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A B S T R A C T

This work investigates the wear characteristics of two different coating systems deposited on cemented carbide
tools and used in the finish turning of an Inconel DA718 aerospace alloy. The two coatings were: (a) a new
nanocomposite multilayer Ti25Al65Cr10N/Ti20Al52Cr22Si8N PVD coating, and (b) an AlTiN benchmark coat-
ing. Four different cutting speeds (60, 80, 100 and 120m/min) were employed during this study. Wear behavior
was characterized using three-dimensional volumetric wear progression, as well as flank wear progression, wear
mechanism evaluation, and cutting force analysis. A tool life predictive model was created for this process based
on both 3D and flank wear patterns. The tool with the nanocomposite coating outperformed the AlTiN bench-
mark coating under higher speed conditions, and both tools performed best under a surface speed of 80m/min.
The primary wear mechanisms responsible for the performance of these coatings differ in relation to the adaptive
behavior of the nanocomposite coating. In addition, tool wear predictions modeled under different cutting con-
ditions demonstrated an estimated accuracy of 93%.

1. Introduction

The aerospace industry demands materials that can be used in com-
plex environments characterized by creep and oxidation of the metal
due to high temperatures. Metallic alloys such as titanium and
nickel-based heat-resistant superalloys (HRSAs) are the main group of
recommended materials, since they are capable of retaining their me-
chanical and chemical properties at elevated temperatures [1,2]. In-
conel 718, an HRSA, possesses many additional advantages such as
high toughness, thermal fatigue, corrosion and oxidation resistance [3].
These characteristics make Inconel 718 an attractive component for tur-
bine engine discs, blades, and drive-shaft components used in the air-
craft industry. However, this alloy is also known to be a difficult-to-ma-
chine material [4,5]. One of the major issues during the cutting process
of this alloy is built-up edge (BUE) formation and high cutting temper-
atures generated at the cutting zone, due to the natural response of its
high strain hardening, low thermal conductivity and presence of abra-
sive particles in its microstructure. These characteristics promote tool
material chemical affinity between the cutting tool and the workpiece
material. The resulting thermal stresses at the cutting tool cause rapid

tool wear, with predominant wear modes being flank, notch, crater
wear, plastic deformation, and chipping [5–10].

In light of this, adequate tool selection is needed. Current literature
considers tool geometry, material, surface engineering, coatings, and dif-
ferent cutting conditions [4,10–15] as solutions to the high machining
costs of Inconel 718. The most significant improvement of Inconel 718
machining thus far was achieved by tool surface engineering using Phys-
ical Vapor Deposited (PVD) coatings [16]. PVD coatings have particular
characteristics such as enhanced mechanical properties, reduced friction
coefficient and thermal conditions that favorably affect cutting perfor-
mance and consequently, the tool life, which has a direct impact on ma-
chining costs and product quality [17].

However, the challenge still remains to reduce the machining costs
and to produce a machined workpiece with excellent surface integrity
(better surface roughness and low levels of residual stresses) even after
the tool wear criterion has been reached [4,18,19]. Moreover, the sur-
face quality of machined parts will always remain a priority for heat re-
sistant super alloys, particularly in the aerospace industry [18,20]. One
method suggested in Refs. [6,18,21,22] is tool wear monitoring under
real industrial conditions to evaluate surface quality (residual stresses)
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on the workpiece surface generated at different stages of tool wear.
Other studies suggest increasing the cutting speed to increase chip flow,
thereby obtaining better surface integrity on the machined workpiece
[20]. Higher cutting speeds raise temperatures in the cutting zone,
which reduces workpiece mechanical properties and tool life [19,23].

Literature describes the effects of several PVD coatings during the
machining of HRSAs. Results show improvement in tool life and sur-
face integrity due to the PVD coatings possessing a number of benefi-
cial characteristics such as high corrosion resistance, high hardness, high
thermal and chemical stability and good surface quality [24–31]. Pre-
viously published data on PVD nanocomposite coatings shows that they
perform better than conventional PVD coatings [31]. Therefore, to in-
crease the productivity and quality of machined parts in aerospace in-
dustry applications, a better understanding of the machining process is
needed (in terms of cutting conditions, tooling, and the combination
of the cutting tool-machine tool-workpiece). Addressing these operating
conditions necessitates tool wear monitoring and prediction of the latest
PVD nanocomposite coatings.

To achieve this goal, a predictive tool flank wear model based on ex-
perimental data obtained from several tests at different cutting speeds
was developed in this study for the machining of nickel-based super-
alloys. The outcome of this model was compared with indicators such
as the material removal rate (MRR), the tool wear rate (TWR) and
the index of performance (IP) to obtain a comprehensive overview of
the turning process. Furthermore, since optical microscope observations
revealed that the primary tool wear modes were chipping and BUE,
more thorough wear analyses were needed. An innovative investigation
into the three-dimensional tool wear progression assesses the extent by
which hard PVD nanocomposite coatings can protect the carbide sub-
strate.

