber orientations. The delamination is reduced by
decreasing the feed rate at the inlet and outlet during drill-
ing. It has been found that a large rake angle provides good
quality at the hole inlet but decreases the quality at the hole
outlet [14]. It was found that the fiber orientation angle with
the highest delamination was 45° [15]. In fiberglass compos-
ites with high modulus, drill warming is lower. Cutter life is
prolonged in fibers designed with low strain [16].

In order to prevent delamination and to improve the qual-
ity of the hole, studies are conducted by changing the cutting
geometry used for drilling the CFRP materials with different
angles, number of openings and cutting materials. In the
study with drills with different geometries, it is possible to
prevent delamination by reducing the feed force generated
during drilling by appropriate cutting speed and feed rate
[17]. With the polycrystalline diamond (PCD) eight-faced
drill and unidirectional CFRP composite material, the feed
force during the drilling of the CFRP composite material
increases with the increase in the feed rate and decreases a
bit with the increase in the cutting speed. The best surface
quality is achieved by the combination of high cutting speed
and low feed rate [18]. In the drilling operation in CFRP uni-
directional (UD) material, the primary and secondary corner
lengths and angles must be taken into account in PCD drill
design [19].

High-speed steel (HSS) drills are effective in the fabric
CFRP material up to a depth of 27.8 mm. Carbide drills are
more effective than TiAIN coating to ensure that the cutting
edge remains sharp as the DLC (diamond like coating) is
thin [20]. During the study of drilling operation on woven
CFRP material, the effect of edge angle of the drill as one
of the drill geometry properties on the drill quality for the
values of 90°, 118°, 140° is observed, with the change of
the geometry and the delamination occurred at the inlet and
outlet of the hole seemed to change in opposite directions
and it is observed that the feed rate has the greatest effect on
surface damage [21].

With PCD tooling, at high-speed cutting, delamination
remains at minimum. The large helix angle reduces thrust
and torque in a carbide drill. The choice of cutter mate-
rial directly affects the hole quality [22]. In the study with
drills having four different point angles, 155°, 175°, 185°,
185°/178°, it has been seen that with the increase in the
angle of the edge, the feed rate is increased, the quality at
the inlet of the hole is better and the quality at the outlet
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of the hole is worse [23]. Experiments were carried out
with different drill geometry and cutting parameters in the
CFRP-aluminum sandwich structure, and it was found that
the parameters with the best hole quality were at 15° helix,
130° point and 30° chisel angles [24].

The abrasions, cutting forces, temperature and surface
quality of the cutting tool during the drilling process of
CFRP material are related to each other. During the cut-
ting of CFRP material, with abrasive wear on the cutter, the
temperature increases at the cutting edges, which can impair
the quality of the hole surface [25].

After drilling a certain number of holes in CFRP mate-
rial, by transferring these results to artificial intelligence, the
results can be obtained with a maximum of 0.81% error in
detecting delamination at hole outlet of the obtained model
[26]. A finite element analysis method was developed for the
delamination detection during the CFRP drilling processes,
and the relationships between feed force, clamping area of
the plate and layout sequence were investigated and it was
found that sufficient feed force limits the increase in delami-
nation factor [27].

In an aircraft component assembly, most of the drill oper-
ations are done by using manual drill motors. The speed can
be calculated and adjusted due to the material and diameter
of the drill bit. The feed is not adjusted to a fixed value and
depends on the craftsmanship of the technician. Therefore,
the geometry of the drill bit has the determining importance
in maximizing the performance of the drill operation, pre-
venting delamination at the inlet and outlet of the hole and
obtaining a good hole cylindricity.

However, most of the previous researches performed their
experimental studies by using the drill geometry with dif-
ferent point angles and helix angles to determine the effect
of them on the hole quality. The contribution of the recent
study is designing a drill geometry to decrease the operation
time and improve the hole quality. Second step, 18° and
36° nose angles parameters, which have not been studied
by the previous research in the literature to the best of our
knowledge, were designed, tested and compared with the
single step ones to achieve this purpose. The performance of
the designed drills was evaluated according to the operation
time and hole quality which included the cylindricity and
delamination. In addition, the individual parameters of the
drill geometry with respect to the hole quality are revealed.
The performance results of our experimental design verified
that the new step drill decreases operation time by maintain-
ing the hole quality.

