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Abstract
Drilling is a crucial cutting operation as it represents 40 to 60% of the total material removed in the aircraft frame industry.
Drilling difficult-to-cut materials, such as Ti-6Al-4V, is still a challenge due to their high chemical reactivity with different tool
materials and low thermal conductivity. The application of cooling approach is needed to reduce the generated cutting temper-
ature at the machining area. However, in drilling, the coolant does not sufficiently reach to the drill tip at the cutting zone because
of the counter flow of the chips limits further penetration, especially in deep-hole drilling. To overcome such problems during
direct drilling, different drilling techniques are followed. Peck drilling is among these methods in which the drilling process is
conducted in a number of steps to achieve holes with large aspect ratio. The current study presents a detailed comparison between
direct drilling and peck drilling of Ti-6Al-4V in terms of tool life, surface roughness, thrust force, torque, and burr formation. In
terms of flank wear, thrust force, and burr formation, peck drilling showed better results when compared to direct drilling;
however, direct drilling offers slightly better results in terms of surface quality.

Keywords Peck drilling . Direct drilling . Ti-6Al-4V alloy . Tool life . Surface roughness . Thrust force . Torque . And burr
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1 Introduction

Titanium alloys have become desirable materials in many
manufacturing industries because of their unique properties. The
main advantages of using titanium alloys are their high strength to
weight ratio, relative resistance to corrosion, and the ability to
maintain high strength at high temperatures. Such desirable prop-
erties contribute to making titanium alloys reliable for several
industrial applications such as aerospace, biomedical, petrochem-
ical, and power and energy generation [1, 2]. For instance, titani-
um alloys have been used in engines, the front sections of air-
planes, and landing gear components [3, 4]. The demand for
titanium is expected to continue to grow in the aviation industry
because the use of titanium contributes to lower fuel consumption,
CO2 emissions, NOx emissions, and noise levels [5]. However,

titanium alloys have poor machinability as a result of their high
chemical reactivity and minor thermal conductivity, and high
hardness [6, 7]. The heat dissipation process during themachining
of titanium alloy is significantly affected by its low heat capacity
and poor thermal conductivity [8]. During the machining of tita-
nium alloys, the heat generated settles near the nose and edge of
the cutting tool. Thus, tool wear is observed at the edges of the
cutting tool, and accordingly, tool life is decreased [9]. Different
attempts have been done to face the heat dissipation challenges
associated with machining difficult to cut materials such as Ti-
6Al-4V, Inconel 718, and austempered ductile iron (ADI) [1–4].

Titanium is accessible in various grades. However, classic
titanium is not as strong as its alloys are. The Ti6Al4V alloy is
the favorable titanium alloy in the aviation industry; it used to
produce several airplane components. In the aviation industry,
drilling is an important operation since it makes up 40 to 60%
of the total material removal process [10]. However, the drilling
process of titanium alloy is difficult due to its negative properties
(low thermal conductivity and high chemical reactivity). These
negative properties cause a high generated heat at the cutting
zone and massive adhesion to the drilling tool, which can accel-
erate tool wear and cause tool failure [11]. During the drilling
operation, about 80% of the plastic deformation work converts to
heat, resulting in a very high temperature in the deformation
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region and the surrounding area, as well as at the chip-tool and
chip-workpiece interfaces [12]. In addition, when drilling titani-
um alloys, the hole quality is determined in terms of surface
roughness, burr, and roundness/cylindricity. Generally, the hole
quality should be maintained as the produced parts need to have
high reliability and high wear resistance. Larger surface rough-
ness can be associated with fatigue, severe wear, and reduced
corrosion resistance. However, the inner surface of the drilled
hole is simply damaged during the drilling phase. The damage
occurs because of plastic deformation, and thereby resulting
microcracks and tensile residual stresses. Furthermore, in most
titanium drilling operations, a burr is created at both ends (i.e., the
entrance and the exit). The exit burr, however, is the main con-
cern in most cases because it is bigger than the entrance burr. In
the aerospace industry, burr formation is undesirable as it needs
additional operations (i.e., post-drilling deburring) which in-
crease the overall cost. Thus, this study compared the exit burr
formation in both direct and peck drilling.

