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Nickel-based superalloy is a kind of metal material that is widely used to manufacture high-temperature
parts in the fields of aviation and aerospace, but it is also a typical difficult-to-cutting material. The
precision cutting of nickel-based superalloy has always been an important manufacturing problem.
Based on the tests of conventional drilling with three kinds of twist drills, the machinability of Inconel
718 was evaluated comprehensively by drilling force, tool wear and machining quality, and the cutting
tools suitable for drilling nickel-based superalloy were chosen. Then the experiments of peck-drilling for
Inconel 718 were carried out, and the process effect under different peck depth QQ was deeply researched.
The results showed that the HSS-Co (high speed steel with cobalt) twist drill can meet the needs of low-
speed drilling of nickel-based superalloy, while the coated carbide twist drill has better service
performance. The drill tip structure of dual clearance angle is beneficial to decrease the cutting friction
and improve the machining accuracy. Compared with conventional drilling, the peck-drilling can reduce
the cutting force and improve the dimensional accuracy and surface quality. However, it is very important
to choose a suitable peck depth Q for fully exploiting the advantages of peck-drilling.

Keywords: Nickel-based superalloy, machinability, cutting tool, drilling process, conventional drilling, peck-drill-
ing.

1 Introduction be roughly divided into three categories: easy-to-
cutting materials, common materials and difficult-to-
cutting materials. Nickel-based superalloy is a typical
difficult-to-cutting material due to its large high-
temperature strength, high work-hardening tendency
and low thermal conductivity. When cutting the
nickel-based superalloy, the specific cutting force is
very large, the cutting temperature is very high and the
machining quality is hard to be guaranteed [6-9].
Furthermore, the elements of titanium and nickel in
nickel-based superalloy can also accelerate tool wear
and tool-edge breakage [10-11].

Drilling is a usual hole-making technology, but it is
also a semi-closed cutting process and its
performances of chip-breaking and cooling are far less
than those of turning and milling. Therefore, the
precision drilling of nickel-based superalloy has always
been a key technical problem in the field of advanced
machining [12]. Imran et al.[13-14] researched the
surface integrity of drilling Inconel 718 and found that
a metamorphic layer with nanostructure was formed

Nickel-based superalloy is a kind of metal material
based on iron, nickel and cobalt element and has
excellent high-temperature strength, good oxidation
and corrosion resistance, good fatigue and fracture
toughness|[1]. Thus, nickel-based superalloy is widely
employed in the manufacture of high-temperature
components of aero jet engines and industrial gas
turbines. At present, the application proportion of
nickel-based superalloy in advanced aircraft engines
has been more than 35%. Furthermore, due to the
complex and harsh working environment, it has high
machining quality requirement for most nickel-based
superalloy parts|2].

The machinability refers to the difficulty of
machining mechanical engineering materials. The
factors affecting the machinability have mainly
mechanical properties, chemical composition, heat
treatment state and metallographic structure of
machined materials [3]. The machinability is often
evaluated by the tool life, cutting force, machining
accuracy and surface quality when cutting a certain
engineering material [4-5]. According to the difference
of machinability, mechanical engineering materials can

on the machined surface because of the combined
action of cutting heat and cutting force, the lubrication
condition and cutting parameters were important
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influencing factors of the thickness of the
metamorphic layer. The study of Chen showed that
the tool failure process could be divided into four
stages when the TiAIN coated cemented carbide twist
drill was used to drilling Inconel 718, which included
coating flaking, flank wear, micro breakage and fatigue
fracture, high friction force was the primary reason for
tool failure [15].

Based on the experiments of drilling Inconel 718,
Sharman found that the tool geometry has a
significant influence on its service life [16]. Oezkaya et
al. [17] developed a novel flank face twist drill and
conducted the drilling test of Inconel 718, the results
showed that the novel twist drill could achieve a longer
tool life. Qin et al. [18] conducted the comparative
research of different cooling modes during the drilling
of Inconel 718, and the results indicated that the
internal spray cooling could achieve more accurate
hole diameter, longer tool life and higher surface
quality than the external cooling. The research of
Jiménez et al. [19] indicated that, compared to
conventional drilling of Inconel 718, the peck-drilling

Tab. 1 Mechanical properties of Inconel 718

can reduce tool wear and achieve better machining
quality. The above research showed that the cutting
tool and the drilling process are two important factors
that affect the quality and efficiency.

