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Abstract
Hole machining of nickel-based alloys has a wide application space in aerospace manufacturing industry, but the high cut-
ting force, high cutting temperature, large plastic deformation, cold work hardening and severe tool wear during the cutting 
process of nickel-based alloys make them typical difficult-to-machine materials. Therefore, when drilling nickel-based 
alloys, the selection of cutting parameters is very important. Reasonable cutting parameters will help to control the chip 
shape and facilitate chip removal. In this paper, the cutting force, cutting temperature, and tool life of high-speed steels in 
drilling Nickel-based superalloy Inconel 718 was investigated through orthogonal cutting experiments. Then the empirical 
method of multi-factor line regression was used to establish the empirical models of drilling torque, thrust force, cutting 
temperature, and tool life of the drills with emulsion as the cutting fluid, and to verify the validity of the established model, 
and the significance of the regression method is tested to verify the effectiveness of the model. The tool wear morphology 
and wear mechanisms were examined by scanning electron microscope (SEM) and energy spectrum analysis (EDS). The 
results revealed that the major drill wear modes incorporate flank wear, peripheral wear, micro-chipping and chipping, and 
the tool failure mechanisms were comprehensively synergistic interactions among abrasive wear, adhesive wear, and oxida-
tion wear. In addition, the cutting parameters of high-speed steels in drilling Nickel-based superalloy were optimized based 
on the response surface methodology of equivalent tool life-efficiency, and then the reasonable cutting parameters under the 
condition of using cutting fluid were recommended.
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Introduction

Nickel-based superalloy Inconel 718 is widely used in aero-
space structures and jet engines due to its high temperature 
stability, high hardness, special heat resistance, high tensile 
strength, and fracture toughness. However, the high cutting 
force, high cutting temperature, large plastic deformation, 
cold work hardening and severe tool wear during the cutting 

process of nickel-based alloys make them typical difficult-
to-machine materials [1].

Hole machining is a difficult method in cutting process 
and belongs to semi-enclosed machining. Especially for 
solid drilling, the cutting heat is easily retained near the 
cutting edge. It is difficult to discharge the cutting heat 
and chips in time. This is the key to affect the tool life and 
enough attention must be paid to it [1, 2]. Hole machin-
ing of nickel-based alloys has a wide application space in 
aerospace manufacturing industry, so it is very important to 
study its cutting characteristics. The tool failure process of 
drills is always governed by friction force on the tool–work 
interface, and the wear mechanisms can be classified into 
four stages, abrading-off of the coated layer, crater wear 
and flank wear, chipping at the outer cutting edge, chip-
ping propagating leading to subsurface fatigue cracks [3]. 
The effective way to reduce friction force and triple the tool 
life in drilling Inconel 718 alloy is the application of cut-
ting fluid or minimum quantity lubrication [4]. Biermann 

 * A.H. Li 
 anhaili@sdu.edu.cn

1 Key Laboratory of High Efficiency and Clean 
Mechanical Manufacture of MOE, School of Mechanical 
Engineering, Shandong University, Jinan 250061, 
People’s Republic of China

2 National Demonstration Center for Experimental Mechanical 
Engineering Education (Shandong University), Jinan 250061, 
People’s Republic of China

/ Published online: 28 February 2022

Experimental Techniques (2023) 47:395–406

http://orcid.org/0000-0002-0059-8095
http://crossmark.crossref.org/dialog/?doi=10.1007/s40799-022-00560-x&domain=pdf


and Kirschner [5] proposed a tailored cutting edge design 
to deal with the predominant challenges, such as limited 
process stability and drilling lengths as well as insufficient 
bore hole quality, in deep hole making of superalloy Inconel 
718 with small diameters. Uçak and Çiçek [6] concluded 
that cryogenic conditions in drilling of Inconel 718 using 
solid carbide drills exhibits better performance in terms of 
hole quality and surface integrity at the cost of increasing 
the thrust force and significantly reducing the tool life due 
to excessive chippings. These researches on the machinabil-
ity of nickel-based alloy Inconel 718 have shown that work 
hardening, low thermal conductivity, abrasive wear and the 
high stress and cutting temperature generated during cut-
ting are important reasons for the difficult machinability of 
Nickel-based superalloy Inconel 718. Especially the low 
thermal conductivity of workpiece will retain the material 
surface temperature [7], further leading to more difficulties 
in the cutting process.