2. Experimental procedure

2.1. Coating system

The coatings proposed in this research are an AlTiN PVD coating
and a multi-layered TiAlCrN/TiCrAl52Si8N PVD nanocomposite coat-
ing. The AlTiN is commercially available from Kennametal. This coat-
ing was selected as the benchmark since it is widely used in industry
due to its superior tool life and maximum cutting speed, especially un-
der finishing cutting conditions. Meanwhile, the multi-layered TiAlCrN/
TiCrAl52Si8N nanocomposite coating has been deposited on the car-
bide substrate using SFC (Super Fine Cathode) physical vapor deposi-
tion. The multi-layered Ti0.25Al0.65Cr0.1 N/Ti0.2Al0.52Cr0.22Si0.08 N
coating was deposited on a cemented carbide tool WC-Co substrate
in a R&D-type hybrid PVD coater (AIPSS002, Kobe Steel Ltd.) using
a plasma-enhanced arc source. The Ti0.2Al0.52Cr0.22Si0.08 and
Ti0.25Al0.65Cr0.1 produced by a powder

metallurgical process were used to deposit the nanocomposite multi-lay-
ered coating. Prior to the deposition of the nanocomposite coating, the
samples were heated up to about 500 °C and cleaned through an Ar ion
etching process. Next, N2 mixture gas was fed to the chamber at a pres-
sure of 4Pa. The arc source was operated at 150 A for a 100mm diam-
eter x 16mm thick targets. The other deposition parameters were bias
voltage 150V and substrate rotation 5rpm. The typical coating thick-
ness, for the deposition parameters mentioned above, was around 2μm.
All the coatings were deposited on cemented carbide grade K313 cut-
ting inserts provided by Kennametal. This cemented carbide grade con-
sists of hard low binder containing unalloyed WC/Co fine grain with 6%
Cobalt. Cemented carbide hardness and density are respectively 93 HRA
and 14.9g/cm3. CNGG cutting insert geometry and its dimensions are
presented in Fig. 1.

The microstructural and phase transformation at the cutting tool/
workpiece interface as well as the chemical composition of the formed
tribo-films was studied with X-ray photoelectron spectroscopy (XPS)
on a Kratos Analytical Inc. (Manchester, UK) AXIS Supra spectrome-
ter equipped with a hemispherical energy analyzer and an Al anode
source for X-ray generation. A monochromatic Al K-α X-ray (1486.6eV)
source was operated at 15kV. The system base pressure was no higher
than 1.0×10−9 Torr with an operating pressure that did not exceed
2.0×10−8 Torr. Before any spectra were collected from them, the sam-
ples were sputter-cleaned for 4 min using a 4 kV Ar + beam. A 110 μm
beam was used for all the data collected from the samples. Pass en-
ergy of 160 eV was used to obtain all survey spectra while pass energy
of 40 eV was used to collect high-resolution data. All spectra were ob-
tained at a 90° takeoff angle and Kratos’ charge compensation ensured
neutralization of all samples. Data was calibrated using a C1s signal of
C-C at 284.8 eV. All data analysis was performed using Casa XPS version
2.3.18PR1.0 software.

The mechanical properties of the coating systems were measured
with a Hysitron Tribo-Indenter TI-900. For this test, a diamond probe
tip Berkovich model was selected alongside a 500mN load. The hard-
ness and elastic modulus of the coating systems were measured through
16 indentations distributed in a 4×4 matrix over a top polished coat-
ing. The hardness results and elastic modulus were obtained from the
indentation load-unloading curves according to the Oliver and Pharr
method [32]. Moreover, to evaluate the adhesion strength of the coat-
ing system, a CSM Instrument Revetest - Scratch tester was employed.
The experiments were carried out according to the ASTM C1624 stan-
dard. Scratch tests were conducted under a progressive load from 5 to
200N in a Rockwell C model indenter over a 3mm length at a speed
of 6mm/min. Finally, previous studies [33,34] show the procedure
adopted in this work to evaluate the chemical composition, thickness

Fig. 1. Geometry of the tools ISO CNGG120408FS.

2

https://elsevier.proofcentral.com/C1624


UN
CO

RR
EC

TE
D

PR
OO

F

S. Capasso et al. Wear xxx (xxxx) xxx-xxx

and cross-section morphology of the coatings using a Transmission Elec-
tron Microscope (TEM).

2.2. Workpiece material and cutting tests

The workpiece material tested in this research was a heat resistant
nickel-based superalloy Inconel 718. The Inconel 718 workpiece mater-
ial was a cylinder with a diameter and height of 76.2mm and 250mm,
respectively. The Inconel 718 was heat treated and aged according to
the AMS 5662 standard, resulting in a hardness around 40 HRC. Its mi-
crostructure, chemical composition and mechanical properties are pre-
sented in Fig. 2.