1.1 Material and method
The aim of this empirical study is to investigate the effects

of newly designed double step drill geometry on the drill-
ing operation time and the hole quality for CFRP materials.
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The difference between the previous studies and the recent
study is the newly designed second step on drill geometry.
The nose angles of 18° and 36° are also different compared
to the previous studies dedicated to inspecting the nose angle
effects on the delamination and cylindricity.

Composite materials are commonly used in aircraft
manufacturing due to their lightness and high strength. In
this study, the experimental tests simulate the hole drilling
operation on the CFRP elevator skin of an aircraft. In the
current method with existing used drilling tools an (5.94
mm hole is drilled on the CFRP materials in 3 steps which
should be applied to eliminate delamination and obtain
cylindricity intolerance as shown in Fig. 1a. The target of
this study is to decrease the number of drilling steps with
using the newly designed double step drill geometry by sat-
isfying the delamination and cylindricity tolerances as well
as decreasing time consuming and cost. Therefore, cutting
with the newly designed drilling tool will be carried out in
two steps (Fig. 1b).

The second step of drilling operation will be eliminated
by using the proposed methodology. First step of drilling
operation will be done by using ¥3.25-mm single step drill
to make a pre-hole. Then, the hole will be finalized by using
the newly designed ¥4.80 x 5.94 mm double step drill.

The scraped elevator skin manufactured by the woven
method was used as the test part as shown in Fig. 2. The
holes were manually drilled with a 12,000 rpm drill motor. A
drill block was used to ensure that holes were perpendicular
to the surface during drilling (Fig. 2). Diameter measure-
ments of the holes were performed by a hole micrometer
with 0.01 mm precision and the delamination measurements
were done with Insize 200X microscope.

2.Step

(a) 1.Step

3.Step

©3.25 mm 04.80 mm 05.94 mm

2.Step

D5.94 mm

Fig.1 a Existing manufacturing method, b improved manufacturing
method

T |

Fig.2 CFRP test part and drilling operation

In this experimental study, very fine-grained sintered
carbide cutting tools were used. The design parameters of
the new drills are shown in Table 1. Test combinations are
shown in Table 2.

Existing single step drill geometry with 18° nose angle is
shown in Fig. 3. In Fig. 4, newly designed double step drill
with nose angle 18° is shown. In Fig. 5, newly designed
double step drill with nose angle 36° is shown.

All tools were manufactured with h6 tolerance. The maxi-
mum run out before grinding is 0.02 mm. Figure 6 shows the
manufactured drills.

1.2 Results and discussion

This experimental investigation studied the drilling per-
formance of newly designed double step drill geometry on
CFRP material by looking at the effects of the tool geome-
tries on the hole cylindricity and delamination. Experiments
were carried out on scraped elevator skin. The main pur-
pose of this study is to decrease the drilling time with newly
designed drill geometry to satisfying the delamination and
cylindricity tolerances. The conventional single step drill
geometry was also tested in this study, and the results of the
conventional drill geometry and newly designed double step
drill geometry are compared.

1.3 Cylindricity results of conventional single step
drill

The effects of the 18° nose angle single step drill geometry
on the hole quality for #3.25 mm, ¥4.80 mm and #5.94
mm diameters are investigated. Figure 7 shows the result
of #3.25-mm drill. The maximum cylindricity is obtained
as 0.030 mm. It can be said that when the diameter is get-
ting smaller, the control of the perpendicularity of the cutter
along the hole axis is difficult because of the guiding of the
small diameter cutter. Also, the second reason can be the
fact that the first hole is opened on the virgin surface which
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Table 1 Drill design parameters

Geometry type Surface operation Nose angle Diameter values (mm)
Newly designed double step geometry Coated and uncoated 18° and 36° 4.80-5.94
Existing single step geometry Uncoated 18° 3.25; 4.80; 5.94
Table 2 Drill test combinations No Existing single step drill Newly designed double step Nose angle Coating Pre-hole
diameter (mm) drill diameter (mm) diameter
1 ?3.25 - 18 No No
2 04.80 - 18 No 3.25
3 05.94 - 18 No 4.80
4 - ?4.80-5.94 18 No 3.25
5 - ?4.80-5.94 18 Yes 3.25
6 - ?4.80-5.94 36 No 3.25
7 - ?04.80-5.94 36 Yes 3.25
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Fig. 3 Existing single step drill with 18° nose angle geometry

requires more feed force and control of the cutter to keep it
perpendicular to the part surface.

