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Abstract: Tool wear behavior is mainly influenced by cutting parameters for a given tool–workpiece
pair and cutting process. Rapid tool wear increases production costs and deteriorates machining
quality in manufacturing industries. Inconel 718 is prone to severe tool wear in the milling process
due to its high strength under elevated temperature and being prone to work hardening. The effects
of cutting speed and feed rate on the tool chipping mechanism and tool wear multi-patterns in
face milling Inconel 718 with cemented carbide tools are investigated in this research. Firstly, the
face milling experiments of Inconel 718 were conducted with various cutting speeds and feed rates.
The experimental results show that the tool wear morphology, especially the tool edge chipping
on the flank face, is changed with the cutting parameters. Secondly, the tool chipping mechanism
in the milling process is discussed. The effects of cutting speed and feed rate on the chipping and
wear patterns of cutting tools are clarified. Finally, the ANOVA analysis is conducted to verify
the effects of cutting parameters on cutting force, tool life, and tool edge chipping. This work
provides an experimental basis for process parameter optimization to alleviate cutting tool wear in
machining processes.

Keywords: tool wear; tool edge chipping; wear mechanism; cutting force; Inconel 718

1. Introduction

Inconel 718 has extensive applications in aerospace industries because of its corrosion
resistance and high oxidation resistance at high temperatures [1,2]. However, the high
strength and low thermal conductivity of Inconel 718 lead to severe tool wear during
machining processes [3–5]. Cemented carbide tools are considered promising candidates
in cutting operations for nickel-based alloys due to their high hardness and excellent
thermomechanical properties. Severe tool wear of cemented carbide inserts is an urgent
problem in realizing the high-efficiency machining of nickel-based alloys [6].

Intense workpiece material deformation and severe friction on the tool–workpiece
interface are involved in the metal cutting process. In recent years, dry cutting has been
used to achieve cleaner production [7,8]. Rapid tool failure is triggered by drastic friction
and large temperature gradients on the tool–workpiece interface in dry cutting. The tool
wear on the flank face also affects the machined surface quality and machining accuracy [9].
Cutting parameters, cooling conditions, and tool geometry are regarded as the factors that
affect tool wear and tool failure, while the cutting parameters have been recognized as the
main factors [10].

Several researchers studied the tool wear patterns in machining nickel-based alloy
Inconel 718 by using cemented carbide and ceramic cutting tools. Bhatt et al. [7] found
that adhesive wear and abrasive wear were dominant wear patterns during finish turning
Inconel 718. Imran et al. [11] compared abrasion, adhesion, diffusion, and chipping in
dry cutting and wet cutting of Inconel 718. They found severe element diffusion occurred
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under dry cutting conditions. Hao et al. [12] reported that the intense element diffusion
and oxidation during the dry cutting of Inconel 718 was the main reason for tool wear
(vc = 20–45 m/min). Alagan et al. [13] observed that cracks propagated with an increase
in cutting speed in turning Inconel 718. They found that the cracking of the tool caused
drastic tool wear in high-speed turning. These results on tool wear mechanisms are limited
to continuous cutting without considering interrupted cutting effects.

Interrupted cutting leads to alternating force and thermal shocks on the tool–workpiece
and tool–chip contact interfaces [14,15]. The tool wear and chipping of the cutting edge are
related to these shocks. Ma et al. [16] and Yu et al. [17] found that there are obvious micro-
cracks and dislocations on the flank face in interrupted cutting Inconel 718. Banda et al. [18]
investigated the wear progression of micro-cracks with different cutting parameters in
milling Inconel 718. Such a failure mode is attributed to alternating force and thermal
shocks, which are considerable in milling Inconel 718. The effect of cutting parameters on
tool wear in turning has been studied in recent years [19,20]. However, the mechanism of
tool edge chipping in interrupted cutting and the effects of cutting speed and feed rate on
tool edge chipping are still poorly illustrated.