The cutting tests were performed on an Okuma Crown L1060 CNC
lathe. Cutting inserts were fixed in a standard tool holder (Kennametal -
ISO designation PCLNL 2525 M16). The tool holder geometry is as fol-
lows: back rake angle, λ0=−5; clearance angle, α0=5°; cutting edge
angle, β0=90°; rake angle, y0=−5°; side cutting edge angle, χr=95.

Cutting tests were performed under wet conditions at four differ-
ent cutting speeds ( ) for both coated tools. All
other cutting parameters (depth of the cut , and a feed rate
of were kept constant throughout the experiments. A
semi synthetic oil fluid with 6% concentration was used as a coolant at
a flow rate of 20L/min. For each of the cutting conditions listed above,
a set of three trials were performed. Flank wear was measured for each
trial according to an ISO 3685 standard using a Keyence VHX 5000 dig-
ital microscope. The failure criterion was flank wear of 300μm.

To evaluate coated tool machining performance, flank wear (VB) ver-
sus cutting length (L) was determined for each cutting speed investi-
gated in this project. The cutting length can be expressed as:

(1)

where is the total length of the cut, is the cutting length for each
pass (considering an average tool life of , a reasonable cutting
length of was chosen for each step to adequately approximate
the tool life curve without introducing excessive discontinuity), rep-
resents the diameter of the workpiece in millimetres, is the linear
length (mm) of the machined workpiece during a pass and is the
feed rate in millimetres per revolution. Tool wear and surface roughness

were measured after each pass. Surface finish was measured from an
average of 3 values acquired by a Mitutoyo SJ-201 portable profilome-
ter. To ensure the reliability of the results, the portable roughness de-
vice was calibrated using a high-accuracy Mitutoyo Formtracer Extreme
CS-5000 profilometer and Flexbar Machine Corporation certified stan-
dard roughness samples. During the surface roughness measurement, the
cut off length was kept at 0.8mm and evaluation length at 4mm.

Furthermore, to understand the tribological conditions on the cutting
zone, a study of the chip undersurface roughness and chip formation
(chip compression ratio, shear angle, friction angle, shear strain, ship
sliding velocity, chip flow angle, cutting force, and friction coefficient at
the tool-chip interface) were carried out by standard methods [36,37].
Chips were collected after a machined length of 130m during the cut-
ting tests.

2.3. Assessment and quantification of progressive tool wear

A fundamental part of this study is the comparison of 3D volume
wear and built-up edge evolution during the tool life tests for the pro-
posed coated tools. A focus variation microscope (FVM), model Infinite
Focus G5 by Alicona was used to perform these studies. Each unworn
corner was evaluated by FVM prior to the machining process to obtain a
comparison dataset for 3D volume wear evaluation and to estimate the
built-up edge amount after each cutting test pass. This procedure was
also validated in other studies [38]. 3D frames scanned from the cutting
tools with Alicona FVM underwent post-processing, as shown in Fig. 3.
To assess the evolution of cutting tool wear, a 3D image was aligned and
compared with the previous pass shape and the fresh corner shape after
each cutting pass, as shown in Fig. 3.

The parameters extracted from this process with Measure Suite soft-
ware are presented in Table 1.

3. Results and discussion

The cross-section SEM micrographs of TiAlCrN/TiCrAl52Si8N and
AlTiN PVD coatings, presented in Fig. 4a indicates that AlTiN coat-
ings have a columnar structure. In contrast, the TiAlCrN/TiCrAl52Si8N
coating presented in Fig. 4b has a multilayer architecture combined
with a columnar structure of the entire coating layer. Multilayer coat-
ings exhibit a common tendency to refine the columnar structure [40]

Fig. 2. Chemical composition, mechanical properties and SEM of the microstructure of Inconel DA718 obtained at room temperature.
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Fig. 3. A graphical explanation of post-process analysis.

Table 1
Data extracted from the 3D analysis.

Peak Volume
Vp
[μm3]

Volume of material exceeding the reference
surface of the original insert. BUE

Valley
Volume

Vv
[μm3]

Volume of material below the reference
surface of the original insert.

3D
Wear

Incremental
Peak Volume

Vpdiscr
[μm3]

Volume of material exceeding the reference
surface delimitated by the previous pass.

BUE

Incremental
Valley
Volume

Vvdiscr
[μm3]

Volume of material below the reference
surface delimitated by the previous pass.

3D
Wear

Furthermore, the worn tools were also evaluated by a scanning electron microscope (SEM),
model Tescan Vega II LSU SEM to assess the wear on worn tools evaluated by FVM.

as shown in Fig. 4b. Therefore, outstanding wear resistance could be
achieved, resulting in longer tool life service.