Figure 8 shows the cylindricity result of ?¥4.80-mm drill.
Before drilling with 4.80-mm-diameter drill, 3.25-mm-
diameter drill is used to make a pre-hole. Then, ¥#4.80-mm
hole is drilled over the ¥3.25-mm pre-hole. Therefore, the
thrust force at the entrance of the hole is smaller than the
one without pre-hole which guides the cutter until finishing.
That can be helpful to obtain the cylindricity in tolerance.

Figure 9 shows the cylindricity results of @5.94-mm drill.
All the results are in tolerance for 35.94-mm hole because
it is drilled over @4.80-mm pre-hole. Drilling of bigger
size hole directly on CFRP parts causes difficulty to obtain
the cylindricity in tolerance because of the high feed force
requirements that is very difficult to obtain by manually
drilling which hardens the guiding of the cutter along the
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hole axis. Because of that reason multistep drilling operation
is preferred instead of single step drilling operation.

1.4 Cylindricity results of double step drill

Figure 10 shows the cylindricity results of @4.80-mm single
step and ¥4.80-5.94-mm double step drills. For this study,
firstly @3.25-mm pre-hole is drilled on the CFRP part, then
five holes are drilled with @#4.80-mm drill and five holes
are drilled with @#4.80-5.94-mm double step drill. One of
the results of the @¥4.80-mm single step drill is out of toler-
ance which is 0.007 mm. On the other hand, the results of
the @4.80-5.94-mm double step drill are all in tolerance.
Figure 11 shows the comparison of cylindricity results of
?5.94-mm single step and ¥4.80-5.94-mm double step
drills. Two of the results of the single step drill are out of
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Fig.5 Newly designed double step drill with 36° nose angle geometry

tolerance contrarily of the double step drill. It can be said
that the first step of the double step drill acts as a pilot and
helps to keep the cutter on the hole axis.

1.5 The effect of nose angle on cylindricity

The effect of the nose angle on cylindricity is studied and
the results are shown in Fig. 12. When the nose angle is
increased from 18° to 36° the cylindricity is getting out of
tolerance. The higher nose angle requires higher feed force
which is very difficult to obtain by the hand drilling opera-
tion. Therefore, the control of the cutter is not easy to keep
the cutter axis on the hole axis.

The effect of the nose angle of the coated drill on cylin-
dricity is also studied. Figure 13 shows that cylindricity

results of 18° nose angle are better than 36° nose angle
for @¥4.80-5.94-mm double step drill as obtained with the
uncoated drill. Although the coating is important to reduce
the wearing of the cutting edges especially working on the
CFRP materials, which is very abrasive, coated drill does
not result in better cylindricity than the uncoated drill. The
coating is a high-cost application and prevents to make re-
sharpening of the cutter.

1.6 The effect of coating on cylindricity
The effect of coating on cylindricity was determined for dou-
ble step 18° nose angle drill geometry. Figure 14 shows that

the cylindricity results of the uncoated drill are better than
the coated one. Although coating improves the cutter life by
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(a) (b)

Fig.6 a 18° existing drill geometry, b 18° double step drill geometry,

¢ 36° double step drill geometry

Cylindricity
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Fig. 7 Cylindricity results of @3.25-mm drill

Cylindricity
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Fig.8 Cylindricity results of @4.80-mm drill
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Cylindricity
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Fig.9 Cylindricity results of @5.94-mm drill

Cylindricity Comparison
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Fig. 10 Cylindricity results comparison of ©¥4.80-mm and ©4.80—
5.94-mm drills
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Fig. 11 Cylindricity results comparison of @#5.94-mm and ©@4.80-
5.94-mm drills
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Cylindricity
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Fig. 12 Effect of nose angle on cylindricity
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Fig. 13 Effect of nose angle on cylindricity for coated double step
drill

Cylindricity
?4,80-5,94 mm Double Step Drill
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Fig. 14 Effect of coating on cylindricity of double step drill

Delamination
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Fig. 15 Effect of nose angle on delamination

Delamination
Effect of Step Number
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Fig. 16 Effect of step number on delamination

depending on the type of the coating, it creates more cut-
ting and thrust forces which make it difficult to drill a hole
manually. When the thrust and cutting forces are increased,
the aligning of the cutter at inline position is getting diffi-
cult. Therefore, even if the movement is small, it affects the
cylindricity of the hole.