At the same time, tool wear is the result of non-uniform 
strong stress field of thermal–mechanical coupling, and is an 
unavoidable phenomenon in cutting process, which directly 
affects tool life. Tool life prediction can not only improve 
tool efficiency and reduce cost of use, but also avoid work-
piece scrap due to tool damage in cutting process, which 
attracts attention of researchers at home and abroad [8–10]. 
When drilling hard-to-machine nickel-based superalloy 
materials for holes below Ø20, integral drills including 
carbide drills and high-speed steel drills are recommended. 
The use of integral cemented carbide drills requires that 
the machine tools have sufficient feed accuracy, rotary 
accuracy, and rigidity. The main shaft runout of common 
boring-milling machine and drilling machine is generally 
more than 0.05 mm, which cannot meet the requirements of 
cemented carbide drill bit. Integral cemented carbide drills 
and indexable boring cutters are often used for drilling small 
and medium-sized holes. New coatings (such as TiAlN and 
TiZrN) based on superfine grained alloys are recommended 
for tool materials in drilling Inconel 718 [11]. High-speed 
steel is still widely used in high-temperature alloy drilling, 
expanding, and reaming. High-speed steel tool material has 
much higher toughness than cemented carbide, and has no 
higher requirement for machine tool accuracy and system 
rigidity than cemented carbide tool, so it is more advanta-
geous in drilling large and medium-sized holes. Because 
the toughness of high-speed steel tool material is much 
higher than that of cemented carbide, and the requirement 
for machine tool accuracy and system rigidity is not as high 
as that of cemented carbide tool, high-speed steel material 
is still widely used in the drilling and processing of nickel-
based alloy for aviation.

During the cutting process, the selection of cutting 
parameters, the friction of the tool rake and flank faces, and 
the lubrication conditions have great influences on the chip 

formation, cutting force, cutting temperature and the tool 
life [12–16]. Preliminarily selection of reasonable cutting 
parameters helps to control the chip shape and facilitate the 
chip removal. The tool crater wear mechanism is mainly the 
combined effects of adhesion-diffusion-abrasion, while the 
predominant tool wear mechanism of flank face is adhesion 
and abrasion. The friction of the flank also has an impor-
tant influence on the machined surface roughness, surface 
residual stress and the tool flank wear [12]. Pang and Wang 
[14] implanted grooved, convex and pit micro-texture in 
the rake face to improve the drilling process of superalloy 
Inconel 718 with lower thrust force, drilling temperature 
and tool wear. Sales et. al [15] investigated that the flank 
and crater wear was of dominant wear shapes. Adhesion fol-
lowed by the plucking out of hard diamond grains and their 
movements over the tool rake face produced the abrasive 
wear, these were also observed in flood conditions. Zhang 
et. al [16] developed an improved theoretical force model 
that considers material-removal and plastic-stacking mecha-
nisms under different lubricating conditions. In addition, the 
tool life of the drill bit should meet the requirements of hole 
processing length.

In this paper, drilling experiments were conducted on 
workpiece material Inconel 718 using high-cobalt straight-
handled twist drill high-speed steel W2Mo9Cr4VCo8 (M42) 
drill bit with emulsified fluid as cutting fluid, three factors 
influencing the experimental index (drill diameter, cutting 
speed and feed) are selected, and the cutting force, tool wear 
and tool life were studied by three-factor and three-level 
orthogonal test. At last, a reasonable range of recommended 
cutting parameters is given through optimization of cutting 
parameters according to the response surface methodology 
of equivalent tool life-efficiency.