The mechanical properties (hardness, reduced elastic modulus,
H3/Er2 ratio, and adhesion strength) of the two coatings are summarized
in Table 2. The hardness of the TiAlCrN/TiCrAl52Si8N nanocomposite
coating is 38GPa, being slightly higher than that of the monolayer Al-
TiN PVD coating (around 35GPa). Table 2 features the chemical com-
position of the coatings in addition to the H3/Er2 ratio. The elastic mod-
ulus of the nanocomposite coating is also higher than that of AlTiN. In
fact, the loading support of the nano-composite coating (H3/Er2 ratio)
is higher than that of AlTiN, which is beneficial for the heavy loaded
conditions present in Inconel machining [35,39]. Although the multi-
layer TiAlCrN/TiCrAl52Si8N nanocomposite coating is slightly thicker
than the AlTiN PVD coating, this coating system shows better adhesion
to the substrate (Lc2) as shown in Table 2.

Moreover, the structure of the nano-composite coatings was studied
using XPS. Fig. 5 shows the XPS results obtained from the coated sam-
ple. The data obtained through XPS on the surface of the coating at the
initial state, indicates the presence of a Si3N4 phase, which is an amor-
phous phase in this family of coatings [41].

Fig. 6 shows the behavior of tool flank wear as a function of the cut-
ting at the following cutting speeds: 60m/min, 80m/min, 100m/min
and 120m/min. Moreover, at the given cutting speeds, the nanocompos-
ite performs better than the monolayer coatings. At high cutting speeds,
(100 and 120m/min) both PVD coating systems featured high flank
wear and a reduced tool life. This is because high cutting speed gen-
erates more heat within the cutting zone which is quickly dissipated
throughout the workpiece and the cutting tool, accelerating wear.

The advantage of using the nanocomposite coating at speeds of
60m/min and 80m/min is that it increases tool life (Fig. 6). More-
over, at a cutting speed of 80m/min, wear progression is almost linear,
whereas at 60m/min, the steady-state wear region was the longest.

Based on different cutting speeds and tool life curves, the tool wear
rate (TWR) was calculated from the relation between the total tool wear
(VBB) and total machined cutting length (l) as presented in equation (2).

(2)

Fig. 4. SEM micrographs showing the cross-sections of coated samples: (a) monolayer AlTiN PVD and (b) multilayer TiAlCrN/TiCrAl52Si8N PVD coating obtained by AIP – SFC system.

Table 2
TiAlCrN/TiCrAl52Si8N and AlTiN coatings mechanical properties and characteristics.

Coating Chemical composition (EDS data) Layer
Hardness
[GPa]

Thickness
[μm]

Reduced Elastic Modulus
[GPa] H3/Er2

Critical
LoadLc2 [N]

TiAlCrN/TiCrAl52Si8N Ti0.25Al0.65Cr0.1 N/
Ti0.2Al0.52Cr0.22Si0.08 N

Multi-
Layer

38 2 517 0.205 124

AlTiN Al66Ti34N Mono-
Layer

35 1.8 497 0.173 108

4
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Fig. 5. XPS data on the initial surface of the nanocomposite coating obtained by the AIP –
SFC system.

The material removal rate (MRR) and the index of performance (IP)
were obtained to represent the efficiency of the machining process:

(3)

(4)

where (d) is the diameter of the current cut; (f) is the feed rate and (Vc)
is the cutting speed. Thus, the productivity parameters were determined
for both coatings under different cutting speeds.

Since the material removal rate (MRR) was evaluated in mm3 per
minute, it serves as a constant indicator for both coatings under the
same cutting speed, as shown in Table 3.

Tool life results obtained with TiAlCrN/TiCrAl52Si8N reveal that at
a cutting speed of 80m/min, productivity increases. At this speed, the
TWR is lowest and IP highest out all tested conditions (Table 3). Even
compared to the lower cutting speed (60m/min), the tool life of TiAl-
CrN/TiCrAl52Si8N was extended to 80m/min, implying a potential pro-
ductivity advantage.

IP average values clearly indicate that a higher TWR impairs in high
production time and cost. In both tested coating systems, the average
tool wear rate is about 50% higher at the highest cutting speed (120m/
min) than the lowest (60m/min). Considering this, previous results ob

Fig. 6. Tool life curve comparison between AlTiN PVD and TiAlCrN/TiCrAl52Si8N at different cutting speeds.

Table 3
Comparison of performance indicators between the nanocomposite coating and AlTiN PVD at different cutting speeds.

