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Abstract: Inconel 718 is a highly valued material in the aerospace and nuclear industries due to
the fact of its exceptional properties. However, the processing of this material is quite difficult,
especially through machining processes. Machining this material results in rapid tool wear, even
when low material removal rates are considered. In this study, instrumented turning experiments
were employed to evaluate the machinability of Inconel 718 alloy using PCBN tools while assessing
the usage of two distinct binder phases, TiN and TiC, for those cutting tools. It was found that the
tool life was highly sensitive to the cutting speeds but also affected by the workpiece mechanical
properties. At lower cutting speeds, notch wear significantly impacted the tool integrity, whereas at
higher cutting speeds, flank wear was the primary failure mode of the tool. The flank wear of the
tools with TiN-based binder outperformed TiC by almost 30%, presenting a more consistent behavior
when machining.

Keywords: Inconel 718; PCBN cutting tools; tool binder material; machinability assessment; tool wear

1. Introduction

Nickel superalloys, such as Inconel 718, are well known for their excellent mechanical
properties, even at elevated temperatures [1,2]. This makes these superalloys the choice
material for applications that are quite aggressive and require high mechanical strength
at higher temperatures. For example, these alloys are employed in the making of turbine
components that operate at temperatures above 800 ◦C. In addition to their high mechanical
properties, these alloys also exhibit high resistance to corrosion and oxidation phenom-
ena [3], making them suited for a wide variety of industries, such as the defense, food
processing, automotive, and aeronautical and aerospace industries, in which more Inconel
718 is used [4,5].

Inconel 718 is also known for being a hard material to process, especially with ma-
chining operations, and it is classified as a hard-to-cut metal. This is due to the fact of
their high mechanical property values coupled with the fact that this alloy has low thermal
conductivity and a tendency to work harden [6]. Furthermore, the metallurgical structure
of Inconel 718 has a significant number of hard carbides, namely, TiC and NbC, which
causes the material to exhibit highly abrasive behavior while being cut [7]. As such, the
main problems encountered when machining Inconel 718 is the short tool life caused by
the high abrasive wear, high cutting temperatures [8], and tendency of the metal to adhere
to the tools’ surface. Moreover, the machining of this material damages the workpiece itself
at a microstructural level due to the very high cutting forces generated during the process,
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as well as the surface tearing and distortion of the final machined components [9]. This is a
problem as most aircraft engine components are obtained via machining.

A wide variety of strategies can be employed to mitigate the problems faced when
machining hard-to-cut materials, such as the use of tool coatings or novel tool geome-
tries [10]. Alternative machining strategies are also employed to mitigate problems that
arise from machining Inconel 718, such as laser-assisted machining aimed at improving
surface quality [11] or even different machining strategies using robotics with cutting force
control to improve the surface quality of Inconel components, including turbines [12]. Hard
coating offers many advantages, especially by improving the wear resistance of cutting
tools [13]. However, there are some machining strategies that can be employed in the
machining of these hard-to-cut materials, such as high-speed machining (cutting speeds
over 120 m/min). This strategy has shown some potential in the machining of hardened
steels [14,15], titanium alloys [16,17], and super alloys [18,19]. By employing this machin-
ing strategy, higher material removal rates can be achieved (compared to conventional
machining). Nonetheless, employing this strategy using carbide tools (uncoated or coated)
causes severe tool wear and coating delamination, primarily due to the high abrasive wear
caused by the Inconel 718. As such, some alternative tool materials can be employed, such
as cBN (cubic boron nitride) or PCBN (polycrystalline cubic boron nitride), which has
excellent chemical inertness, high thermal stability, and very high hardness (being second
to diamond) [20]. CBN can better maintain its mechanical strength values when subjected
to higher temperatures compared to other conventional tool materials; moreover, due to
the fact of its high hardness values, it has excellent abrasion resistance [21]. Regarding its
resistance to diffusion phenomena, PCBN can resist interactions with the iron present in
Inconel 718 up to temperatures of 1300 ◦C, both for low and high contents of CBN [22].

PCBN tools can be divided into three categories: low content CBN (50–65%); high
content CBN (80–90%); and binderless sintered CBN (no binder) [23]. Several studies have
been conducted to determine the most appropriate cutting tools for turning Ni-based alloys
at higher cutting speeds. Criado et al. [21] compared the performance of low-content PCBN
tools and carbide tools during machining operations of Inconel 718. In this study, it was
found that the PCBN tools could handle higher cutting speeds, however, at lower values of
depth of cut compared to the uncoated WC cutting tools. However, the authors concluded
that even with this parameter’s adjustment, the PCBN tools had an increased value for
machined volume compared to the WC cutting tools while retaining a very similar level
of tool wear. Regarding the machined surface roughness, the best quality was obtained
using the PCBN tools, which outperformed the WC cutting tools by up to five times in this
regard. Studies such as these highlight the potential of using these PCBN tools, particularly
for finish-turning operations of Inconel 718. Dudzinski et al. [19] stated that although
carbide tools are suited for machining Inconel 718 at lower cutting speeds (between 20
and 30 m/min), for enhanced productivity, ceramic tools are a more appropriate choice,
even when considering that WC tools are less prone to crater wear compared to ceramic
cutting tools.