In this paper, based on the tests of conventional
drilling of three twist drills with different materials and
structures, the drilling machinability of Inconel 718
was evaluated comprehensively by drilling force, tool
wear and machining quality, the cutting tools suitable
for drilling nickel-based superalloy were chosen. Then
the peck-drilling technique was used for improving the
machinability of nickel-based superalloys, and the
change trends of cutting force, machining accuracy
and surface quality during peck-drilling were discussed
deeply. Finally, the technological methods for the
precision-drilling of nickel-based superalloy were put
forward.

2 Experimental conditions

Inconel 718employed widely in the industry field
was chosen as experimental material, its mechanical
properties are shown in Table 1.

Tensile strength 0y, (N-mm-2)
Yield strength Op2 (N-mm-2)
Extensibility 4D & (%)
Cross-section shrinkage rate @ (%)

12291, 1019°
10552, 876>
12
15¢

a. Room temperature properties.
b. High temperature (650 [] ) properties.

c. No fracture for 24 hours when loaded 730N /mm? at 6500

At present, the tool materials used in machining
nickel-based superalloy include high speed steel
(HSS), cemented carbide, ceramics and cubic boron
nitride (CBN), while HSS and cemented carbide are
generally used to manufacture complex cutting tools,

Tab. 2 Twist drills used in the experiments

such as small and medium diameter twist drills and
end mills [20-21]. In this research, three kinds of
commercial twist drills with different materials and
structures were selected as test tools and their basic
information is listed in Table 2.

Tool type General HSS twist drill HSS-Co twist drill KDG303 twist drill
Tool materials W18Cr4V W2Mo9Cr4VCo8 YK20F carbide
Point angle (°) 140

Structure of clearance

140 140

b A

face
Single clearance angle Dual clearance angle  Dual clearance angle
Helix angle (°) 30 30 30
Diameter (mm) 6 6 6
Coating Uncoated Uncoated TiAIN

The workpiece was a round bar with a diameter of
10mm and a length of 45mm. The workpiece was
clamped to the top of Kistler 9272 dynamometer by a
self-made chucking and the dynamometer was bolted to
the workbench of XK714 NC milling machine. During
the experiments, the thrust force and torque were
obtained by the Kistler 9272 dynamometer. After the

experiments, the Leica KIL300 stereomicroscope was
used to detect tool wear, the diameter and roundness of
the machined hole. Finally, the machined hole was cut
open along its axis, and the topography and roughness
of the inner surface were measured by the Bruker
interferometer. Figure 1 shows the schematic diagram of
drilling process and measurements.
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Fig. 1Schematic diagram of drilling process and measurements

3 Evaluation of drilling machinability of
Inconel 718under different twist drills

3.1 Experimental parameters

The experimental parameters are listed in Table 3.
Considering that the cemented carbide has a higher

Tab. 3 Experimental parameters

heat resistance and wear resistance, the spindle speed
and feedrate of KDG303 twist drill were as twice as
those of HSS twist drills. Three kinds of twist drills
were all used to drilling the blind hole with a diameter
of 6mm and a depth of 12mm, and the machinability
of Inconel 718 was evaluated by drilling force, tool
wear and machining quality.

Tool Type General HSS HSS-Co KDG303
Spindle speed 2 (t/min) 300 300 600
Feedrate f(mm/min) 6 6 12

Feed per rotation £(mm/r) 0.02

Lubrication mode Flood

3.2 Difference of drilling force under three twist
drills

3.2.1 Thrust force and torque

Figure 2 shows the waveforms of drilling force
under different twist drills, which represent the
instantaneous change trend of thrust force F, and
torque M; with the increase of cutting time and drill-
in depth. These waveforms were obtained after drilled
the same number of holes. The following
characteristics can be seen in Figure 2.