Speed (m/min)

Coating Parameter 60 80 100 120

Nano-composite TWR
(μm/m)

0.22±0.0018 0.190±0.0015 0.3±0.0015 0.33±0.0013

Length
(m)

1386 1418 888 799

IP
(m3/min)

8.35 12.89 9.90 11.14

AlTiN - KC5010 TWR
(μm/m)

0.21±0.0016 0.42±0.0016 0.9±0.0014 0.44±0.0012

Length
(m)

1411 732 536 578

IP
(m3/min)

8.75 5.83 3.30 8.35

MRR (mm3/min) 1838 2450 2971 3675
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tained with TiAlCrN/TiCrAl52Si8N demonstrated an improvement of
30% in terms of IP. From this point of view, results obtained at different
cutting speeds indicate that productivity is improved the most at a cut-
ting speed of 80m/min. Furthermore, the nanocomposite coating's effect
is more pronounced at higher cutting speeds (IPs are significantly higher
than in the benchmark KC5010), as the temperature is high enough to
activate the formation of protective tribofilms and spinodal decomposi-
tion [42], which provides protection to the cutting tool rake surface.

Therefore, the tool wear behavior and IP of both coatings under cut-
ting speeds of 80 and 120m/min will be the subject of detailed investi-
gation in this work. The goal is to develop a system of estimating tool
wear under real cutting conditions present in aerospace component ma-
chining.

According to the previously listed experimental procedure, a progres-
sive 3D tool wear measurement of cutting tools was performed during
the cutting tests at speeds of 80 and 120m/min. Tool surface profiles
were evaluated and compared with an unworn cutting tool. Typical 3D
surface images of the analyzed tools were obtained at 130m, 600m and
at the end of each tool's life. The surface images are presented in Fig.
7. The peaks and valleys on the surface are visible in both coated tools
tested at different speeds.

The behavior of the two coating systems was different at the low
speed of the first pass. A small amount of build-up edge (BUE) was
present on the nanocomposite coating after a cutting length of 130m,
whereas BUE was the main mode of tool wear in the KC5010 coating.
After a length of cut of around 600m, the surface damage (valleys) of
the KC5010 coating was higher than that of the nanocomposite. The op-
posite behavior can be observed at the higher cutting speeds. As is very
well known, the formation of BUE during cutting is an unstable process
that causes cracks, chipping and substrate exposure, all of which may
result in catastrophic failure. At a low speed, the nanocomposite coating
exhibited less tool wear (Fig. 7).

At a high cutting speed during the initial stage of wear, intensive
BUE forms on KC5010 but not on the nanocomposite coating. However,

after a cutting length of 600m, the nanocomposite coating undergoes
significant chipping due to the formation of an unstable BUE (Fig. 7).

In order to understand the wear behavior and wear mechanisms be-
tween the different coatings systems, Fig. 8 shows optical images com-
paring the tool wear morphology obtained for both coating systems at
the same cutting length, which corresponds to the end of the tool life for
AlTiN PVD coating. These studies provide a detailed investigation of the
tool wear patterns that emerge during cutting, with comparison of both
coating systems side by side. At low and high cutting speeds, the major
wear mechanism found for both systems is adhesion followed by oxida-
tion and abrasion wear (Fig. 8a and b). Normally, Inconel machining is
characterized by intensive work hardening and elevated cutting temper-
atures. These two factors promote oxidation and abrasion wear mecha-
nisms. As such, these two wear mechanisms emerge during the machin-
ing of Inconel, resulting in an unstable attrition wear mode. This wear
mode usually develops adhesive bonds at the coated tool rake face and
the workpiece material interface, generating an intense build-up-edge
(BUE). Moreover, the coated cutting tool cannot sustain elevated loads
during cutting. Eventually the tool material will flake off, leading to
chipping, substrate exposure and a catastrophic failure of the cutting
tool. This is the predominant wear mode in the AlTiN coated tool. (Fig.
8a and b). Conversely, BUE intensity is improved in the nanocomposite
coating (Fig. 8a and b). One of the main characteristics of this coating is
its ability to reduce buildup formation and intensity of tool surface dam-
age. Tool wear images (Fig. 8a and b) confirm that the nanocompos-
ite coating improves the friction conditions on the tool/chip interface.
This coating is also capable of sustaining heavy loads at high tempera-
tures by producing thermal barrier tribo-oxides, which reduce friction at
the chip/tool interface. Clearly, only plastic deformation associated with
abrasion and minor adhesion wear could be found in this coating system
(Fig. 8a and b). Therefore, the tool wear patterns confirm the character-
istics of adhesive wear during Inconel DA 718 machining at both speeds
(80 and 120m/min).