Experimental Methods and Procedures

Experimental Methods

Tool life test is carried out on three-axle vertical machin-
ing center DAEWOO ACE V500 with maximum spindle 
speed of 10,000 rpm and the CNC system of FANUC 18 M. 
Kistler 9257B three-way milling dynamometer is fixed on 
the workbench to measure the cutting force during the cut-
ting process and is connected to the computer data acquisi-
tion and analysis platform through the 5070 multi-channel 
charge amplifier. The experimental device is shown in Fig. 1. 
Because the left and right cutting edges are symmetrical, 
their radial resistance can be balanced and offset negligibly. 
The drilling resistance generated during the drilling process 
is mainly manifested as thrust force Fz and torque M. Tem-
perature values during drilling are measured with TES 1310 
TYPE-K thermocouple temperature gauge.
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The workpiece material is Inconel 718 block 
of nickel-based superalloy with the dimension of 
100 mm × 100 mm × 20 mm. The hardness of the base mate-
rial of the workpiece is about 40 ~ 42HRC. After cutting, 
a certain thickness of hardening layer is produced on the 
surface, and the hardness increases to 46 ~ 48 HRC, with 
the hardening degree approaching 20%. The main chemi-
cal composition and physical and mechanical properties of 
nickel-based superalloy Inconel 718 are shown in Tables 1 
and 2 respectively. The high-cobalt straight-handled twist 
drill w2Mo9Cr4VCo8 (M42) drill of COSD 6520 series 
made by NACHI Fujikoshi Corp., Japan is chosen as the cut-
ting tool. The drill point angle is 140º, and the screw angle is 
30º. Emulsion is used as cutting fluid during the experiment. 
The emulsion, T68 water-soluble cutting fluids based solely 
on mineral oils, is used by an external jet nozzle during the 
experiment for lubricating and cooling the tool at the same 
time. The wear morphology of drill bit was observed by 
VHX-600E large field depth three-dimensional microscopy 
system and scanning electron microscope (SEM), and the 
wear mechanism of tool was analyzed. The life of the drill 
bit is evaluated by the maximum wear of the drill bit in the 
test, VBmax = 0.6 mm, or by the sharp noise generated when 
the drill bit failed during drilling.

Experimental Procedures

Three factors (drill bit diameter, cutting speed and feed) 
which influence the experimental index are selected to 
carry out the tests. The three-factor and three-level orthog-
onal method is used to measure the cutting force during 
drilling and the tool life of the drill bit. In the actual cut-
ting experiment, the spindle speed and cutting feed are 
related to the geometric parameters (radius) of the tool, 
and corresponding conversion is required to get the spe-
cific machining parameters. Cutting force measurements 
drilling depth of 10 mm for each set of test parameters. 
For tool life testing, the drilling depth during drilling is 
twice the drill bit diameter, i.e., H = 2d. After a certain 
amount of cutting test trials and analyses, the experi-
mental parameter values are chosen based on the cutting 
performance of high-speed drills to get stable forces and 
temperature measurements as well as controllable tool life 
time. The results of orthogonal test scheme and cutting 
force and tool life test using emulsion as cutting fluid are 
shown in Tables 3 and 4 respectively. All the drilling tri-
als were repeated several times until relatively stable data 
was acquired and the average values were adopted as the 
experimental results.

Fig. 1  Drilling test equipment 
and cutting force measuring 
equipment

Dynamometer

Thermocouple

Machine tool

Computer

Charge amplifier

Drill

Tool holder External 
jet nozzle

Table 1  Main chemical 
compositions of nickel-based 
alloy Inconel 718 (wt.%)

Element Ni Cr Fe Nb + Ta Mo Ti Al Co Si Mn Cu C

wt% Balance 18.37 17.8 5.34 3.04 0.98 0.5 0.23 0.08 0.08 0.04 0.04

Table 2  Physical and mechanical properties of nickel-based alloy Inconel 718

Performance 
items

Density (kg/m3) Hardness (HRC) Elastic modulus 
(GPa)

Poisson ratio Thermal conduc-
tivity (W/(m·K))

Yield strength 
(MPa)

Strain rate (%)

Parameter values 8470 40 ~ 42 206 0.3 11.2 1110 23.3
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Establishment of Linear Regression 
Prediction Model for Cutting Force, Cutting 
Temperature and Tool Life

In order to reduce the testing time, orthogonal regression 
method was used to carry out orthogonal test. The measured 
cutting forces, cutting temperatures and surface roughness 
are investigated by three factors and three levels orthogonal 
method.

Based on the fundamental theory of metal cutting, there 
is a complex exponential relationship between measured 
drilling processing outcomes and hole processing parameters 
when the characteristics of the machine tool and geometric 
parameters of the drill bit are determined. The general model 
of orthogonal regression test between measured drilling pro-
cessing outcomes of the drill bit and selected parameters is:

where F is the measured drilling processing outcomes, C is 
the coefficient depending on the material being processed 
and the cutting conditions, d is the drill diameter(mm), v is 
the cutting speed (m/min), f is the feed rate (mm/rev).