In machining processes, an application of cutting fluid is
needed to decrease the generated heat at the machining zone.
However, in drilling, the coolant does not sufficiently reach
the cutting zone at the tip of the drill because the counter flow
of the chips limits further penetration, especially when drilling
a deep hole. The drilling process thus turns out to be unstable
and the cutting tool may break. Therefore, open literature has
considered drilling holes at aspect ratio larger than 3 as a near
dry process even with using cutting fluid [13].

To overcome such problems during direct drilling, different
drilling techniques are followed. Peck drilling is one suchmethod
in which the drilling process is conducted in a number of steps to
achieve a hole with high aspect ratio. In peck drilling, removing
chips and/or debris from the drilled hole is easier than in direct
drilling. Furthermore, peck drilling is effective to lower the
torque and thrust force during the hole machining operation
[14]. Many experimental investigations have been conducted to
verify that peck machining is an effective technique for making
deep holes. Experiments were conducted by Kim et al. [15] to
assess the peck method. This investigation found that the use of
peck drilling technique facilitated chip ejection from the drilled
hole. It also found that peck technique improved the tool life.
Nakagawa et al. [16] investigated the relationship between the
surface quality of the drilled hole and the generated cutting heat.
This study reported that the cutting temperature increasedwith an
increase in surface roughness. Csala et al. [17] reported that
cutting tool temperature in peck drilling was lower than in direct
drilling. Another comparative study was conducted by Begci
et al. [18] in order to analyze the cutting temperature of the
cutting tool in both peck and direct drilling. They revealed that
the temperature of the cutting tool in peck drillingwas lower than
that in direct drilling. In addition, it found that as the drilling
depth increased, the drilling bit temperature increased.
Experiments were also conducted by Abdelhafeez et al. [19] to
investigate the hole quality and burr formation during the drilling

of titanium and aluminum alloys. They revealed that the feed rate
had the most significant effect on the exit burr size. Ko et al. [20]
also found that the most significant parameter influencing burr
size was the feed rate. However, Abele et al. [21] claimed that
speed had the greatest influence on the quality of the drilling hole
while the feed rate had limited influence.

Summarizing the available literature of drilling large aspect
ratio for Ti-6Al-4V alloy, there is knowledge gap in regards of
the effect of chips clogging on the quality of drilled hole, cutting
forces, and tool wear, particularly when machining material that
commonly used in aerospace industry where the accurate is
highly demanded. Therefore, the current study presents a de-
tailed comparison between direct and peck drilling of a Ti-
6Al-4V alloy in terms of drilled hole quality, tool wear, thrust
force, and torque in order to determine themost effective drilling
process and to improve the quality of drilled holes in Ti-6Al-4V
alloy. Based on the findings, peck drilling showed better results
when compared to direct drilling in terms of flank wear, thrust
force, and burr formation; however, direct drilling offered better
results in terms of surface quality.

2 Experimentation and methodology

The workpieces used for these experiments were made of a Ti-
6Al-4V titanium alloy. Tables 1 and 2 show the compositions
and mechanical properties of the Ti-6Al-4V, respectively. The
dimensions of the Ti-6Al-4Valloy workpieceswere 100mm×
85mm× 30mm. The drill usedwas a Nano-Si coated-carbide
which was 8 mm in diameter (i.e., 3.75 D drilling depth, RH
helix, and a point angle of 140°). Drilling tests were conducted
using the CNC HAAS milling machine. Experiments were
performed using flood cooling. Five-percent concentration
of TRIM MicroSol 690XT high-lubricity, semi-synthetic,
and micro-emulsion oil was used as a cutting fluid [22]. In

Table 1 Chemical composition of Ti-6Al-4Valloy [23]

Alloy Al V Fe C Ti

Ti-6Al-4V 6.40% 3.89% 0.16% 0.002% Balance

Compositions are given in % by weight

Table 2 Mechanical
properties of the
workpiece

Mechanical properties
of the alloy (Ti-6Al-4V)