XPS data presented in Fig. 9 shows that in addition to sapphire
tribo-films, a noticeable amount of mullite tribo-films form with en-
hanced thermal barrier properties (Fig. 9a) [39]. This results in im

Fig. 7. 3D progressive tool wear for AlTiN PVD and TiAlCrN/TiCrAl52Si8N obtained in different cut lengths: 130m, 600m and end of the tool life during machining of Inconel DA718 at
low and high cutting speeds.
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Fig. 8. Optical images comparing the tool wear morphology obtained for both coating systems at the same cutting length which corresponds to the end of tool life in the AlTiN PVD
coating: Figure A- Cutting speed of 80m/min and Figure B – Cutting speed of 120m/min.

proved surface protection and better wear behavior of the nanocom-
posite coating compared with the crystalline AlTiN PVD coating (KC
5010), which forms only a similar amount of sapphire tribo-films (Fig-
ure, 9b). It should be remarked that existing literature only emphasizes
the mechanical properties of nano-composite coatings [43]. However,
the data presented above shows that the nanocomposite coating features
improved adaptive performance as well.

Following tool life tests, the cutting edge shows intensive accumu-
lation of workpiece material (Fig. 7), which results in poor chip flow
and high mechanical loads on the cutting edge. The combination of
high loads and poor chip flow results in poor machined surface rough-
ness. To evaluate the effect of tool wear progression, surface morphol

ogy (Sa) was measured during the cutting tests for both tools at both se-
lected cutting speeds. Fig. 10a shows the average of each measurement
performed at 130m, 600m and at the end of each tested coating's tool
life while Fig. 10b shows the surface topography at the end of the tool
life for each condition.

According to data presented in Fig. 10a, surface roughness pro-
gresses alongside tool wear in both coatings. As cutting speed increases,
the cutting tool rapidly moves around the workpiece, which combined
with the tool wear condition, results in surface deterioration and con-
tributes to irregular surface roughness (Fig. 10b). Similarly, high cut-
ting speeds promote the accumulation of heat at the cutting zone,
which intensifies tool wear and negatively impacts surface roughness.

7
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Fig. 9. XPS data on the worn surface of the a) nano-composite TiAlCrSi8N/TiAlCrN multilayer coating; b) nano-crystalline AlTiN coating.

Therefore, surfaces obtained at higher cutting speeds possess poor qual-
ity, demonstrating that cutting speed has a major impact on surface fin-
ish parameters during the machining of Inconel DA718.

Tool wear and friction in the cutting zone combined with cutting
conditions are the most critical parameters affecting surface rough-
ness during machining. To understand the tribological effects at the
tool-workpiece interface, all cutting test forces were measured to yield
the friction coefficient and specific cutting energy [36]. A general com-
parison of the cutting condition effects with tool wear, cutting forces,
friction coefficient and specific cutting energy for both coatings is shown
in Fig. 11. These results clearly indicate that the cutting force is gov-
erned by cutting conditions as well as tool state (Fig. 11a). The re-
sultant increase of the friction coefficient and specific cutting energy
(Fig. 11b), leads to poor surface roughness of the machined workpiece
(Fig. 10). Moreover, Fig. 11c shows that the natural tool-chip con-
tact length is influenced by the tribological conditions on the cutting
zone, the cutting speeds as well as the mechanical/physical properties
of the workpiece material and the coating. Under all tested conditions,
the nanocomposite coating has a small contact length that decreases the
tool wear and increases the IP, especially at a cutting speed of 80m/min
(Table 3).

Fig. 12 confirms that there is a good correlation between cutting
speed and chip formation for both coatings tested in this work. It is also
possible to see that the chips formed by the cutting tools coated with
nanocomposite coatings are more curled at high and low speeds than the
chips obtained with KC5010. The SEM chip undersurface images there-
fore confirm that KC5010 produces severe sticking of the chip to the tool
rake surface at a low speed, indicating that the metal flow in this area
is considerably irregular and influenced by extreme friction at the tool/
chip interface. This validates that contact length (Fig. 11c) and chip
curl are governed by cutting speed fluctuation, which increases the tem-
perature at the tool-chip contact zone, altering the cutting zone tribolog-
ical conditions [44].

At this point, the tribological conditions generated by a combination
of different cutting speeds and coatings, play an essential role during the
chip formation process for both coatings tested in this work. To under-
stand the role of contact friction behavior at the cutting zone, a study
of the tribological characteristics of the shearing work material was con-
ducted [36]. Chips were collected at the beginning of cut (around 5m of
cutting length) and the results of chip thickness, chip compression ratio,
shear angle, friction angle, shear strain, chip sliding velocity and chip
flow angle were evaluated and presented in Table 4.

This data indicates significant improvement in cutting zone fric-
tion conditions during machining with nanocomposite coatings. All ob-
tained figures show that the chip characteristics were enhanced in the
nanocomposite coating, compared to KC5010. Since less plastic defor-
mation produces a thicker chip (CCR closer to 1), CCR values show
that machining is improved with the use of nanocomposite coatings. An-
other critical point observed is that the sliding velocity increased along

with the cutting speed at both cutting speeds, which is a natural re-
sponse. However, even at a low speed, the nanocomposite produces an
accelerated metal flow process, represented by the rate index of utiliza-
tion (chip sliding velocity/cutting speed) of approximately 94%. This
indicator is established by the elevated IP obtained with the nanocom-
posite coating at the same cutting speed (Table 3). Therefore, all these
characteristics confirm that the nanocomposite coating reduces friction
and cutting forces (Fig. 11), leading to an overall improvement in tool
life (Fig. 6).