* (1) With the increase of cutting time, all
waveforms of thrust force showed an obvious
upward trend in general. The thrust force
fluctuation of the KIDG303 twist drill was
much smaller than that of general HSS and
HSS-Co twist drill.

* (1) All torque waveforms appeared a large
initial fluctuation. However, with the increase
of cutting time and drill-in depth, the torque
fluctuation gradually became smaller.
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Fig. 2Waveforms of thrust force and torgue nnder different twist drills

Figure 3 shows the maximum thrust force Fiux
and maximum torque M,,...under different twist drills,
which were extracted from the waveforms in Figure
2.According to Figure 3, the maximum torques of
three twist drills are177.8, 168.5, and 201.8N'cm
respectively, with little difference. However, the
maximum thrust forces are quite different, 1043, 536
and 618.8N respectively. It is noticed that the feedrate
of KDG303 twist drill was twice that of general HSS
and HSS-Co twist drills, and its MRR(material
removal rate) and machining efficiency were also
doubled. Therefore, it can be inferred that, with the
same cutting parameters, the minimum drilling force
can be achieved by using KDG303 twist drill,
followed by the HSS-Co twist drill, while the drilling
force of general HSS twist drill is the largest.

1200 B, 1200

v,

1000 <1000

800

600

M, (N-cm

400

200

HSS-Co

General HSS KDG303

Fig. 3 Maximum thrust force and torque under different
twist drills

3.2.2 Reasons for the difference of drilling force
Figure 4 is the decomposition graph of drilling
process and drilling force.
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(c) Chip ejection

(b) Chip formation
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(d) Force decomposition for chip formation

(d) Force decomposition for chip ejection

Fig. 4 Decomposition graph of drilling process and drilling force

According to Figure 4(a) 4(b) and 4(c), the drilling
process can be considered to be composed of chip
formation and chip ejection two stages, therefore the
drilling force mainly derived from these two stages. If
choosing a tool element and its corresponding chip el-
ement as the analysis object, the action forces for chip
formation and chip ejection can be shown in Figure
4(d) and 4(e). In the stage of chip formation, the action
forces include the friction force F, and the normal

force F . between the tool rake face and the bottom of

the chip, the friction force F ;, and the normal force F y,
between the tool clearance face and the machined sur-
face. In the stage of chip ejection, the action forces
include the friction force F ; and the normal force Fy,
between the chip and the drill flute, the friction force
7 ,, and the normal force F , between the chip and the
hole wall.

Based on the above decomposition, the resultant
force of the analyzed element Fuu can be written as
equation (1).

mel = ch + FN(' + fﬂ +FM~ + Fﬁ” + FNf + Ffw + FNW (l)

Therefore, the thrust force F; and torque M; can be approximately expressed as equation (2) and (3).

D[2
Fz = ZZ(meI D?)
o

)

:zz[(ﬂ +Fn+F+Fam+Fg+Fuy +Fp +FNW) [ﬂ

0

D)2
Mz = ZZ(mel B’—( B;,)
0

DJ2 . . . . . . . . .
:22[(1% +Fn+Fy+Fy+Fy+Fy +Fp+Fo )0, Eﬂ
0

)
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Where:
D...The diameter of the twist drill,
f and v ...Respectively the unit vectors along

feedrate direction and cutting speed direction,
r, ... The action radius of the analysed element.

According to equation (2) and (3), some
characteristics of drilling forces showed in Figure 2
can be clarified. In the process of drilling, the drill-in
depth and the chip ejection path length will constantly
increase with the rise of cutting time, which can cause
the obvious increase of friction force F;and Fy,, so

the thrust force F, will raise with the increase of
cutting time. From Figure 4(d), the second clearance
angle a2 can reduce the contact area between the tool
clearance face and machined surface and improve the
action effect of cutting fluid, which helps to decrease
the action force F,, and F,,. Therefore, the HSS-Co

and KDG303 twist drill with dual clearance angle can
achieve smaller thrust force and torque than the
general HSS twist drill with single clearance angle.