According to the hole machining test data of the drill 
bit, the measured drilling processing outcomes prediction 
model in the drilling process can be obtained by solving 
the model constant through linear regression. Take natural 
logarithm on both sides of (equation (1)) and convert it into 
linear form:

The linear regression equation is

(1)F = C ⋅ db1 ⋅ vb2 ⋅ f b3

(2)��F = ��C + b
1
��d + b

2
��v + b

3
��f

where y is the logarithmic response of measured drilling 
processing outcomes, x0, x1, x2 and x3 are the logarithmic 
conversion form of coefficient C, drill bit diameter d, cutting 
speed v and feed rate f, here β0, β1, β2 and β3 is an unknown 
parameter, also known as regression coefficients, they usu-
ally need to be estimated based on the collected data. Due to 
test error ε, then the matrix form of the above linear regres-
sion equation can be expressed as

Regression (equation (3)) can also be expressed as

Then its matrix form is Y = Xb . The regression parameter 
vector b can be obtained according to the following matrix 
principal equation

where b, XT, and (XTX)−1 are the estimate of β, the transpose 
matrix of X, and the inverse matrix of (XTX).

The empirical equation in exponential form could be 
obtained by fitting with multiple linear regression method. 
Relevant empirical models can be built by inducting empiri-
cal equation and experimental data. In this experiment, we 
choose drill diameter, cutting speed and feed rate as the three 
factors of orthogonal regression method, and established the 
relationship of the following four elements (thrust force, 
torque, temperature and tool life) in turn.

Results and Discussion

Analyses of Experimental Results

When measuring the cutting force in the drilling process, 
the cutting force measured at the initial stage of measure-
ment gradually increases from close to zero to a certain 
value and is stable in a certain range. This is because in the 
early stage of drilling wear, due to the small contact area 
between the drill bit and the workpiece, the friction on the 
tool workpiece-surface is large, and the surface wear of the 
cutting edge of the drill bit is fast, which in turn increases 
the friction, so the cutting force gradually increases in the 
drilling process; When drilling to a certain depth, the drill-
ing process is relatively stable, and the change of the contact 
area between the bit and the workpiece is small, so the cut-
ting force is stable in a certain range. When the drilling is 
stable, the test results of cutting force and torque are shown 
in Table 5.

(3)y = �
0
x
0
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1
x
1
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2
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2
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0
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2
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+ b

3
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3
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XTX
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Table 3  Level table of factors for cutting force orthogonal test

Factor X1
Drill diameter 
d (mm)

X2
Cutting speed v (m/
min)

X3
Feed rate 
f(mm/
rev)

Level

1 6 6 0.03
2 8 8 0.05
3 10 10 0.07

Table 4  Level table of factors for orthogonal test of cutting tempera-
ture and tool life

Factor X1
Drill diameter 
d (mm)

X2
Cutting speed v (m/
min)

X3
Feed rate 
f(mm/
rev)

Level

1 6 6 0.01
2 8 8 0.015
3 10 10 0.02
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According to the above prediction model of drill cutting 
force and linear regression theory, the experimental results 
are analyzed, and the following empirical equation of cutting 
force and torque are obtained:

Figure 2 shows the thrust forces under variation of cutting 
parameters. According to the thrust force varying figures 
and the empirical model in (equation (7)), the influence of 
drill bit diameter on thrust force in the process of drilling 
nickel-based superalloy Inconel 718 with high-speed steel 
tools is very significant (the indexes in the empirical for-
mula is 1.4804). With the increase of drill bit diameter, more 
materials will be removed during the drilling process with 
the larger cutting edge length, resulting in larger forces. 
Moreover, the workpiece material possesses high hardness 
and strength, leading to the difficulties in material removal, 
large friction of tool-workpiece, and eventually the large 
trust forces even over 1500 N. Secondly, the cutting speed 
and feed rate affected the thrust forces to a lesser extent 