More research about the tool wear mechanism in the milling process has emerged
in recent years. Li et al. [21] found that the instantaneous high thermal and mechanical
stresses applied to the inserts were the reason for the rapid tool wear in the high-speed
face milling process. Jiang et al. [22] investigated tool wear behavior in end milling and
found that there was severe edge chipping on the cutting edge. The edge chipping would
be observed on the worn tool. Halim et al. [23] observed that the chipping was generated
during the development of tool wear in milling Inconel 718. However, the formation
mechanism of edge chipping was barely explained. The mechanism of edge chipping in
face milling nickel-based superalloy is required to be further explained.

The objective of this research is to investigate the effects of cutting speed and feed rate
on tool edge chipping mechanism and multiple tool wear patterns in face milling Inconel
718 with carbide tools. Face milling experiments at different cutting parameters were
conducted to measure tool wear morphology, tool life, and cutting force. The tool wear
mechanism at different cutting parameters is discussed. Statistical analyses are performed
to evaluate the effects of cutting speed and feed rate on tool life, cutting force, and tool edge
chipping. Furthermore, the relationship between the cutting force and tool wear evolution
on the flank face is analyzed.

2. Materials and Experiments

Forged Inconel 718 was used as the workpiece material. The chemical composition
and mechanical properties of Inconel 718 obtained from a material supplier are shown in
Tables 1 and 2, respectively.

Table 1. Chemical compositions of Inconel 718.

C Mn Cr Mo Al Ti Co Nb Fe Ni

Wt.% 2.82 0.44 17.29 3.10 0.43 0.95 0.95 5.39 17.72 Bal.

Table 2. Physical–mechanical properties of Inconel 718.

Elastic Modulus
E (GPa)

Thermal
Conductivity K

(Wm−1K−1)

Tensile Strength σb
(GPa)

Yield
Strength σs

(GPa)

Hardness H
(HV)

199.9 19.75 1394 1179 473

The experimental setup is shown in Figure 1. Face milling of Inconel 718 was con-
ducted on a VMC0540d CNC vertical milling machine with cemented carbide inserts under
a dry machining environment. The indexable face milling cutter (diameter D = 80 mm,
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maximum number of teeth z = 8) provided by cutting tool supplier ZCC·CT was used in
the experiments, as shown in Figure 2. The milling experiment was conducted by applying
one tooth to the cutter. A TiAlN-coated WC-Co cemented carbide insert with 0.8 mm tool
nose radius was selected for experiments. The effective rake, clearance, and inclination
angle were −15◦, 5◦, and 0◦, respectively.

Figure 1. Face milling experiments.

Figure 2. Overall view of face milling cutter and insert.
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The experiments were carried out with different cutting speeds and feed rates. The
cutting depth was kept constant at 0.2 mm. The applied range of the cutting parameters
(cutting speed vc = 45 m/min–75 m/min, feed rate per tooth fz = 0.05 mm/r–0.15 mm/r)
was recommended by the technical support of cutting tool supplier ZCC·CT. The cutting
parameters used in this study are shown in Table 3.

Table 3. Cutting conditions for tool wear test.

Test Group Cutting Speed vc (m/min) Feed Rate fz (mm/r)

1 45 0.05
2 60 0.05
3 75 0.05
4 45 0.1
5 60 0.1
6 75 0.1
7 45 0.15
8 60 0.15
9 75 0.15

The cutting force measurement system was composed of a Kistler 9129AA 3-component
dynamometer, charge amplifier, and data acquisition card. The maximum flank wear width
VB was measured with a Dino-Lite AM-413TL optical microscope every 20 s in each cutting
condition until the 300 µm flank wear width (ISO-8688) was reached. A scanning electron
microscope (SEM, JMS-7610F) equipped with energy-dispersive spectroscopy (EDS) was
used to analyze the tool wear morphology and chemical compositions.