Costes et al. [24] analyzed the influence of CBN content when finishing Inconel 718.
The authors found that percentages of CBN content in the range of 45–60% in the cutting
tool and used at cutting speeds between 250 m/min and 300 m/min led to the best behavior
in terms of the best machined surface quality and least amount of sustained wear. Bushlya
et al. [25] compared the performance of coated and uncoated PCBN (50% CBN content)
with whisker-reinforced alumina tools in high-speed turning operations of Inconel 718. It
was concluded that the tool life was highly sensitive to the variations in the cutting speed.
The whisker-reinforced alumina tool life was lower than that of the coated and uncoated
PCBN tools. The authors also studied the developed cutting forces during the machining
operations, finding that these force values were higher for the whisker-reinforced alumina
tools compared to the PCBN cutting tools. However, the cutting forces were slightly higher
for the coated PCBN cutting tools.
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Still, regarding studies conducted on the use of PCBN tools, Khan et al. [26] reported
that a 0.2 mm/rev feed rate and a cutting speed value of 300 m/min offered a good
productivity/material removal rate when turning Inconel 718. However, in TiN-coated
PCBN inserts, as the cutting speed value increased from 300 m/min to 350 m/min, no
significant improvement in the performance of the tool life was noticed. This is due to the
rapid oxidation of the coating layer [26,27]. Bushlya et al. [28] also tested TiN-coated PCBN
tools, comparing them with uncoated PCBN tools. Again, the coated tools produced higher
cutting forces during the turning than those observed for the uncoated PCBN tools. In
addition, the coated PCBN tools did not produce the best results in terms of the machined
surface quality. Some experimental tests showed that low-content CBN tools with TiN
binder correspond to excellent wear resistance because the ceramic binder phase has better
chemical stability with respect to nickel [29,30].

Understanding tool wear and the developed wear mechanisms during machining is
crucial, especially when optimizing a certain process. Wear generally occurs over time,
and this failure is a gradual, cumulative process that affects the tool life [31]. As such,
studies evaluating the wear behavior of cutting tools can provide useful information about
the optimization of the cutting process. Understanding and predicting the effect of the
selected cutting parameters on the tool life and wear behavior are also very important.
Cores et al. [24] reported adhesion and diffusion wear as the predominant wear mecha-
nisms sustained by CBN tools when turning Inconel 718. The authors evaluated speeds of
250 m/min, 350 m/min, and 450 m/min. The workpiece was subjected to high tempera-
tures and stresses, suffering superficial plasticization. As such, the alloy spread over the
contact area between the insert and the workpiece. Regarding diffusion wear mechanisms,
Bushlya et al. [29] also reported that, under both high pressure and temperature, boron
and nitrogen diffuse from the CBN into the Inconel 718 while forming solid solutions. A
chemical reaction triggers the formation of Ti and Nb nitrides and Cr, Mo, and Nb borides.
The authors also found that the presence of TiC binder in PCBN is an obstacle to further
diffusional loss of the CBN phase. Despite the diffusional loss of carbon, TiC remains more
stable than CBN and acts as an inert obstacle. These results made it possible to explain
the significantly lower wear rate of PCBN tools with low CBN content and ceramic binder
compared to the high CBN content grades.

In the present study, instrumented turning experiments were devised to evaluate the
machinability of Inconel 718 alloy using PCBN tools. Two PCBN tool types were used that
had distinct binder phases: TiN and TiC. The effect of the binder on the generated cutting
loads and the sustained tool wear is presented and discussed. Although the use of PCBN
tools for machining Inconel alloys has been researched to some extent, the influence of the
binder phases could use additional exploration, as this may bring some advantages in the
use of these tools, especially when aiming to mitigate common problems associated with
the machining of Inconel 718.

2. Materials and Methods

Longitudinal cylindrical turning tests were performed using a Mazak Integrex i-200ST
multitasking CNC machine instrumented with a load cell (Kistler 9129A piezoelectric
dynamometer) coupled to a multichannel charge amplifier (Kistler 5070A) and data acqui-
sition system (Kistler 5697A). In addition to the acquisition of the cutting forces, tool flank
wear measurements and image collection of the rake and flank face were conducted using
a DinoLite digital microscope. SEM images were taken, and a spectroscopy analysis was
also performed. The SEM/EDS analysis was conducted using a high-resolution (Schot-
tky) environmental scanning electron microscope with X-ray microanalysis and electron
backscattered diffraction analysis (FEI Quanta 400 FEG ESEM/EDAX Genesis X4M). To
avoid contaminants, all samples were submitted to an ultrasonic cleaning bath prior to the
SEM analysis. The samples were immersed in ethanol and subjected to ultrasonic waves
for 2 min to remove any debris or unwanted particles that may have accumulated on the
surface of the samples. Table 1 displays the mechanical properties at both room temperature
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(RT) and 649 ◦C, as specified by the alloy manufacturer and determined through tensile
testing according to ASTM E8/E8M-16a and ASTM E21.

Table 1. Mechanical properties of the tested IN718 alloy as a function of temperature.