(7)FZ = 81.4108 ⋅ d1.4804 ⋅ VC
0.089

⋅ f 0.0429

(8)M = 4.716 ⋅ d1.6935 ⋅ VC
−0.3739

⋅ f 0.3171

(Fig. 2(b) and (c)). It should be pointed out that the data 
result in Fig. 2 is analyzed based on orthogonal tests. It can 
be seen from Fig. 2(a) that the influence of drill bit diameter 
on thrust force is very significant, while the influences of 
cutting speed and feed rate on thrust force in Fig. 2(b) and 
(c) is much smaller than that of drill bit diameter, so the 
data result is masked by the influence of bit diameter, so 
the data shows that the cutting speed and feed rate will only 
influence the thrust force slightly. The wide range of cutting 
force result distribution is mainly dominated by the increas-
ing drill diameter. However, with the continuous increase of 
feed rate, the thrust force increases when the cutting speed 
turns from 0.05 to 0.07 mm/rev (shown in Fig. 2(c)), this 
is attributable that the contact thickness between tool and 
workpiece increases, the friction force increases, so that the 
cutting resultant force increases accordingly.

Figure 3. shows the drilling torque under variation of cut-
ting parameters. As shown in the three figures in Fig. 3, the 
torque is most affected by drill diameter (the indexes in the 
empirical formula is 1.6935), followed by cutting speed with 
the exponent -0.3739 and feed rate with the exponent 0.3171. 
The torque increases significantly under the facilitating role 
of drill diameter increasing on torque rise (Fig. 3(a)). This 

Table 5  Orthogonal test scheme 
and test results of cutting force

Factor X1 
Drill diameter d
(mm)

X2 
Cutting speed  VC
(m/min)

X3 
Feed rate f
(mm/rev)

Thrust force
Fz (N)

Torque
M (N·m)Test number

1 (1) 6 (1) 6 (1) 0.03 1134.64 14.09
2 (1) 6 (2) 8 (2) 0.05 1182.4 14.81
3 (1) 6 (3) 10 (3) 0.07 1385.5 17.08
4 (2) 8 (1) 6 (2) 0.05 1829.07 37.06
5 (2) 8 (2) 8 (3) 0.07 1840.97 38.26
6 (2) 8 (3) 10 (1) 0.03 1792.6 35.85
7 (3) 10 (1) 6 (3) 0.07 2586.52 54.66
8 (3) 10 (2) 8 (1) 0.03 2845.46 29.36
9 (3) 10 (3) 10 (2) 0.05 2462.92 26.79

Fig. 2  Thrust forces under variation of cutting parameters
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is because that with the increase of drill bit diameter, more 
materials will be removed during the drilling process with 
the larger cutting edge length, resulting in larger drilling 
torque. Secondly, the cutting speed has a negative effect on 
the torque (Fig. 3(b)), with the increase of cutting speed, the 
torque in the drilling process decreases. In Fig. 3(c), the feed 
rate has a positive effect on the torque (the index is 0.3171). 
With the increase of feed rate, the torque in the drilling pro-
cess increases. The increase of drilling torque is mainly due 
to the increase of cutting volume and deformation resistance 
with the increase of feed.

Using high cobalt straight shank twist drill high speed 
steel (M42) bit, with emulsion as cutting fluid and cutting 
speed of 6 ~ 10 m/min, the larger the drill bit diameter, the 
higher the cutting speed and feed rate, the greater the thrust 
force in the drilling process; The larger the drill diameter and 
feed rate, the smaller the cutting speed and the greater the 
drilling torque. Therefore, low cutting speed and small feed 
rate can obtain small cutting force and good cutting effect.

The measurement results of cutting temperature and tool 
life test are shown in Table 6.

According to the prediction model of cutting temperature 
of front bit and linear regression theory, the experimental 

results are analyzed, and the following empirical equations 
of cutting temperature and tool life are obtained:

Figure 4 illustrates the temperature measurement with 
various cutting parameters. It can be determined from the 
empirical (equation (9)) of cutting temperature that the feed 
rate has the greatest influence on the temperature in the pro-
cess of drilling nickel-based superalloy Inconel 718 with 
high-speed steel tools (the index in the empirical formula 
is 0.7116), followed by cutting speed (the index is -0.4145) 
and drill bit diameter (the index is 0.3898). The cutting tem-
perature increases with the increase of drill bit diameter and 
feed rate (Fig. 4(c)), and decreases with the increase of cut-
ting speed (Fig. 4(b)). It is preliminarily inferred that with 
the increase of cutting speed, cutting resistance and friction 
coefficient decrease, thus reducing the temperature during 
cutting. With the increase of drill bit diameter and feed, cut-
ting resistance increases and coefficient of friction increases, 
thus increasing the temperature during cutting.