Furthermore, the drill-in run out of twist drills can
bring a larger initial fluctuation of drilling force, while
the high stiffness of carbide can reduce the thrust
force fluctuation of KIDG303 twist drill.

3.3 Wear characteristics of three twist drills

Figure 5 shows the microphotographs of different
twist drills. Since three twist drills have different
mechanical performances, the microphotograph of
general HSS twist drill was acquired after drilled two
holes, while the microphotographs of HSS-Co and
KDG303 twist drills were acquired after drilled 12
holes. According to Figure 5, the failure characteristics
of three twist drills can be described as the following,

Secondary cutting edg
Micro-breakage SCONCATY SLIDE SCBS

S

Main clearance face

= S
. Secondary clearance fact
Abrasion 4 Y :

(a) General HSS Twist drill (After drilling two holes)

Abrasion
Abrasion

* (1) After only two holes were drilled, the
chisel edge and the secondary clearance faces
of general HSS twist drill have been seriously
worn, and the main cutting edges have also
taken on a bit of abrasion. At the same time,
some micro-breakages have appeared at the
secondary cutting edges, and the closer to the
outer edge point, the more serious the

breakage was.

* (2) The failure mode of HSS-Co twist drill
was the same as that of general HSS twist drill,
but its wear resistance was much better. Even
after machined 12 holes, its wear degree was
still less than that of general HSS twist drill.
However, it happened serious adhesion on

the main clearance faces.

*  (3) After machined 12 holes, there was only a
small amount of coating abrasion appearing

at the main and secondary clearance faces of
KDG303 twist drill. Therefore, the KDG303

twist drill showed the best wear resistance.

3.4 Machining accuracy and surface quality of
three twist drills

3.4.1 Machining accuracy

Figure 6 shows the machining accuracy with
different twist drills. The measured holes were the
same as that in Figure 2. The hole expansion size 4D
represents the difference between the actual aperture
and the ideal aperture, and the roundness error Re
refers to the entrance roundness error of the
machined hole. From Figure 6, the hole expansion size
AD and the roundness error Re have the same
variation trend. The machining accuracy of general
HSS was the worst, the secondary the HSS-Co, and
the highest the KIDG303. This result is closely related
to the drilling force and wear resistance of three twist
drills.

0.67 Il Hole expansion size D] 0.5

= Roundness error R, -~

g 0.5 [ | e {14 g

oS g

SR v
a2 N &5
b g
7] @
: :
Coating % g
abrasion o =
K 5
S S
= o

General HSS HSS-Co KDG303
(c) KDG303 Twist drill (After drilling 12 holes)
Fig. 5 Microphotographs of different twist drills Fig. 6 Machining accuracy with different twist drills
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3.4.2 Surface quality

Figure 7 shows the surface topography of
machined holes with three twist drills. From Figure 7,
the machined surface with the general HSS twist drill
appeared many peaks and pits that could be caused by
micro-breakages of the secondary cutting edge. The
surface topography with the HSS-Co twist drill was
most regular and smooth. The machined surface with
KDG303 twist drill was relatively smooth, but it has
some tool marks and vertical stripes, which should be
related to the higher feedrate and larger MRR of
KDG303 twist drill.

10000
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-5000

- - -10462
100 150 200 250 300 350 400 450475

pm

According to the above results, Inconel 718 shows
poor machinability under the general HSS twist drill
because of larger drilling torque, serious tool wear and
poor machining quality. Therefore, this tool is not
suitable for drilling nickel-based superalloy. The HSS-
Co twist drill has moderate drilling performance and
is suitable for the situation of low feedrate. By using
the KDG303 twist drill, Inconel 718 shows good
machinability, but in order to obtain better surface
quality, the smaller feedrate should be considered.
Furthermore, the tool structure of dual clearance angle
is more beneficial to reduce drilling force and improve
machining quality.