3. Results and Discussion
3.1. Cutting Forces

The resultant cutting forces of the new inserts at different cutting parameters are
shown in Figure 3. The resultant cutting force of 152.1 N is observed at the cutting speed
of 45 m/min and the feed rate of 0.15 mm/r, whereas the resultant cutting force is 61.7 N
at the feed of 0.05 mm/r. It can be seen that the resultant cutting force increases with the
increase in the feed rate. The same trend can be found at cutting speeds of 60 m/min and
75 m/min. This is because the variation in undeformed chip thickness at different feed
rates has an effect on cutting force [24].

Figure 3. Cutting force at different cutting parameters with new inserts.
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However, the effect of cutting speed on resultant cutting force is found to be different
from that of feed rate. The maximum value of resultant cutting forces of new inserts in
every feed rate is achieved at the cutting speed of 60 m/min. The variation of cutting force
is generated due to the change in the build-up edge and adhesion layer observed on the
flank face in the milling process. The effective rake angle is added due to the generation
of the build-up edge as the cutting speed increases. It results in an increase in the cutting
force on the one hand. On the other hand, the temperature generation rate becomes higher
at a higher cutting speed, which makes workpiece material soft [25]. It leads to a reduction
in cutting force at a higher cutting speed. The variation of cutting force with cutting speed
is attributed to these two factors.

The evolution of cutting force over cutting length at the cutting speed of 60 m/min
with different feed rates in milling Inconel 718 is shown in Figure 4. The force components,
including feed force (Fx), tangential force (Fy), and axial force (Fz), force were measured
with a dynamometer during each test until the critical flank wear width of 300 µm was
reached. It can be seen that all three cutting force components increase with the cutting
length. The Fx is observed to be almost constant over cutting length under the feed rates of
0.10 mm/r and 0.15 mm/r. The average growth rate of Fz 5.27 N/m is obtained at the feed
rate of 0.05 mm/r. Such an evolution trend is observed in the cutting force component Fy.
However, the average growth rate of Fy is 1.745 N/m, which is much smaller than Fz at the
feed of 0.05 mm/r.

Figure 4. Cutting forces vs. cutting length at vc = 60 m/min and (a) fz = 0.05 mm/r, (b) fz = 0.10 mm/r,
and (c) fz = 0.15 mm/r.

The axial force Fz is observed as the largest of the three force components, while
the feed force Fx is minimum. The pressure and friction between the workpiece and the
negative chamfer render the Fz larger than the other components. The maximum Fz value
of 370 N is measured at the feed rate of 0.05 mm/r and cutting speed of 60 m/min, while
the maximum value of Fz at the feed rate of 0.15 mm/r and the cutting speed of 75 m/min
is less than 250 N. The worn-out inserts are subjected to higher temperatures at larger
cutting parameters, which is similar to the new inserts. Small cutting forces are obtained
under the cutting speed of 75 m/min from both the new insert and worn-out insert.

The interaction between tool wear and cutting forces is shown in Figure 5. The friction
behavior and the tool–workpiece contact condition are affected by the evolution of tool
wear [26]. The evolution of cutting force is affected by the increase in contact area on the
tool–workpiece interface induced by tool wear. Then the increase in cutting force results
in an increase in the normal stress on the flank face, which further aggravates tool wear.
The relationship between cutting force and tool wear width on the flank face at the cutting
speed of 45 m/min and the feed rate of 0.5 mm/r is shown in Figure 5a, with the correlation
coefficient of 0.9377. The correlation coefficient R values for the rest of the test are shown in
Figure 5b. The values of the correlation coefficient R between tool wear and cutting force in
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each test group are all over 0.9. This indicates that the tool wear and cutting force are linear
in the milling process.

Figure 5. (a) Cutting force vs. tool flank wear width at vc = 45 m/min and fz = 0.05 mm/r; (b) correla-
tion coefficients at other cutting parameters as shown in Table 3.

3.2. Tool Wear Progress and Tool Worn Surface Morphology

The flank wear curves of the coated carbide insert in face milling Inconel 718 under
different cutting parameters are shown in Figure 6. The evolution of tool wear can be
observed with an initial wear stage followed by a steady wear stage. A significant increase
in the tool wear rate after the tool wear reaches a certain level is called the failure region.
However, the failure region is less obvious at the larger cutting parameters. This is because
the tool insert is worn out before the rapid wear occurs.