Temp. Yield S. (MPa) Tensile S. (Mpa) Elongation (%) Area Reduction (%)

RT 52.70 19.06 18.43 4.73
649 ◦C 50.00 rem 17.00 4.75

A schematic representation of the described experimental setup is shown in Figure 1.
A tool holder (ISO DCLNL 2525M 12) was clamped to the dynamometer, resulting in an
insert (ISO CNGA 120408) setting angle of 95◦, a rake angle of −6.5, and a clearance angle
of 6.5◦. A sampling rate of 1000 Hz was defined for the three components, Fx, Fy, and Fz,
which corresponded to the passive, cutting, and feed forces, respectively. Concerning the
lubrication conditions, a soluble oil emulsion was used with a pressure of 3.7 bar pointed
towards the cutting edge. The tested levels of each cutting parameter are presented in
Table 2. The full combination of the presented parameters was used for the two different
cutting inserts (with different binder phases). Experimental tests usually vary the cutting
speed (vc) from 150 to 400 m/s, so five cutting speed levels within this range were selected.
A feed ( f ) of 0.1 and 0.2 mm/rev and a depth of cut (ap) of 0.15 mm were selected for the
experimental runs. This combination of cutting conditions resulted in a matrix of 10 tests
for each tool grade, adding up to 20 different experimental runs.
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Figure 1. Instrumented setup of the longitudinal, cylindrical turning machining operations: (a) tool
holder and effective rake, clearance, and cutting-edge angles; (b) cutting tool and tool holder relative
to the position of the workpiece and load cell mount; (c) charge amplifier and data acquisition system.

Table 2. Tested levels for each cutting parameter.

Cutting Parameter Levels

Depth of cut, ap (mm) 0.15
Feed, f (mm) 0.1 0.2

Cutting speed, vc (m/min) 150 200 250 300 350

Two identical cutting inserts were selected that varied the ceramic binder: (i) titanium
carbide (TiC) for the PBY603 grade and (ii) titanium nitride (TiN) for the PBY602 grade.
These 50% CBN content grades are suitable for the continuous and lightly interrupted
cutting of hardened steel and the finishing of abrasive high-strength cast irons, and they can
also be used to machine heat-resistant superalloys. It is worth noting that the inserts were
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composed of a PCBN tip brazed on a cemented carbide substrate, as shown in Figure 2.
The inserts had an AlTiN/TiSiAlN double-compound coating (1.5 µm thickness) applied
using the physical vapor deposition (PVD) process. Both inserts had the same negative
80◦ rhombic-shaped cutting insert and a honed-edge preparation with a 0.020 mm radius,
which was measured (for thorough control of the cutting conditions) using the Brucker
Alicona apparatus based on 3D optical measurement technology (at Palbit S.A.), as shown
in Figure 2.
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Figure 2. Overall geometry of the cutting insert (brazed tip construction) and edge radius measure-
ment (at <0.05 mm from tool tip) of TiN-based and TiC-based PCBN inserts.

The Inconel 718 samples were equally pre-machined (facing and turning) into cylin-
drical shapes (50 mm in diameter), and a free length of 55 mm was defined for each
longitudinal turning pass, ensuring the repeatability of the process. Prior to the machining
operations, hardness tests were conducted (using an Emco M4U-075 hardness testing ma-
chine, according to ISO 6508) on the cylindrical rods. The following steps were successively
repeated for each condition of the turning experiment: (i) placing a virgin (i.e., new), turn-
ing the insert on the tool holder; (ii) starting the data acquisition system without the lathe
rotation; (iii) starting the turning test while acquiring data; (iv) stopping the test after a
determined number of passes; (v) inspecting the tool and measuring the flank wear with a
digital microscope; (vi) collecting the chip; (vii) repeating steps (i) to (iv) until a flank wear
(VBmax) of 0.2 mm is achieved or 5 min of cutting time have been completed.

An example of the as-recorded cutting force data is shown in Figure 3. Distinct
stages can be noticed. During the first stage (I), the force noise came from the lathe since
the spindle was already rotating, but the cutting tool was motionless, whereas during
the second stage (II) the cutting tool started its movement, entering the workpiece and
beginning to cut. This second stage was characterized by a sudden increase in the forces,
which stabilized less than half a second later into the (III) cutting stage itself. This third
stage corresponded to the steady-state cutting conditions that were considered for this
analysis. The last stage (IV) was characterized by a peak in the forces, possibly due to the
fact of inertial effects and occasional chip tangling and winding around the workpiece.



Metals 2023, 13, 934 6 of 19Metals 2023, 13, x FOR PEER REVIEW 6 of 20 
 

 

 

Figure 3. Load evolution of the Inconel 718 turning operation using the TiC binder cutting tool (vc = 

200 m/min, f = 0.10 mm/rev, and ap = 0.15 mm) while recording the cutting force signals: continuous 

cutting of (a) multiple (3) longitudinal turning passages; (b) distinct stages in each passage. 

3. Results and Discussion 

3.1. Workpiece Material Inspection Analysis 

A chemical composition analysis enabled a comparison with material standards, con-

firming its compliance, as depicted in Table 3. Moreover, small samples of Inconel 718 

were prepared for microstructural observation. After polishing (as seen in Figure 4a), 

these samples were chemically etched with oxalic acid, enabling different phases and 

grain structures, as shown in Figure 4b. Large carbide particles (1 to 7 µm) can be seen in 

the unetched sample, which are responsible for the hardened condition along with the 

very fine precipitates [32] dispersed along the matrix. The microstructure shows equiaxed 

grains and annealing twins, suggesting a recrystallized structure [33,34]. In terms of the 

hardness, different measurements were performed for different radial distances to the 

center of the cylindrical samples. No significant changes in hardness were noticed along 

the diameter of the samples (44.1 ± 0.1 HRC). 