(9)� = 942.3704 ⋅ d0.3898 ⋅ VC
−0.4145

⋅ f 0.7116

(10)T = 2.94299 × 10
−5

⋅ d3.2205 ⋅ v−1.5518 ⋅ f −2.2377

Fig. 3  Torque under variation of cutting parameters

Table 6  Orthogonal test scheme 
and test results of cutting force 
and tool life

Factor X1
Drill diam-
eter d (mm)

X2
Cutting speed 
v (m/min)

X3
Feed rate f (mm/rev)

Temperature 
measurement
θ (℃)

Tool life T (min)
Test number

10 (1) 6 (1) 6 (1) 0.01 23.8 19.55
11 (1) 6 (2) 8 (2) 0.015 53.2 3.77
12 (1) 6 (3) 10 (3) 0.02 39.6 1.615
13 (2) 8 (1) 6 (2) 0.015 70.1 20.11
14 (2) 8 (2) 8 (3) 0.02 56.7 6.754
15 (2) 8 (3) 10 (1) 0.01 35.2 20.11
16 (3) 10 (1) 6 (3) 0.02 60.1 16.76
17 (3) 10 (2) 8 (1) 0.01 39.2 49.58
18 (3) 10 (3) 10 (2) 0.015 36.4 19.33
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Figure 5. exhibits the tool life under variation of cutting 
parameters. As shown in (equation (10)) and Fig. 5, tool life 
is positively related to drill diameter and negatively to cut-
ting speed and feed during drilling nickel-based superalloy 
Inconel 718 with high-speed steel tools. The drill bit diam-
eter has the greatest influence on tool life (index 3.2205 in 
empirical formula), followed by feed (index -2.2377) and 
cutting speed (index -1.5518). Secondly, the change of feed 
rate also has positive effect on the tool life (index -2.2377 in 
empirical formula), the tool life decreases with the increase 
of feed rate (shown in Fig. 5(c)). With the increase of cut-
ting speed, the wear rate of cutting tool is accelerated and 
plastic deformation is easy to occur, thus reducing the life 
of cutting tool. When the diameter and feed of the drill bit 
are too small, it is easy to cause the wear of the rake face, 
which will lead to tool deformation, interference with chip 
removal, and thus reduce the life of the tool itself. The tool 
life increases when the cutting speed changes from 6 to 8 m/
min, but decreases when the cutting speed turns from 8 to 
10 m/min (shown in Fig. 5(b)).

Moreover, it should be clearly pointed out that, the data 
results in Figs. 2, 3, 4 and 5 are analyzed based on the 
orthogonal tests. The dispersion error bars in the figures do 

not refer to the dispersion of experimental data, but to the 
influence of the level of two other varying factors. For exam-
ple, in Fig. 3(b), the error bars represent the variation range 
of torque under the fixed cutting speed, and also represent 
the interaction and jointed effects of drill diameter and feed 
rate on the torque.

Tool Wear

Tool wear morphology

Figure 6 shows the SEM photos of tool wear morphol-
ogy when drilling nickel-based alloy Inconel 718 with 
high-speed steel drill bit. It can be seen from the figure 
that the main wear patterns of the drill bit are flank wear, 
peripheral wear, micro-chipping, and chipping. When the 
structure, hardness and allowance of the workpiece mate-
rial are uneven and the rake angle is too large, resulting 
in low cutting-edge strength, insufficient rigidity of the 
process system, vibration or poor grinding quality, the cut-
ting edge is prone to "micro-collapse" (Fig. 6(b)), that is, 
small collapse, notch or peeling in the edge area. After 
micro-collapse, the tool will lose some cutting capacity. 

Fig. 4  Temperature measurement under variation of cutting parameters

Fig. 5  Tool life under variation of cutting parameters

401Experimental Techniques (2023) 47:395–406



With the aggravation of wear, in addition to the wear of 
the flank, there is also the phenomenon of edge collapse 
(Fig. 6(a) and (c)).

When micro-chipping continues to develop or under 
worse cutting conditions, the cutting heat is very easy to 
stay near the cutting edge, and it is difficult to discharge 
the cutting heat and chips in time. There will be chipping 
with larger size and range in the cutting edge or tool tip 
area (Fig. 7). At this time, the tool will completely lose its 
cutting ability.