Figure 6. Tool wear progress curves at (a) fz = 0.05 mm/r, (b) fz = 0.10 mm/r, and (c) fz = 0.15 mm/r.

The effect of cutting parameters on the tool wear evolution can be characterized by
tool life. The carbide inserts wear faster when cutting parameters become larger. The tool
life is reduced by 63% as cutting speed increases from 45 m/min to 75 m/min, whereas the
tool life is reduced by 84% as feed increases from 0.05 mm/r to 0.15 mm/r. The effect of
feed on tool life appears more significant under experimental conditions.

The tool wear morphology in milling Inconel 718 with a TiAlN-coated WC-Co ce-
mented carbide insert is shown in Figure 7. The tool damage and failure modes can be
classified into flank wear and tool edge chipping. The flank wear region is located at the
tool nose under the experimental conditions. The tool wear patterns present different
characteristics in different positions of the wear area, as shown in Figure 7a,c. The tool edge
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chippings caused by dramatic loads and the built-up edge appear on the flank face near
the cutting edge. Traces of the adhesive layer and notching can be found on the flank face.

Figure 7. Tool worn surface morphology under VB = 300 µm for (a,b) vc = 45 m/min and
fz = 0.05 mm/r and (c) vc = 60 m/min and fz = 0.05 mm/r.

In addition, different features of wear morphology are presented with the feed rate
increasing. As shown in Figure 7c, a large adhesive layer can be found on the flank face at
the feed of 0.15 mm/r. The wear area caused by the tool edge chippings with the feed rate
of 0.15 mm/r is larger than that with the feed rate of 0.05 mm/r. This indicates that the
change in tool wear morphology is affected by the cutting parameters.

3.3. Tool Wear Multi-Patterns

The tool wear morphology is characterized by the tool wear patterns, which are
affected by cutting parameters. The detailed information provided by SEM and EDS
images is analyzed to determine the wear patterns of the worn inserts.

The effect of cutting parameters on abrasive wear and adhesive wear is shown in
Figure 8. Multiple parallel marks on the flank face are the result of abrasion scraping. High-
hardness particles are exposed to the surface and form abrasions due to high temperature
and high pressure [7], which are likely to damage the flank face. The EDS results in
Figure 8c,d show that the chemical compositions of abrasives are Cr and Fe carbides. These
abrasives are the impurities caused by the precipitation of Cr and Fe elements during the
heating and cooling process of workpiece forging [27].

Inconel 718 adheres to the tool substrate under high stress and temperature in the
cutting process. The adhesion layer is composed of lamellar adhesion material as shown
in Figure 9, which indicates that the workpiece material adheres to the flank face layer by
layer. The formation and peeling of the adhesive layer reach the stable state under suitable
temperature and shear strain rate conditions [28]. The stable adhesion layer is concentrated
on the flank face near the tool nose as shown in Figure 9. The different characteristics of
the adhesion layer and abrasive marks are shown at the given cutting parameters in face
milling Inconel 718. The width of abrasive marks on the flank face can be considered as a
feature of abrasive wear.
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Figure 8. (a,b) Tool flank wear morphology at fz = 0.05 mm/r and vc = 75 m/min and (c,d) chemical
compositions at Test point 1 and Test point 2, respectively.

The SEM images on the flank face at the cutting speed of 45 m/min and various feed
rates are shown in Figure 9. The width of abrasive marks on the flank face reduces as
the feed rate increases from 0.05 mm/r to 0.15 mm/r as shown in Figure 9. The area of
the adhesion layer reduces as the feed rate increases from 0.05mm/r to 0.15 mm/r. The
minimum proportion of adhesion layer in the flank wear region is observed in Figure 9c
at the feed rate of 0.15 mm/r. The maximum cutting force is measured at the feed rate of
0.15 mm/r according to Figure 3. The larger alternating force at the feed rate of 0.15 mm/r
in the milling process results in a reduction in the adhesive layer.