Table 3. Chemical composition (wt.%) of the Inconel 718 alloy processed in the current study. 

Element Ni Fe Cr Nb Mo Ti Al W Si Co 

Measured 52.70 19.06 18.43 4.73 3.00 1.02 0.541 0.114 0.114 0.109 

Standard min. 50.00 rem 17.00 4.75 2.80 0.65 0.20 - - - 

Standard max. 55.00 - 21.00 5.50 3.30 1.15 0.80 0.35 0.35 1.00 

 

Figure 3. Load evolution of the Inconel 718 turning operation using the TiC binder cutting tool
(vc = 200 m/min, f = 0.10 mm/rev, and ap = 0.15 mm) while recording the cutting force signals:
continuous cutting of (a) multiple (3) longitudinal turning passages; (b) distinct stages in each passage.

3. Results and Discussion
3.1. Workpiece Material Inspection Analysis

A chemical composition analysis enabled a comparison with material standards,
confirming its compliance, as depicted in Table 3. Moreover, small samples of Inconel
718 were prepared for microstructural observation. After polishing (as seen in Figure 4a),
these samples were chemically etched with oxalic acid, enabling different phases and grain
structures, as shown in Figure 4b. Large carbide particles (1 to 7 µm) can be seen in the
unetched sample, which are responsible for the hardened condition along with the very
fine precipitates [32] dispersed along the matrix. The microstructure shows equiaxed grains
and annealing twins, suggesting a recrystallized structure [33,34]. In terms of the hardness,
different measurements were performed for different radial distances to the center of the
cylindrical samples. No significant changes in hardness were noticed along the diameter of
the samples (44.1 ± 0.1 HRC).

Table 3. Chemical composition (wt.%) of the Inconel 718 alloy processed in the current study.

Element Ni Fe Cr Nb Mo Ti Al W Si Co

Measured 52.70 19.06 18.43 4.73 3.00 1.02 0.541 0.114 0.114 0.109
Standard min. 50.00 rem 17.00 4.75 2.80 0.65 0.20 - - -
Standard max. 55.00 - 21.00 5.50 3.30 1.15 0.80 0.35 0.35 1.00
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Figure 4. Optical microscopic images of Inconel 718: (a) polished condition evidencing the occurrence
of large precipitates; (b) chemically etched (oxalic acid) condition, evidencing the microstructure.

3.2. Cutting Load

Figure 5 allows for the observation of the cutting loads according to each selected
operational condition. The significant evolution of these loads can be noticed for each
selection of cutting parameters due to the considerable wear rates promoted by the low
machinability of the alloy. The initial force values, which were minimum due to the fact
of insignificant tool wear, are represented by “min.”, whereas “max.” illustrates the last
passage load values, which were maximum due to the fact of tool degradation. The average
force values over the entire test are represented by “avg.”. Overall, the highest values
were achieved by the passive force component (Fp) followed by the cutting force (Fc) and
feed force (Ff), in descending order, given that when the depth of cut is smaller than the
nose radius of the tool, the passive or radial component of the tool forces is found to be
most dominant [24,25,29,35,36]. Moreover, passive force had a large evolution over time,
often amounting to triple and even quadruple the initial (i.e., virgin tool) value, when
reaching the end of the tool’s life. Monitoring the evolution of this force can provide
relevant information on the tool wear evolution. The force appears to be highly sensitive to
the evolution of the tool wear and degradation of the tool edge surface, which is a tendency
also observed by other researchers [24,35,37]. In addition, the passive force seems to be
associated to the ploughing force, which is caused by the flow of material ploughed by the
clearance face of the tool due to the elastic deformation of the workpiece material under
the clearance surface [35].

The first pass cutting forces for each tool, cutting speed, and feed are shown in
Figure 6 for each distinct cutting tool. This first pass values are important, since at this
point the cutting tools have the most similar wear conditions, enabling a more suitable
comparison of the cutting forces. As expected, higher cutting forces were achieved when
machining with higher feeds for both tools, given that maintaining the depth of cut and
increasing the feed results in a higher chip cross-sectional area along with higher cutting
forces. It is important to note the high stability of the cutting forces in the steady-state
regime (standard deviation < 5 N). When varying the feed from 0.1 mm/rev to 0.2 mm/rev
and cutting with the TiC binder inserts, this resulted in an average increase of 52.1% in
the cutting forces, while under the same conditions, an increase of 55.5% was observed
when machining with the TiN binder inserts. The cutting forces proved to have a slightly
decreasing tendency when increasing the cutting speed. As the cutting speed increased,
there was a larger energy input in the machining process, which combined with the lower
heat diffusion (near-adiabatic process), promoted a temperature increase that resulted in
thermal softening of the workpiece material. For the tests, it was not possible to perceive a
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significant difference in the cutting forces among the distinct CBN binders. Regardless of
the employed cutting insert, the measured load values oscillated at approximately 120 N
when machining with a feed of 0.2 mm/rev and 80 N with a feed of 0.1 mm/rev.

Metals 2023, 13, x FOR PEER REVIEW 8 of 20 
 

 

 

  
(a) (b) 

  
(c) (d) 

Figure 5. Cutting load evolution according to the selected cutting parameters and depending on the 

first (min.) and last (max.) cutting tool passages: (a) TiC binder cutting tool and f = 0.1 mm/rev; (b) 

TiC binder cutting tool and f = 0.2 mm/rev; (c) TiN binder cutting tool and f = 0.1 mm/rev; (d) TiN 

binder cutting tool and f = 0.1 mm/rev. 