Hardness, Rockwell C 36
Hardness, Knoop 363
Tensile strength, ultimate 950 MPa
Tensile Strength, yield 880 MPa
Elongation at break 14%
Modulus of elasticity 113.8 GPa
Poisson’s ratio 0.342
Density 4.43 g/cm3
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the CNC machining center, four nozzles were orientated by
45° as shown in Fig. 1a in order to supply the cutting fluid
during both drilling processes (peck and direct drilling).
Experimental cutting conditions are shown in Table 3, and a
schematic diagram of the experimental setup is shown in Fig.
1b. Two different drilling operations were applied in this
work, namely, direct drilling and peck drilling. For each dril-
ling operation, 25 holes were drilled in each of the two work-
pieces for a total of 50 holes drilled using the same drill bit.
Flank wear (VB) was measured, as shown in Fig. 2, after
drilling each set of five holes. The surface roughness values
(Ra) of the fifth hole in each set of five drilled holes were
determined using a Mitutoyo Roughness Tester SJ 201P. In
order to reduce the experimental errors in this paper, surface
roughness readings were repeated three times for each hole
measured and average values were recorded. Peck machining
trials were carried out in three steps. Each drilled hole was
divided into three depths (10 mm, 20 mm, and 30 mm), as
illustrated in Fig. 3, in order to investigate the effect of each
drilling step on the roughness of the machined surface. A
dynamometer connected to the data acquisition system was
utilized to record the thrust and torque components generated
during the drilling of each hole.

3 Results and discussion

3.1 Surface roughness measurements

In terms of the peck drilling operations, roughness measure-
ments were plotted for 10 mm, 20 mm, and 30 mm, as shown
in Fig. 4. In general, the lowest surface roughness was ob-
served at the first step (i.e., 10 mm), possibly because the
second step acted as a reamer for holes produced in the first
step. Similarly, the highest surface roughness was observed at
30 mm because the second operation had a reaming effect on
the previous two steps. Also, during the third step, the resul-
tant chips may have rubbed against the internal surface of the
drilled hole, resulting in higher surface roughness values due
to the effect of the rubbing action.

Fig. 2 Flank wear measurements [24]

Table 3 Summary of cutting conditions for both direct and peck drilling

Machine tool CNC HAAS milling machine

Workpiece Ti-6Al-4V titanium alloy

Drilling tools Nano-Si coated-carbide (8521DIN 6537L R-RT1)

Drilling conditions Spindle speed: 1500 rpm, feed rate: 0.6 mm/rev

(a)    (b)

Fig. 1 Experimental setup on
CNC HAAS milling machine
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Figure 5 presents a comparison of surface roughness during
direct and peck drilling. Direct drilling showed a slightly low-
er surface roughness compared to peck drilling under the same
cutting conditions. After drilling the first five holes, there was
no significant difference between the two drilling operations.
As the number of drilled holes increased, direct drilling
showed a slightly lower roughness compared to peck drilling
except at the 25th hole. The surface roughness was high in
peck drilling possibly due to the small remaining debris/chips
after each stroke. When the drill is withdrawn up after the first
stroke during a peck drilling cycle, the flood coolant may
wash down small debris/chips into the drilled hole causing a
relatively higher surface roughness compared to direct dril-
ling. When the drill comes down for subsequent strokes, the
small debris/chips rub against the inner surface of the drilled
hole as shown in Fig. 6. Additionally, these debris/chips melt
and adhere to the drill and inner machined surface due to the
higher drilling temperature, contributing further to surface
roughness (Fig. 7).

3.2 Flank wear

Flank wear is considered an important criterion to determine the
performance of a drill bit. Thus, the current study discusses flank
wear measurements and evaluates the tool life in both types of
drilling operations. The criterion for tool life was average flank
wear (VB) of 0.25 mm for the 8-mm drill as mentioned in a
previous work [25]. The analysis of flank wear progression over
a number of drilled holes using two different drilling approaches
(i.e., peck and direct drilling) is presented in Fig. 8. Over the first
10 holes, both operations showed approximately the same flank
wear behavior. As the number of drilled holes increased, the
flank wear values were higher in direct comparison with peck
drilling. These higher values are due to the increase in generated
torque and thrust force as the drilling depth increased. The torque
and thrust force increase mainly because of chip clogging inside
the drilled hole, which increases the friction. Consequently, the
drill temperature may increase, and that accelerates the drill wear,
particularly when drilling holes with a high aspect ratio.
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Meanwhile, in peck drilling, intermittent feed and withdrawal of
the drill bit assist in chip removal and improve the cooling per-
formance. Thus, better results in terms of flank wear were ob-
served in peck drilling when compared to direct.