The effects of the cutting speeds on abrasive wear and adhesive wear are shown in
Figure 10. The minimum width of abrasive marks is generated at the cutting speed of
60 m/min as shown in Figure 10b. However, the maximum adhesion layer can be found
on the flank face at the cutting speed of 60 m/min. Cracks are observed at the edge of the
adhesion layer in Figures 9a and 10b. This indicates that the adhered material is unstable at
these cutting parameters.

Traces of abrasive are also found on the adhesion layer in Figures 9a and 10a. This
indicates that intense friction occurs on the interface of the adhesive layer and workpiece.
The adhesion layer replaces the tool substrate to interact with the workpiece material. The
tool substrate is protected by the stable adhesion layer, which extends the tool life [29].
However, the tool wear is accelerated by the peeling of the unstable adhesion layer in the
milling process.
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Figure 9. SEM images of Inconel 718 adhesion layer on tool surface at feed rate of (a) 0.05 mm/r,
(b) 0.10 mm/r, and (c) 0.15 mm/r.

The element distribution on the worn surface was obtained by EDS mapping, as shown
in Figure 11. The distribution of C and W is detected on the wear area, which indicates
that the tool substrate is exposed on the worn flank face. The distribution Ni, Cr, and Fe is
detected on the wear area on the flank face. In addition, the distribution of oxygen also
appears on the flank face. It can be inferred that intense oxidation reactions occur on the
worn surface.

The process of diffusion wear is presented in the schematic in Figure 12 drawn by the
authors. The contact interface between tool and workpiece material consists of mechanical
and chemical bonding. The diffusion of elements through the contact interface is caused by
the element concentration gradient and the high temperature. Intense oxidation reactions
occur on the tool–workpiece interface. Therefore, the effect of diffusion and oxidation on
tool wear can be classified into strength weakening, volume loss, and oxidation.

3.4. Tool Edge Chipping Wear Mechanism

The failure of a cutting tool in machining Inconel 718 is caused by tool edge chipping
together with flank wear [30]. The tool edge chipping plays a considerable role in tool failure
due to the large area of this wear morphology on the flank face. The formation process
of this wear pattern is shown in Figure 13 drawn by the authors. The micro-cracks and
dislocation on the tool sub-surface layer are joined together under mechanical and thermal
shock in milling. Cracks can be observed on the tool surface when the cracks propagate
to the tool surface. The abrasions fill the cracks, leading to the further propagation of
the cracks. The tool substrate is damaged by the generating and peeling of the lamellar
chipping as the cutting process continues.
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Figure 10. SEM images of Inconel 718 adhesion layer on tool surface at the cutting speed of
(a) 45 m/min, (b) 60 m/min, and (c) 75 m/min.

Evidence of crack propagation and peeling can be found on the worn surface at all
cutting parameters in experimental conditions according to the tool wear morphology in
Figure 14. The fracture-like appearance with the grain exposure is observed at the tool
edge chipping surface. Some of the grains are covered with adhesion material as shown
in Figure 14a,c. This indicates that the worn surface is under intense friction against the
workpiece material. Additionally, it can be seen that micro-cracks propagate to the surface
of tool edge chipping.

The tool edge chipping at various cutting parameters is shown in Figures 9 and 10. The
width of the tool edge chipping on flank face is used to evaluate the tool edge chipping. The
average width of each chipping is measured from three equidistant positions, as shown in
Figure 15. The width of tool edge chipping increases as the feed increases from 0.05 mm/r
to 0.15 mm/r at every cutting speed. However, the maximum width of tool edge chipping
is achieved at the cutting speed of 60 m/min and the feed rate of 0.10 mm/r. A similar
phenomenon is also reported by Peng et al. [31] in their simulation and experiment results.
The possible reason is the weakening of workpiece strength and hardness due to high
cutting temperature as the cutting speed increases [32]. The reduction in crack propagation
is faced as a result of the reduction in the strength and hardness of the workpiece.
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Figure 11. EDS mapping on tool worn flank face.