The first pass cutting forces for each tool, cutting speed, and feed are shown in Figure 

6 for each distinct cutting tool. This first pass values are important, since at this point the 

cutting tools have the most similar wear conditions, enabling a more suitable comparison 

of the cutting forces. As expected, higher cutting forces were achieved when machining 

with higher feeds for both tools, given that maintaining the depth of cut and increasing 

the feed results in a higher chip cross-sectional area along with higher cutting forces. It is 

important to note the high stability of the cutting forces in the steady-state regime (stand-

ard deviation < 5 N). When varying the feed from 0.1 mm/rev to 0.2 mm/rev and cutting 

with the TiC binder inserts, this resulted in an average increase of 52.1% in the cutting 

forces, while under the same conditions, an increase of 55.5% was observed when machin-

ing with the TiN binder inserts. The cutting forces proved to have a slightly decreasing 

tendency when increasing the cutting speed. As the cutting speed increased, there was a 

larger energy input in the machining process, which combined with the lower heat diffu-

sion (near-adiabatic process), promoted a temperature increase that resulted in thermal 

softening of the workpiece material. For the tests, it was not possible to perceive a signifi-

cant difference in the cutting forces among the distinct CBN binders. Regardless of the 

employed cutting insert, the measured load values oscillated at approximately 120 N 

when machining with a feed of 0.2 mm/rev and 80 N with a feed of 0.1 mm/rev. 

0

100

200

300

400

500

600

Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff

150m/min 200m/min 250m/min 300m/min 350m/min

C
u

tt
in

g
 L

o
ad

, F
p

, F
c,

 F
f 

(N
)

avg

min

max

0

100

200

300

400

500

600

Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff

150m/min 200m/min 250m/min 300m/min 350m/min

C
u

tt
in

g
 L

o
ad

, F
p

, F
c,

 F
f 

(N
)

avg

min

max

0

100

200

300

400

500

600

Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff

150 m/min 200 m/min 250 m/min 300 m/min 350 m/min

C
u

tt
in

g
 L

o
ad

, F
p

, F
c,

 F
f 

(N
)

avg

min

max

0

100

200

300

400

500

600

Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff Fp Fc Ff

150 m/min 200 m/min 250 m/min 300 m/min 350 m/min

C
u

tt
in

g
 L

o
ad

, F
p

, F
c,

 F
f 

(N
)

avg

min

max

Figure 5. Cutting load evolution according to the selected cutting parameters and depending on the
first (min.) and last (max.) cutting tool passages: (a) TiC binder cutting tool and f = 0.1 mm/rev;
(b) TiC binder cutting tool and f = 0.2 mm/rev; (c) TiN binder cutting tool and f = 0.1 mm/rev;
(d) TiN binder cutting tool and f = 0.1 mm/rev.

Metals 2023, 13, x FOR PEER REVIEW 9 of 20 
 

 

  
(a) (b) 

Figure 6. Measured cutting forces on the initial passage of each tool for each tested configuration of 

cutting parameters: (a) TiC binder cutting tool; (b) TiN binder cutting tool. 

The measurement of the first pass cutting forces enabled the calculation of the specific 

cutting pressure, 𝐾𝑐, which is a highly relevant parameter used for the evaluation of a 

material’s machinability and enables an estimate of the cutting force for scenarios with 

distinct operational conditions. The specific cutting pressure can be defined as the ratio 

between the main cutting force and cross-sectional area of an undeformed chip, 𝐴0. The 

cross-sectional area of the undeformed chip can be calculated using Equation (1), and the 

specific cutting pressure, 𝐾𝑐, can be calculated using Equation (2). 

𝐴 = 𝑎𝑝 ⋅ 𝑓 (1) 

𝐾𝑐 =
𝐹𝐶

𝐴
 (2) 

Figure 7 exhibits the evolution of the specific cutting pressure according to the feed 

conditions. Typically, 𝐾𝑐 exponentially increases for a smaller chip section while stabiliz-

ing when increasing the chip section, which is a phenomenon associated with size effects 

in metal cutting, as widely observed by researchers [35,38,39]. The occurrence of defects 

in metals, such as grain boundaries or missing atoms, is generally acknowledged, and the 

chance of encountering such stress-reducing defects increases for larger sizes of removed 

material [39]. In addition, the occurrence of ploughing for increasingly smaller feed rates 

explains the size effect. When the uncut chip thickness becomes smaller or similar to the 

tool edge radius, the cutting loads did not decrease proportionally due to the considerable 

relative contribution of workpiece deformation (compression), leading to higher 𝐾𝑐 val-

ues. 

0

20

40

60

80

100

120

140

160

100 200 300 400

C
u

tt
in

g
 f

o
rc

e,
 F

c 
(N

)

Cutting speed, vc (m/min)

f = 0.1 mm/rev f = 0.2 mm/rev

0

20

40

60

80

100

120

140

160

100 200 300 400

C
u

tt
in

g
 f

o
rc

e,
 F

c 
(N

)

Cutting speed, vc (m/min)

f = 0.1 mm/rev f = 0.2 mm/rev

Figure 6. Measured cutting forces on the initial passage of each tool for each tested configuration of
cutting parameters: (a) TiC binder cutting tool; (b) TiN binder cutting tool.