3.3 Flank wear mechanism analysis

Figure 9 illustrates the scanning electron microscope
(SEM) images of the drill flank face in peck and direct

drilling. These two SEM images of tool wear were cap-
tured at the end of the drilling tests. It can be observed in
peck drilling (Fig. 9a) that there is no significant abrasion
wear on the drill edge. In this drilling approach, the rub-
bing action of the chips is lower because the peck drilling
cycle facilitates chip ejection. Also, the intermittent feed
and withdrawal of the drill contribute to heat reduction in
the drill tip. However, it was observed that a small piece
of material was adhered to the tooltip and created the
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built-up edge as shown in Fig. 9a. On the other hand, in direct
drilling, the effectiveness of the cutting fluid reduces as the
drilling depth increases considering the obstruction of the chip
evacuation, even with using the through coolant drill. It has

revealed that the counter flow of chips restricted the flood
coolant to be effectively approached to the drilling zone and
the tooltip [7, 26, 27]; therefore, as shown in Fig. 9b, abrasion
wear can be clearly observed along the tool edge.
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3.4 Burr formation

The entry burr is formed by lateral extrusion action and the exit
burr is caused by the rubbing action of the drill bit margins [28].
This study discussed the resultant exit burr in peck and direct
drilling because inmost cases the exit burr is bigger than the entry
burr. This because of under bending, the stiffness of workpiece is
high at entry compared to the exit [29]. Figure 10 presents the exit
burr formation in both peck and direct drilling. It can be seen that
the height of the exit burr in direct drilling was several tens of
micrometers larger than the exit burr in peck drilling. This can be
attributed to the thermal impact, which was higher in direct dril-
ling as the cutting fluid does not effectively reach to the drill bit as

the drilling depth increase.Whereas, in the peck drilling due to the
frequentmovement of the drilling tool (e.g., feed andwithdrawal),
the thermal effect was reduced. In addition, the higher thrust force
in direct compared to peck drilling may increase the exit burr
height due to its high localized deformation.

3.5 Thrust and torque

The two components, thrust force and torque, were the two com-
ponents that were measured during peck and direct drilling. The
holes were drilled to a depth of 30mm tomaintain an aspect ratio
of 3.75. During the drilling operation, the chips generated were
restricted by the workpiece wall and the drill flute; as a result,

Fig. 11 The measured thrust
force with peck and direct drilling

Fig. 12 The measured torque
with peck and direct drilling
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chip removal became difficult. Figure 11 shows the variation in
thrust forces during peck and direct drilling. It can be observed
that direct drilling produced a slightly higher thrust force than
peck drilling. Figure 12 illustrates the variations in torque during
peck and direct drilling. It was found that peck drilling had a
slight advantage over direct in this case. In direct drilling, the
forces and friction increased as the drilling depth increased due
to chip clogging. During the direct operation, the existence of the
produced chips, especially at a higher depth of cut, increased the
friction between the drill string and the inner wall of the drilled
hole, which affected the final torque output. In addition, due to
the high aspect ratio used in the current experiments, the number
of chips generated through direct drillingwas increased and filled
the flute. This resulted in chips clogging the evacuation path. In
contrast, peck drilling facilitated chip removal, and therefore, less
frictional contact and generated forces were produced.

4 Conclusion

A peck drilling operation could be considered as a replace-
ment for direct drilling especially when drilling large aspect
ratio holes. The current study presented a detailed comparison
between peck and direct drilling of a Ti-6Al-4Valloy in terms
of tool life, surface roughness, thrust force, torque, and burr
formation. The findings are as follow:

– It was found that the second step refines the internal surface
of the drilled hole which was produced by the first step in
peck drilling. This because the second step works as a
reamer for the holes that were produced in the first step.

– It was also observed that the surface roughness values in
peck drilling were slightly higher than in direct drilling.
This may due to the further rub action of some debris/
chips which were washed into the drilled hole by the flood
coolant after the drill was withdrawn. However, the surface
quality of the drilled hole can be improved by controlling the
nozzle orientation. The effect of nozzle orientation during
drilling Ti-6Al-4V titanium alloy will be the future work.

– It was observed that peck drilling showed lower flank wear
compared to direct drilling as the intermittent feed and
withdrawal of the drill bit in the peck approach assisted
in chip removal, and improved the cooling performance.

– Due to the higher thermal impact and comparatively
higher thrust force (high localized deformation) in direct
drilling, the height of the exit burr was several tens of
micrometers larger than the exit burr in peck drilling.

– Peck drilling showed lower thrust force and torque when
compared to direct drilling. This can be attributed to the
fact that peck drilling facilitated chip removal, and there-
fore, less frictional contact and generated forces were
produced.
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