Considering the extensive group of data obtained from the experi-
mental procedure and to predict the relationship between tool wear and
productivity, flank wear data were fitted with a three-dimensional sur-
face, according to the general equation:

(5)

where: a1, a2, a3, and a4 are general coefficients inherent to the equa-
tion, L is the cutting length, and Vc is the cutting speed.

Fig. 13 exhibits the model surface flank wear results. This model
portrays the turning of Inconel DA718 using a TiAlCrN/TiCrAl52Si8N
nanocomposite coating at different cutting speeds under finish opera-
tions. It is worth mentioning that the R-square for the fitting procedure
is higher than , confirming the reliability of the study. Fig. 13 rep-
resents the result of the modelling.

Therefore, the resulting equation for the predictive model of the
nanocomposite carbide insert coating during Inconel DA718 hard turn-
ing under finishing cutting conditions is:

(6)

This equation confirms that the multi-layered nanocomposite coat-
ing possesses advantages in the hard machining of Inconel DA 718 (Fig.
13). The most optimal cutting speed (80m/min) was selected, along
with3D volume wear, to confirm that this new method can serve as an
adequate alternative to flank wear ISO methodology for investigating
tool degradation.

In Fig. 14, the 3D volume wear for both studied systems is plotted.
There are two curves per coating: one represents 3D volume wear evo-
lution with respect to the original unworn corner and the other is re-
lated to the sum of the partial values of the valleys’ volume between the
subsequent passes . It is worth mentioning that end of tool life is
reached in both coatings when is between and . This
can be explained by the structure of the two inserts and their degrada-
tion. Since both are formed from the same carbide substrate, the rake
face likewise develops cratering once the coating becomes abraded. This
provides ground for the establishment of 3D wear end of life criteria
in carbide tools during Inconel DA 718 machining, regardless of the se-
lected coating structure.

Although the difference between the incremental and absolute
curves is not significant, the incremental curve gives more accurate re
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Fig. 10. Workpiece surface topography evaluation. (a) Average of surface topography measured at a different stages of tool wear and (b) Surface topography images obtained at the end
of tool life for both coatings under low and high cutting speeds.

sults. To explain this, it is necessary to consider a condition in which
the tool-tip reaches the end of life: in this case, there would be high 3D
volume wear and an eventual BUE over the worn area that might not
exceed the surface limit of the new corner. Therefore, the BUE would
have a reducing effect on the measured quantity of 3D volume wear. As
is shown in the graph (Fig. 14), the curves of are positioned behind
the curves of , and are thus more accurate.

In Fig. 15, a comparison between the wear and 3D volume wear is
plotted for both coated tools. It is worth noting that the two methods of
describing the tool life show different trends. While the tool life curves

(Fig. 6) could be divided into three regions with each possessing a dif-
ferent trend, 3D volume wear continues to increase at a more inten-
sive pace towards the end of life. Moreover, the growth of 3D wear is
more regular than that of flank wear, which is strongly variable in a
hard-to-cut material due to the limited tool life. Tracking this measure
makes it possible to more accurately predict the tool life in hard turning.

As this machining process is strongly associated with build-up edge
formation (Figs. 7 and 8), the build-up edge diagrams were also plot-
ted for both KC5010 and TiAlCrN/TiCrAl52Si8N (Fig. 16). To express
this quantity, the values of were ignored in favor of incremental val
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Fig. 11. Tribological conditions in the cutting zone obtained at the end of tool life for both coatings under different cutting conditions: cutting and feed forces (a), friction coefficient and
specific cutting energy (b) and the tool-chip contact length (c).

Fig. 12. SEM images of the chip undersurface obtained with KC5010 and TiAlCrN/TiCrAl52Si8N during machining of Inconel DA718 at a low and high cutting speed.

ues between subsequent passes and their sum . BUE evo-
lution is an unstable phenomenon consisting of continuous material ad-
hesion from the workpiece that consequently detaches and carries off a
part of the tool body. Tracking BUE progression on the unworn tool tip
surface could filter out this effect because it would disregard the amount
of material already attached and detached during the previous passes.
This measure is in any case an approximation, since BUE is not tracked
instant-by-instant and evaluating the real modification is not possible
with available technologies.

BUE instability is demonstrated in Fig. 16 through the increment
of peak volume in relation to the previous pass. Therefore, the sum of

highlights the difference between the total amount of adhered
material in the KC5010 tool and the nanocomposite one. In addition,
the end of life cutting length was considerably longer (approximately

) in the nanocomposite than in KC5010 (about ). Almost
twice the material adhered on the benchmark coating: this confirms
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Table 4
Results of chip characteristic studies (chip thickness, chip compression ratio, shear angle, friction angle, shear strain, chip sliding velocity and chip flow angle) evaluated for both coatings
at different cutting speeds (80 and 120m/min).