The measurement of the first pass cutting forces enabled the calculation of the specific
cutting pressure, Kc, which is a highly relevant parameter used for the evaluation of a
material’s machinability and enables an estimate of the cutting force for scenarios with
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distinct operational conditions. The specific cutting pressure can be defined as the ratio
between the main cutting force and cross-sectional area of an undeformed chip, A0. The
cross-sectional area of the undeformed chip can be calculated using Equation (1), and the
specific cutting pressure, Kc, can be calculated using Equation (2).

A = ap · f (1)

Kc =
FC
A

(2)

Figure 7 exhibits the evolution of the specific cutting pressure according to the feed
conditions. Typically, Kc exponentially increases for a smaller chip section while stabilizing
when increasing the chip section, which is a phenomenon associated with size effects in
metal cutting, as widely observed by researchers [35,38,39]. The occurrence of defects in
metals, such as grain boundaries or missing atoms, is generally acknowledged, and the
chance of encountering such stress-reducing defects increases for larger sizes of removed
material [39]. In addition, the occurrence of ploughing for increasingly smaller feed rates
explains the size effect. When the uncut chip thickness becomes smaller or similar to the
tool edge radius, the cutting loads did not decrease proportionally due to the considerable
relative contribution of workpiece deformation (compression), leading to higher Kc values.
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Figure 7. Specific cutting pressure values considering new and used tools and their comparison with
values in the literature for similar cutting insert geometries.

The turning tests comprised two different chip cross-sectional areas, with the highest
values of cutting pressure being achieved for the lowest feed, which corresponded to the
smaller chip section, as explained by the size effect in the metal cutting. Values between 4000
and 5500 N/mm2 were obtained for a feed of 0.2 and 0.1 mm/rev, respectively, at a cutting
speed of 300 m/min and depth of cut of 0.15 mm. These are typical values for Inconel
718 turning processes with negative rake angles (commonly used for Ni-based alloys),
hence, inducing high values of specific cutting forces. Furthermore, Cantero et al. [35]
obtained similar Kc values when turning Inconel 718 (45 HRC) with commercially available
KB5625 and CBN170 PCBN inserts. These inserts have a medium CBN content and ceramic
binder, with a honed edge preparation (25 µm) similar to the tested tools in this work.
Whereas in Figure 7 the specific cutting pressure labeled with “min.” corresponds to the
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first passage of the longitudinal turning (i.e., virgin cutting insert), “max.” corresponds
to the last passage of that insert. Significantly higher specific cutting pressures (>30%)
occur when reaching the tool’s end of life, proving that the wear affects the cutting power,
leading to a less efficient machining along with a higher surface roughness of the part, thus
affecting the process sustainability and overall quality of the generated surface.

3.3. Tool Wear

The adopted experimental procedure made possible the tracking of the evolution of
the tool wear. It is an inevitable, gradual, and complex phenomenon affecting workpiece
surface accuracy and integrity and contributing to the cost of the machining process. It
occurs due to the fact of geometrical damage, frictional force, and temperature increases at
the tool–workpiece interface region. Studying the influence of the cutting parameters and
their effect on tool wear allows to optimize the process, achieving both better results on the
final product and on the economical side of the operation.

To establish the tool flank wear progression depending on the machining time, wear
data were acquired approximately every 30 to 60 s of the machining time. To do so, the test
was stopped and the flank wears (VBmax and VBnotch) were measured according to ISO
3685. Herein, flank wear refers to VB for simplicity. Figure 8 shows the monotonic linear
wear increase for the CBN cutting tool according to the cutting time (tc). These data were
then computed into a graph, where the ratio of VB and cutting time represents the tool
flank wear rate (TWf) in mm/s, as presented in Figure 8.
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Figure 8. Tool flank wear evolution (a) as a function of the cutting time for a cutting speed (vc) of
300 m/min and feed (f ) of 0.2 mm using a TiC binder insert: (b) flank face for a cutting time of 30 s;
(c) flank face for a cutting time of 62 s; (d) flank face for a cutting time of 92 s.

As the cutting speed increased, the tool wear rate tended to increase as well, which
may be explained by the increase in the cutting temperature at the cutting edge for in-
creasing cutting speeds. Those high-speed (and, thus, high-temperature) conditions may
lead to softening of the tool material which, in turn, may result in an accelerated tool
wear rate (monotonic trend of the curves shown in Figure 9). Still, there seems to be a
tendency towards the stabilization of the wear rates for longer cutting speeds. This might
be associated with the obtained cutting loads that were more stable for faster cutting speeds
(refer to Figure 5), especially for TiC binders. Thus, it is noticeable that within cutting
speeds between 250 m/min and 350 m/min, the wear rate tended to a steadier rate when
machining with TiC binder inserts. However, when machining the same alloy with the
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CBN tool with TiN binder, this effect was less evident, since the tool flank wear rate kept
increasing with an increasing cutting speed, while the cutting loads also showed lower
stability (Fp >> Fc, Ff), as illustrated in Figure 5.
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Figure 9. Influence of the cutting speed (vc) on the tool flank wear rate for each distinct tested insert:
(a) TiC binder; (b) TiN binder.