118.718 -
237.436

356.154

(a) General HSS Twist drill
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(b) HSS-Co Twist drill
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(c) KDG303 Twist drill

Fig. 7 Surface topography of machined holes with three twist drills
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4 Machining effect of Inconel 718 under
peck-drilling process

&

Fig. 8 llustration of peck-drilling

Tab. 4 Experimental conditions of peck-drilling
Spindle speed 7 (t/min) 400

Feedrate f(mm/min) 8
Feed per rotation fi(mm/r)  0.02
Depth of peck O (mm) 1,15,2,2.5,12

KDG303 twist drill
Flood

Cutting tool
Lubrication mode

The peck-drilling is a step-by-step hole-making
technique that transforms continuous cutting into
interrupted cutting. It can improve not only the effect
of chip breaking and chip ejection but also the cooling
and lubrication performance of cutting fluid, hence it
is very adaptable to drilling the deep hole and difficult-
to-cutting material [22-23]. Figure 8 is the illustration
of peck-drilling. In the process of peck-drilling, the

800
700
600 , MW
500
400
300
200
100
o
-100

Thrust force Fz (N)

10 20 30 40 50 60 70 80 90 100
Time 7°(s)

Torque Mz (N"cm)
h
S

tool drills into a peck depth Q firstly, and withdraws
from the cutting area to the R plane that is located at
a certain height on the upper surface of the workpiece
for an instantaneous stay, then reenters into the hole
for next drill-in. The drill tool repeats this movement
until the entire hole depth is drilled out.

The peck depth Q is an important parameter of
peck-drilling, which has an important influence on
tool life, machining quality and machining efficiency
[24]. Therefore, the influence of peck depth O should
be deeply analyzed. Table 4shows the experimental
conditions of peck-drilling. Because the depth of the
machined hole is 12mm, it represents the situation of
conventional continuous drilling when O=12mm.

4.1 Influence of peck depth Q on drilling force

Figure 9 shows the cutting force waveforms of
conventional drilling and peck-drilling. According to
Figure 9, the thrust force and torque of peck-drilling
decreased periodically to zero due to the periodic
withdrawal of the twist drill. Compared with
conventional drilling, the thrust force waveform of
peck-drilling had little change, but the fluctuation
and maximum value of torque were significantly
reduced [25-20].

Figure 10 shows the maximum drilling force under
different Q). According to Figure 10, compared with
conventional drilling (0=12mm), the peck-drilling
reduced the maximum thrust force Fpu by 30~~60N,
about 5~8%,and the maximum torque M. by 70~
87N-cm, about 25~~40%. The maximum torque did
not change significantly with the increase of the peck
depth Q, while the maximum thrust force decreased
evidently when the peck depth O was larger.

250

50 100

0''60 70 80

Time 7°(s)

(a) O=12mm (Conventional drilling )

800
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600 , /VW
500

400
300
200
100

Thrust force Fz (N)

10 20 30 40 S0 60 70 80 90 100

-100 Time 7 (s)

Torque Mz (N"cm)

200,

0 30 40 50 60 70 80 90 100
Time 7 (s)

-100°

(b) O=2mm (Peck-drilling)

Fig. 9 Cutting force waveforms of conventional drilling and peck-drilling
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Fig. 10 Maxinum drilling force under different Q

Figure 11 shows the peak-peak value of drilling
force under different (). This value is equal to the
difference between maximum force and minimum
force in the stable cutting stage, and is often used to
evaluate the stability of the cutting process. In Figure
11, Fopp=Fomax™ Foming Mepp=Mopma™ Mpin. Compared
to conventional drilling, the peck-drilling reduced the
peak-peak value of thrust force F,, by20 ~ 50N,
about 8~~20%, and the torque peak-peak value M.,

by 160~ 180N-cm, about 67~ 75%.However, the
peak-peak values of thrust force and torque did not
change significantly with the rise of the peck depth Q.