1.7 Delamination results

Especially at the exit of the hole, delamination and uncut
fibers are occurred according to the drill geometry and
high feed force. Figure 15 shows the effect of nose angle on
delamination for @#4.80-5.94-mm double step drill. When
the step angle is increased from 18° to 36° the delamination
factor is increasing.

The effect of step number was studied and the results
are shown in Fig. 16 which shows the comparison of
?4.80-5.94-mm double step drill and #5.94-mm single
step drill results. The results of these two drills are under

@ Springer



553 Page8of9

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:553

Delamination
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Fig. 17 Effect of coating on delamination

tolerance line. In fact, the double step drill combines ?&4.80-
mm and @5.94-mm drilling operations, which must be
applied one after another while using single step drills, to
allow one shot drilling. Because the aim of this study is to
improve the drilling operation by decreasing the time and
keep the quality of the hole in tolerance, the results of the
double step drill are very suitable to use for this aim. By
choosing the lower nose angle, delamination can be kept in
tolerance.

Figure 17 shows the effect of coating on delamination for
?4.80-5.94-mm step drill. It is seen that one of the results
is out of tolerance. The coating applied to the cutting edge
protects this edge from wearing, but the coating affects the
cutting performance of the drill in a negative way. The thrust
force occurred by using a coated carbide drill is higher than
that of the thrust force occurred by using an uncoated car-
bide drill. This condition is related to the growing cutting-
edge thickness and decrease in sharpness of the cutting edge
[28].

1.8 Drilling time performance results

The processing time for drilling each hole was calculated
using both existing drilling tool and newly designed drilling
tool. These calculated processing times are compared each
other. In order to produce the desired geometry, 250 pieces
of drilling must be applied on the workpiece. Therefore, the
total gain time is calculated by multiplying by 250. Then,
we compare these drilling tools to determine the time spent.

By using the newly designed double step drill, the drilling
operation time decreased from 1.5 to 1 min per hole. On the
component, there are 250 holes to drill at @5.94 mm. By this
study, the total time gain is 125 min (2.1 h) per component.
The performance results are shown in Fig. 18.

One hundred and fifty-seven components are manufac-
tured annually in the company where the experiments are
carried on and the total time gain is 327.1 h (20.4 days)
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Fig. 18 Drilling performance results

per year. The total operation time is 981.25 h per year with
the current method and 654.15 h per year with the newly
improved method. The results show that the production
time for the same number of items can be shortened 327.1 h
by using this newly designed double step drill. This means
the new design can provide great savings in terms of labor
costs and energy consumption, diminishing rework or reject
rates and scrap. Higher quality of the parts produced also
contributes to the whole process of aircraft production and
increases revenues. Further studies can focus on the aggre-
gate gains of using this new design in terms of labor costs
and energy savings in the aviation industry. As the emissions
of greenhouse gases are increasing concern due to climate
change issue, the importance of the gained energy by adopt-
ing single applications like our study proposes could not be
an underestimated contribution.

2 Conclusion

In this study, newly designed drill geometries were tested on
CFRP material to see the effect of nose angle, step number
and coating on hole cylindricity and delamination. Drilling
process was carried out with hand-operated pneumatic drill
motor with 12,000 rpm speed under dry drilling condition.
The best delamination results were obtained with 18° nose
angle and uncoated drill. The best cylindricity results were
obtained with 18° nose angle double step drill.

To see the effect of nose angle 18°, 36° nose angle drills
were used. For single step and double step geometries, the
best cylindricity and delamination results were obtained with
18° nose angle. It is proved that the lower nose angle gives
the best quality results for CFRP materials.

Single step and double step drills were designed and
tested to see the effect of the step number on cylindricity and
delamination. No matter the drill was coated or uncoated, the
best cylindricity and delamination results were obtained with
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double step drill. The first step acts as a pilot and guides to
the second step of the drill. Therefore, the final hole size can
be drilled at one step which eliminates the mismatch hole
center problem which can be occurred by two drilling steps.

The best cylindricity results were obtained with uncoated
drills in line with the previous literature. This study also pro-
vided evidence that the cutting edge condition is better with an
uncoated cutting edge than the coated one as the coating mate-
rial put an extra layer on the edge and unsharpened the edge.

The newly designed double step drill can be used for the
drilling operations instead of two single step drill. The drill-
ing operation steps decreased from three to two by using
newly designed drill. This provides 0.5 min of time saving
per hole. It means 327.1 h are saved annually in this applica-
tion which increases productivity by employing fewer work-
hours as well as improving quality.
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