Throughout the tests, all inserts experienced noticeable crater wear on the rake face
and flank wear due to the fact of abrasion on the flank face. In most of the experimental
runs, an increased cutting speed improved the stability of the cut. In Figure 10, two
distinguishable wear patterns that were often found in the current experiment are shown.
At lower cutting speeds (i.e., between 150 and 200 m/min), the flank wear was extremely
irregular with the length variations of the flank itself in addition to the formation of build-
up edge and notching. At higher cutting speeds, despite the rapid wear of the tool, this
phenomenon was less discernible. Regarding the influence of the feed on flank wear, the
results do not show a noticeable influence for the different levels of tested feeds (0.1 and
0.2 mm/rev), which is supported by Cantero et al. [35], who found similar results when
machining 45 HRC Inconel 718.
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Figure 10. Example of cutting inserts (TiC binder) with exceeded flank wear (VB > 0.2 mm) for
different operational cutting conditions: (a) cutting speed (vc) of 200 m/min and feed (f ) of 0.2 mm;
(b) cutting speed (vc) of 350 m/min and feed (f ) of 0.2 mm.

Knowing the speed at which each tool flank degrades, the flank wear rate, as shown in
Figure 9, enables the calculation of the expected tool life, as presented in Figure 11, using a
flank wear of 0.2 mm as the wear criterion. It was chosen to display the average tool life of
each tool for both feeds, as no minor differences were found for the flank wear with the two
tested feeds (0.1 and 0.2 mm/rev). It is also important to note that the tool life at a cutting
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speed of 150 m/min was extrapolated and could hardly be achieved due to the chipping
and notching phenomena, which is further addressed. Moreover, it is important to remark
that even though the cutting speed greatly affects the tool life (which shows considerable
differences regarding the CBN binder at low cutting speed), it plateaus at 300 m/min. This
could be explained by a change in the phenomena, leading the wear to change from a
tribological type (i.e., abrasion and adhesion) to a chemical (i.e., diffusion and oxidation).
Within the selected range of the tested parameters, the cutting speeds between 250 and
350 m/min resulted in smaller notching, better cutting stability, and chip control despite a
short tool life.
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Figure 11. Influence of cutting speed on tool life prediction based on a maximum flank wear of
0.2 mm for TiC and TiN based binders.

Productivity should not only be assessed by the geometric parameters of the operation
(which allow to calculate the MRR) but also in terms of the tool’s life, particularly at an
industrial level where tool replacement and set-up times are detrimental. Figure 12 exhibits
the removed material volume as a function of the feed and cutting speed for the maximum
tool life (VB > 0.2 mm), enabling an assessment of the tool’s performance.

Figure 12 allows for the observation of two distinct conclusions: (i) the highest ma-
chined volume was achieved with a feed of 0.2 mm and (ii) the high material removal
rates did not necessarily correspond to a lower machined volume (due to the shorter life),
constituting improved productivity scenarios.

Notch wear induced by chipping, contrary to flank wear, decreased with an increase
in the cutting speed and became indistinguishable from flank wear at vc = 250 m/min,
which was also reported by several other authors, for the same tool–workpiece material
pairs [35,40]. The notching and built-up edge were particularly intense at lower cutting
speeds for both tested feeds with the TiC binder insert, as seen in Figure 13, whereas with the
TiN binder inserts under the same cutting conditions, less notching occurred. This excessive
notch wear at lower cutting speeds led to an accelerated deterioration of the cutting edge
and its ability to maintain strength properties, culminating in either (i) premature failure
of the tool or (ii) flank wear homogenization covering the initial notching. The second
occurrence is a more convenient scenario, resulting in a more gradual tool wear and, thus,
the higher stability of the cutting operation. This is consistent with the fact that the tool
flank wear pattern is more homogenous at higher cutting speeds, becoming the failure
mode for most tools at speeds above 200 m/min. Unexpected tool failure in addition to
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an increasing frequency of tool change may also destroy the previously machined surface,
causing an inherent impact on the economical side of the process.
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Figure 13. Flank surface of the TiC binder insert exhibiting notching under a cutting speed (vc)
of 150 m/min and (a) feed (f ) of 0.1 mm after 105 s of cutting; (b) feed (f ) of 0.2 mm after 65 s of
cutting time.

Tool failure due to the fact of notching located at the depth of cut (see Figure 14c)
at cutting speeds within the range of 150–200 m/min and a reduction of notching as the
cutting speed increases has also been reported by various authors [26,41]. This tool nose
notching at the depth of cut is located at the intersection between the cutting edge and the
machined surface, which is a common failure mode when machining nickel-based alloys.
Notch formation results from a combination of aggressive cutting conditions involved
during the machining process of Ni-based alloys: high temperature, elevated strength,
and strain hardening of the workpiece maintained at high temperature and the abrasive
chips [42].
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Comparing the tool wear with the TiN binder insert and the TiC binder insert, during
the previous turning experiments, it seemed that the first one appeared to have a more
homogenous and predictable flank wear. The flank wear rate (TWf) of insert 602 showed
less variation than insert 603 for the two tested feeds, except at a cutting speed of 350 m/min,
so a further investigation and comparison of these two inserts was performed.