250 250
-7, ), ;

200 ‘_‘/\4 200
150 150

- g
Z ;
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<100 100 &

./I/.\/ )

50 50
0 T T T T O
1 1.5 2 2.5 12
0 (mm)

Fig. 11 The peak-peak value of drilling force nnder different

4.2 Influence of peck depth Q on machining
accuracy

Figure 12 shows the hole expansion size AD and
roundness error Re under different ¢, which are
usually used to evaluate the dimensional and shape
accuracy of machined holes. As shown in Figure 12,
the hole expansion size AD of peck-drilling was much
smaller than that of conventional drilling (0=12mm)

due to the reduction of drilling force and the
improvement of drilling stability, and the minimum
was 0.146mm when (@O=2.5mm. However, the
measurement results of roundness error Re show that
the peck-drilling can’t obtain higher shape accuracy
than conventional drilling. This result should be
caused by the periodic withdrawal and repeated
cutting of the twist drill.

0.450 0.450

| 4 0.360

=]
o
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g E
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: ¢ \ /
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: N 2
.3 ./.\-\ Qﬁ
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0.000 x x x x 0.000

1 15 2 25 12
0 (mm)

Fig. 12 Hole expansion sige and roundness error under
different Q

4.3 Influence of Q on surface quality

Figure 13 shows the surface topography of
conventional drilling and peck-drilling. According to
Figure 13, the surface topography of peck-drilling was
more regular and smoother, and there were fewer
scratches and bulges on the machined surface. Besides,
both Figure 13 (a) and Figure 7 (c) were the machined
surface of conventional drilling under KDG303 twist
drill, because the federate for Figure 13 (a) was
relatively smaller, the corresponding machined surface
was smoother. Therefore, reducing the feedrate is a
feasible method to improve surface quality.

Figure 14 is the surface roughness under different
Q. As shown in Figure 14, when the peck depth Q was
equal to 1 and 2.5mm, the surface roughness of peck-
drilling was approximately equal to that of
conventional drilling (0=12mm). When Q was equal
to 1.5 and 2mm, the surface roughness was
significantly improved. As to peck-drilling, the rise of
QO will increase the chip length, while the longer chip
is prone to scratch the machined surface in the process
of ejection. On the other hand, if O is too small, more
tiny chips will be generated and squeezed into the gap
between the tool clearance face and the machined
surface, which also deteriorate the surface quality.
Therefore, the appropriate Q is very important for
exerting the advantage of peck-drilling and improving
the drilling quality of nickel-based superalloy.
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Fig. 13 Surface topography of conventional drilling and peck-drilling
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5 Conclusion

Based on the experimental research of drilling
Inconel 718, some technological methods for
improving the drilling machinability of nickel-based
superalloy can be put forward.

* (1) The general HSS twist drill can't be used
to drilling nickel-based superalloy because of

poor wear resistance, while the HSS-Co twist

drill is suitable for the situation of low
feedrate. The KIDG303 twist drill has good
wear resistance and high machining quality,
which can meet the needs of drilling nickel-
based superalloy.

(2) The tool structure of dual clearance angle
is more beneficial to reducing the drilling
force and improving the lubrication
conditions, which helps to decrease tool wear
and improve machining quality. Therefore,
the structure optimization of the clearance
surface is an effective method to realize the
precision drilling of nickel-based superalloy.
(3) In contrast to conventional drilling, the
peck-drilling can not only reduce the drilling
force but also improve machining accuracy
and surface quality. Especially, it has
significant advantages in reducing maximum
torque, torque fluctuation and dimensional
accuracy. The maximum and peak-peak value

of drilling torque can be reduced by 25~40%
and 67 ~ 75% respectively, and the hole
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diameter error can be halved. Therefore, the
peck-drilling can not only solve the problem
of drilling deep holes, but also can meet the
needs of drilling difficult-to-cutting materials.
(4) The appropriate peck depth Q is very
important for exerting the advantage of peck-
drilling. In this research, when the peck depth
Q is about 2 mm, the best process effect can
be obtained.
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