Figure 12. Tool wear progress with diffusion and oxidation.
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Figure 13. Tool chipping formation due to mechanical and thermal shock.

Figure 14. SEM image of micro-crack propagations under tool surface with (a) low and (b) high
magnifications, and (c) EDS results of adhesion material.
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Figure 15. Tool chipping width at various cutting parameters.

3.5. Statistical Analysis

An analysis of variance (ANOVA) analysis for the effect of cutting parameters on the
output parameters is conducted. The input parameters are feed rate and cutting speed,
while the output parameters are the cutting force, tool life, and tool edge chipping. The
analysis employs a 90% confidence level, and the results are presented in Table 4. The
relative contribution of each factor is shown in the last column of Table 4.

Table 4. Analysis of variance for experimental results.

Factors Sum of Squares SS Degree of Freedom DoF Mean of Squares MS F P %

Tool life

Feed rate fz 26.09 2 13.05 6.33 0.058 61.4
Cutting speed vc 8.14 2 4.07 1.97 0.253 19.2

Error 8.24 4 2.06 19.4
Total 42.47 8

Cutting force

Feed rate fz 16,302.9 2 8151.5 35.49 0.003 78.0
Cutting speed vc 3666.9 2 1833.4 7.98 0.040 17.6

Error 918.8 4 229.7 4.4
Total 20,888.6 8

Tool edge chipping

Feed rate fz 19,774.8 2 9887.4 4.40 0.098 59.5
Cutting speed vc 4487.2 2 2243.6 0.997 0.445 13.5

Error 8997.0 4 2249.3 27.0
Total 33,259.0 8

The analysis results show that the feed rate affects cutting force, tool life, and tool edge
chipping by 61.4%, 78.0%, and 59.5%, respectively. The relative contributions of cutting
speed on the effect of cutting force, tool life, and tool edge chipping are 19.2%, 17.6%,
and 13.5%, respectively. It can be identified that the feed rate is the more important factor
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affecting output parameters under experimental conditions. The p value also shows the
same result at a 90% confidence level. In addition, the analysis results indicate that the
cutting speed for cutting force is statistically significant because the p value is lower than
0.10 in Table 4. Similar results could be obtained by comparison with experimental research
data [33] of face milling Inconel 718 with ANOVA analysis. The p value of feed rate to tool
life was 0.0412, while it was 0.1431 for cutting speed. This indicates that the effect of feed
rate on tool life is more significant than that of cutting speed.

4. Conclusions

In this paper, the wear mode and associated wear mechanism of TiAlN-coated ce-
mented carbide tools have been studied during their application in the face milling of
Inconel 718. The main conclusions drawn are as follows:

1. Cutting force and tool wear show a strong linear relationship. The values of the
correlation coefficient R between cutting force and tool wear are all above 0.9 under
different cutting parameters. The relationship between cutting force and tool wear
propagation can be used for milling process planning and for the development of
effective tool condition monitoring strategies.

2. Mechanical and thermal shocks are the main reasons for tool edge chipping. The
dislocations and micro-cracks extend to the tool surface, forming tool edge chipping.
The tool edge chipping peels off due to the adhesion and friction of the workpiece
material, which damages the tool surface.

3. Tool flank wear multi-patterns present different behavior along the cutting edge
direction. The adhesion and tool edge chipping on the flank face aggravate the tool
wear. Adhesive wear, abrasive wear, diffusion wear, and tool edge chipping occur
simultaneously as main wear patterns.

4. Cutting parameters have a significant influence on tool wear patterns and tool life.
The feed rate has a significant effect on the cutting force, tool life, and tool edge
chipping at the 90% confidence level. The cutting speed only has a significant effect
on the cutting force at the 90% confidence level.

An optimization model could be established in future research to optimize the ma-
chining parameters according to the comprehensive influence of cutting parameters on tool
life, chipping, and cutting forces. This work provides an experimental basis for process
parameter optimization to alleviate cutting tool wear in milling Inconel 718.
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