Coating

Cutting
Speed
(m/min)

Chip
Thickness
(mm)

Chip
Compression
Ratio - CCR

Φ -
Shear
Angle
(°)

β -
Friction
Angle
(°)

(ϒ)
Shear
Strain

Chip
sliding
Velocity
(m/min)

Chip
flow
angle
(°)

KC5010 80 0.152 0.802 40.7 9.3 0.94 64.22 21.13
120 0.173 0.705 36.82 13.7 0.97 84.64 26.15

Nanocomposite 80 0.14 0.871 43.22 8.9 0.92 77.08 27.32
120 0.154 0.792 40.67 10.3 0.95 95.09 29.07

Fig. 13. Fitting of the Flank Wear experimental data predictive model for the nanocom-
posite coating at different cutting speeds.

Fig. 14. 3D volume wear evolution along the tool life for KC5010 and TiAlCrN/
TiCrAl52Si8N, considering both the full ( ) and the sum of the incremental -

that the nanocomposite coating improves the lubricity and thermal pro-
tection during the cutting process.

Also, it can be seen in Fig. 13 that the 3D tool wear trends might
resemble an exponential curve. As such, curve fitting performed by the
Curve Fitting Matlab tool yielded interesting outcomes. The fitting is
shown in Fig. 17. From the graph, it is worth noting that the 3D volume
wear trends are well approximated by exponential curves, with differ-
ent coefficients of the two coating structures’ functions. Indeed, in both
cases, the evaluated R-square is higher than .

Considering a general starting exponential equation passing from the
origin in the form:

(7)

Fig. 15. Comparison between flank wear and 3D volume wear trends for the nanocompos-
ite (left) and KC5010 (right) coatings.

Fig. 16. BUE evolution along the tool life for KC5010 and TiAlCrN/TiCrAl52Si8N, consid-
ering the incremental peak volume ( ) and its sum ( )
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Fig. 17. 3D Volume Wear exponential fitting for the Nanocomposite and KC5010 coated
tools.

In which is the 3D volume wear and is the cutting length, the
coefficients and extracted from the fitting procedure are shown in
Table 5:

From 3D wear measurements and cutting test results performed un-
der different cutting conditions, it can be concluded that the model in-
troduced in this work for predicting tool wear and performance is suit-
able for industrial Inconel 718 machining applications. Moreover, it is
possible with this system to determine the effect of various cutting con-
ditions present in Inconel DA 718 machining for any coating mater-
ial deposited on cemented carbide inserts. Further trials should be con-
ducted to establish the relation between cutting tool performance during
machining of other workpiece materials under different cutting condi-
tions. Consequently, similar methodology can be applied to assess the
3D model wear for these future applications.

4. Conclusions

This paper presents a model to predict flank wear based on exper-
imental data obtained from several tests under different cutting condi-
tions. This model can also provide machining productivity parameters
such as MRR (metal removal rate) and IP (increased productivity). Listed
experimental data present a novel system of assessing 3D tool wear evo-
lution. In addition, the wear behavior of the two different coating sys-
tems were evaluated. The following conclusions can be drawn from the
results presented in this work:

•The tool coated with the PVD nanocomposite coating outperformed
the benchmark coated tool for cutting speeds greater or equal to
80m/min. Demonstration of the fact that nanocomposite coatings fea-
ture adaptive behavior is the major scientific novelty in this study.

•During machining of Inconel DA718 the predominant wear mecha-
nisms are adhesion followed by abrasion. The combination of these
mechanisms resulted in chipping and crater wear at low and high cut-
ting speeds.

•Nanocomposite coating design firmly modifies the wear behavior
during machining of Inconel DA718 in comparison with the AlTiN
PVD coating. Tool wear patterns also confirmed the characteristics of

Table 5
Values of the coefficients and for the exponential curve fitting of experimental data.

Coating

Nanocomposite
KC5010

adhesive and abrasive wear during the machining of Inconel DA 718
under both speeds (80 and 120m/min). However, cutting tools coated
with the nanocomposite coating exhibited a substantial reduction in
chipping intensity, thus confirming superior wear resistance.

•Wear modes, workpiece surface finish quality evaluation, cutting
forces, chip formation and coefficient of friction are primarily a func-
tion of the cutting speed and chemical composition of the coating
layer during Inconel 718 DA turning.

•The flank wear prediction equation for nanocomposite coating ob-
tained from dataset fitting demonstrated an adequate level of relia-
bility with an R-value≥of 93%. Therefore, the applied methodology
proves that the volumetric wear prediction method is more reliable
than the flank wear prediction method.
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