Table 4 shows the measured flank wear (VB) for cutting speeds of 250 m/min and feed
of 0.1 mm, confirming that TiN binder inserts outperform TiC binder inserts, achieving
less flank wear. The rake face images shown in Figure 14 also support the initial premise
that the TiC binder insert has a tendency to notch at the depth-of-cut line. The TiN binder
inserts outperformed TiC by almost 30%, a value that is in line with the 20% difference
reported in the studies by Bushlya et al. [40] when machining Inconel 718 under flood
coolant lubrication cutting conditions at a cutting speed of 300 m/min, feed of 0.1 mm/rev,
and depth of cut of 0.3 mm. Curiously, it was reported that the oxidation of TiN and TiC
start at 700 ◦C and 800 ◦C, respectively, forming TiO2 [43].

Table 4. Flank wear after machining for 1.5 min for vc of 250 m/min and f of 0.1 mm.

Insert
VB

Average
#1 #2 #3

TiC 0.099 0.082 0.085 0.089
TiN 0.089 0.061 0.058 0.069

Electron backscatter diffraction (EBSD) imaging was used to further investigate and
distinguish compositional changes in the tools tested. Different zones usually have different
light intensities that correspond to distinct chemical compositions. EDS analyses and SEM
images allowed to identify compositional changes on the tool’s surface, such as the build-up
edge, and to recognize that, as consequence of the abrasion at the tool–workpiece interface,
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small portions of the workpiece tended to become attached to the tool while the coating
was removed.

Figures 15 and 16 exhibit SEM images of the three TiC and TiN binder inserts used
to machine alloy 718. All tested inserts exhibited a curvilinear, elongated branded zone
where the chip primarily exited at the rake face, resulting in both a loss of the tool coating
due to the tool–chip interaction, diffusion, and adhesion of workpiece elements. Regarding
the TiC and TiN inserts, there was a noticeable difference among them, which is visible as
prominent abrasion wear roughly in the same place on the three TiC inserts, and this is
coincident with the notching present on the flank face, as seen in Figure 17. This excessive
notching tendency of the TiC binder insert compared to the TiN binder insert has previously
been noticed in tool wear rate analyses and further confirmed with SEM analysis.
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In addition, the flank wear on the TiN binder inserts was generally more homogeneous
than for the TiC binder inserts mainly due to the absence of notching. Moreover, SEM
images made it possible to understand that the cutting edge of the TiC binder inserts
underwent more workpiece adhesion than the TiN binder inserts. While the workpiece
material adhered to the tool, a new edge was created resulting in the loss of geometric and
mechanical characteristics. This newly generated layer made the cutting edge less sharp,
thus increasing the forces during the cutting, particularly the passive or radial force.

The TiN binder inserts seemed to have a geometrically consistent wear pattern on
the rake face and tool, and the TiC binder insert’s crater wear appeared to be darker in
the images, indicating the presence of greater erosion, consequently reaching the tool’s
substrate. Both inserts show groove occurrence roughly at the same location, which seems
to be related with the cutting depth; although for the TiC binder inserts, the cutting edge
appeared to be more affected by the chipping, for the TiN binder inserts, the cutting edge
seemed to better withstand its geometrical characteristics.
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4. Conclusions

In this study, instrumented turning experiments to assess the machinability of Inconel
718 alloy using PCBN cutting tools and two different binder phases, TiN and TiC, were se-
lected. The primary cutting force displayed a consistent and gradual increase in magnitude
as the depth of cut and feed rate increased, confirming the expected relationship between
the machining process and operational conditions. In other words, the observed increase
in the cutting force with an increasing depth of cut and feed rate was consistent with the
predicted geometric relationship between these factors and the machining process. The
following are the key findings:

• In terms of the cutting forces, there is a clear dependence between the obtained values
and the adopted cutting parameters. The main cutting force increases for higher feed
rates and decreases for higher cutting speeds;

• Increasing the cutting speed (νc > 300 m/min) seems to promote a change in the
dominant wear mode, from mechanical abrasion to chemical diffusion, as evidenced
by the type of tool wear noticed in the cutting tools;

• Low-content PCBN tools are suitable to machine Inconel 718 at high cutting speeds
(250 < νc < −350 m/min) and low depth of cut (0.15 mm). At lower cutting speeds
(150 < νc < 200 m/min), notching and chipping are the main causes of wear, resulting
in instability of the cutting operation and leading to unpredictable tool failure. At high
cutting speeds, adhesion and diffusion of Inconel 718 into the tool surface deteriorate
the cutting edge’s geometry and toughness;

• Lower cutting speeds and the lack of chip breaker resulted in poor chip control at low
cutting speeds, and there was a tendency of chips to entangle around the workpiece.
Increasing the cutting speed was favorable to the appearance of the chip segmentation;

• Of all forces involved in the turning operation, passive force was the greatest, which is
typical when the depth of cut is smaller than the nose radius of the tool, and showed
an evolution that was close with the increase in tool wear;

• The results of the experiment indicate that a higher removal rate does not always lead
to a corresponding decrease in the durability of the cutting tool, which may ultimately
enable more productive cutting conditions in terms of productivity. This highlights
the potential of using PCBN tools when turning Inconel 718;

• TiN binder seemed to improve the tool resistance when machining this superalloy; yet,
more experiments should be conducted, particularly focusing on the evaluation of the
tool’s thermal evolution through combined approaches of in situ temperature measure-
ment and numerical modeling allowing for an assessment of the wear performance
and stability for different ranges of temperature (promoted by distinct operational
conditions). The chemical stability of the tested tools can also be assessed under
distinct lubrication conditions.
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