Tool wear mechanism

Abrasive wear When the cutting edge of the drill bit con-
tacts the workpiece material during the drilling process, the 
temperature on the surface of the tool increases due to fric-
tion, and its hardness decreases [17, 18]. When the hard 
point in the nickel-based alloy workpiece material slides 
into the friction surface under load, the friction force shears 
and wrinkles the rake face through the ploughing action of 
the abrasive, resulting in groove indentations, which form a 
stripe-like wear belt as shown in Fig. 8. This form of wear 
is abrasive wear. Abrasive wear is one of the main wear 
forms when drilling nickel-based alloy Inconel 718 with 
high-speed steel drill bit.

(a) d=6 mm, v=6 m/min, f=0.01 mm/rev  (b) d=8 mm, v=8 m/min, f=0.02 mm/rev  (c) d=10 mm, v=6 m/min, f=0.02 mm/rev

Fig. 6  Wear morphology during drilling Inconel 718 with high-speed steel drill bit. (a) d = 6 mm, v = 6 m/min, f = 0.01 mm/rev (b) d = 8 mm, 
v = 8 m/min, f = 0.02 mm/rev (c) d = 10 mm, v = 6 m/min, f = 0.02 mm/rev

d=6 mm, v=10 m/min, f=0.02 mm/rev

Fig. 7  Catastrophic chipping phenomenon during drilling Inconel 
718 with high-speed steel drill bit
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Bonding wear Due to the high temperature strength and 
large plastic deformation of nickel-based alloy Inconel 718, 
such as severe work hardening, high cutting force and cut-
ting temperature, and high pressure in the contact area [19, 
20]. Under this high temperature and high pressure, the chip 
and workpiece materials move continuously along the front 
and rear flanks of the tool, damaging the oxide layer and 
other adsorption films on the surface of the drill bit (Fig. 9), 
Make the tool and chip and the tool and workpiece bond and 
wear (Fig. 10). Figure 11(a) shows the EDS analysis of point 
1 in Fig. 10. From the analysis results, there are many Ni, 
Cr, Nb, Mo and other elements from the workpiece mate-
rial, indicating that the tool bonding wear occurs during the 
drilling process and is accompanied by the whole cutting 
process. When cutting nickel-based alloy, a large amount of 
cutting heat is borne by the tool. Under the action of high 
temperature and large cutting force, the cutting edge will 

produce bonding wear [1, 21], which changed the physical 
properties of the tool material (e.g., thermal conductivity), 
causing simultaneous peeling of the coating or matrix with 
the bonding layer to reduce the cutting performance of the 
tool. In order to avoid the occurrence and deterioration of 
bonding wear, cutting fluid should be used to reduce the 
cutting temperature.

Oxidation wear Figure 11(b) shows the EDS analysis at 2 
in Fig. 10(c). From the analysis results containing O, Cr, Fe, 
Ni and Ti elements in this area, which indicates that there 
may be oxide films such as TiO2 and Al2O3. Ni and Cr ele-
ments are bonded to the tool surface, which can reduce the 
hardness and cutting performance of the tool surface and 
accelerate the bonding between the tool and the workpiece. 
The oxide film formed at point 2 as shown in Fig. 9(a) after 
the oxide layer peels off. It can be inferred that a certain 
amount of oxidative wear occurs in the drilling process, 
oxidation between air and exposed carbide matrix degrades 
tool material performance. The existence of oxide film on 
tool surface can avoid direct contact between tool and chips 
as well as workpiece, thus reducing bonding and playing a 
certain protective role.

In conclusion, when drilling nickel-based alloy Inconel 
718 with high-speed steel drill bit, the cutting force is 
large and the cutting temperature is high. The wear mech-
anism is mainly the comprehensively synergistic effect of 
abrasive wear, bonding wear, and oxidation wear.

Fig. 8  Abrasive wear during drilling Inconel 718 with high-speed 
steel drill bit

Fig. 9  Peeling of oxide layer during drilling Inconel 718 with high-
speed steel drill bit

Fig. 10  Bonding wear morphology during drilling Inconel 718 with 
high-speed steel drill bit
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Optimization of Cutting Parameters

Reliability analysis of tool life

From (equation (10)) of tool life, the drill bit diameter has 
the greatest influence on the tool life in the process of drill-
ing nickel-based superalloy Inconel 718 with high-speed 
steel tools (the index in the empirical equation is 3.2205), 
followed by feed rate (the index is -2.2377) and cutting speed 
(the index is -1.5518). With the increase of tool bit diameter 
d, the tool life becomes longer. However, with the increase 
of cutting speed v and feed rate f, the tool life decreases.

As shown in Table 7, the variance of tool life is analyzed 
in the significance test. The significance level is 0.022 < 0.05, 
which verifies the effectiveness of tool life model.

Optimization of cutting parameters

Equation (11) is the equation of material removal rate (cut-
ting efficiency) in drilling process

We can analyze the relationship between tool life and cut-
ting efficiency through the empirical (equation (10)) and cut-
ting efficiency (equation (11)) obtained by orthogonal test, 
to obtain ideal cutting parameters, tool life and efficiency.

Figure  12 shows the equivalent tool life-efficiency 
response curve of drill bit (d = 10 mm) under different cut-
ting tool lives and material removal rates. The solid line in 
the figure is the equivalent tool life response curve and the 
dotted line is the equivalent efficiency response curve. Under 
the condition of constant efficiency, appropriately reducing 
the feed rate and increasing the cutting speed can improve 
the tool life.

Through the analysis of tool life cutting efficiency, the 
cutting parameters of high-speed steel drill bit can be opti-
mized, to determine the tool life and cutting efficiency under 
the recommended cutting parameters. Drilling and process-
ing nickel-based alloy Inconel 718, under the cutting condi-
tion of using emulsion as coolant, the high cobalt straight 
shank twist drill integral high-speed steel (M42) bit pro-
duced by Nachi company is used. The recommended cutting 
parameters are: for the drill bits with diameter of 6 mm and 

(11)Q = vf ⋅
�d2

4
= 250 × d ⋅ v ⋅ f (mm3∕min)

Fig. 11  EDS analysis of flank wear of the drill bit. (a) EDS analysis 
results at point 1. (b) EDS analysis results at point 2

Table 7  Tool life variance 
analysis results

SS (Sum of squares) df (degree 
freedom)

MS (Mean square) F (F statistic) Significance

Regression analysis 1339.178 3 446.393 8.325 0.022
Residuals 268.100 5 53.620
Total 1607.278 8
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8 mm, the cutting speed is 5 ~ 10 m/min and the feed rate 
are 0.01 ~ 0.02 mm/rev, the tool life is about 5 ~ 20 min. For 
the drill bit with diameter of 10 mm, the cutting speed is 
5 ~ 10 m/min, the feed rate is 0.01 ~ 0.025 mm/rev, and the 
tool life is about 15 ~ 50 min.

Conclusion

(1) The empirical equation for cutting force, cutting temper-
ature and tool life when drilling nickel-based alloy Inconel 
718 were obtained when emulsion was used as cutting fluid 
are obtained. With the gradual increase of drill diameter, 
cutting speed and feed rate, the thrust force in the drilling 
process increases. With the increase of drill diameter and 
feed rate, and the cutting speed decreases, the drilling torque 
increases. Therefore, low cutting speed and small feed rate 
can obtain small cutting force and good cutting effect.

(2) Cutting temperature is positively correlated with drill 
diameter and feed rate, but negatively correlated with cutting 
speed. Tool life is negatively correlated with cutting speed 
and feed rate, but positively correlated with drill diameter. 
Drill diameter has the greatest impact on tool life, followed 
by feed rate and cutting speed. The main wear forms are 
flank wear, peripheral wear, micro-chipping, and chipping. 
The wear mechanism is mainly the comprehensive function 
of abrasive wear, bonding wear, and oxidation wear.

(3) Based on the calculation results of tool life empiri-
cal equation and cutting efficiency equation, the cutting 
parameters of high-speed steel tool for drilling Inconel 718 
were optimized by using the method of equal life-efficiency 
response surface, and the reasonable cutting parameters of 
high-speed steel drill bits drilling Inconel 718 under the 
condition of using cutting fluid are obtained. For the drill 
bits with diameter of 6 mm and 8 mm, the cutting speed is 
5 ~ 10 m/min and the feed rate are 0.01 ~ 0.02 mm/rev, the 

tool life is about 5 ~ 20 min. For the drill bit with diameter 
of 10 mm, the cutting speed is 5 ~ 10 m/min and the feed 
rate is 0.01 ~ 0.025 mm/rev, the tool life is about 15 ~ 50 min.
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