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Abstract: The structural, physical–chemical, and micromechanical characteristics of Al0.6Ti0.4N
coatings deposited by different physical vapor deposition (PVD) methods, such as cathodic arc
deposition (CAD), as well as advanced HiPIMS techniques were investigated in terms of their cutting
performance during the machining of an Inconel 718 alloy. XRD studies had revealed that the
HiPIMS coating featured lower residual stresses and more fine-grained structure. Electrochemical
characterization with the potentiostat-impendence method shows that the HiPIMS coating has a
significantly lower porosity than CAD. SEM and AFM studies of the surface morphology demonstrate
that the HiPIMS coating has a smoother surface and an absence of droplet phases, in contrast with
CAD. XRD, combined with FIB/TEM studies, shows a difference in the crystal structure of both
coatings. The micromechanical characteristics of each coating, such as hardness, elastic modulus,
fracture toughness, and adhesion to the substrate, were evaluated. The HiPIMS coating was found
to possess a more beneficial combination of micromechanical properties compared to CAD. The
beneficial characteristics of the HiPIMS coating alleviated the damage of the coated layer under
operation. Combined with grain size refinement, this results in the improved adaptive performance
of the HiPIMS coating through the formation of a greater amount of thermal barrier sapphire tribo-
films on the friction surface. All of these characteristics contribute to the reduction of flank and crater
wear intensity, as well as notching, leading to an improvement of the HiPIMS coating’s tool life.

Keywords: PVD coatings; cutting tool life; structure; porosity; micro-mechanical characteristics

1. Introduction

Nickel-based superalloys, such as Inconel 718, have been widely used in aerospace,
gas turbines, and nuclear industries due to their ability to retain thermal stability and high
strength at elevated operating temperatures [1,2]. One of the major difficulties of Inconel
718 machining is its tendency to work harden at elevated temperatures. The hardness
of this material increases at temperatures of up to 650 ◦C [3]. The presence of a certain
amount of hard carbide particles (such as TiC, NbC, and others) at the grain boundaries
can result in intensive shock loads under operation, which can lead to abrasive wear at the
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flank surface of the tool, as well as chipping of the cutting tool edges [4]. The poor thermal
conductivity of Inconel leads to the generation of very high temperatures (up to 1000 ◦C)
on the rake surface of the cutting tool [5]. All of these processes also contribute to intensive
notching [6]. The other tool wear mechanisms are attrition wear at the rake surface that
causes crater wear combined with buildup edge (BUE) formation [4]. To prevent rapid
tool failure, the machining of this material has to be conducted at low cutting speeds. The
ensuing brief life of the tool results in high machining costs.

Numerous efforts have been made to increase the productivity of the machining
process, including optimization of the cutting parameters, first of all cutting speed [7–9],
development of novel coolants and lubricants, as well as methods of their supply into the
cutting zone [10,11], and, most importantly, surface engineering of the cutting tool [12,13].
The deposition of the coatings on the cemented carbide tool substrate is one of the most
commonly used ways of significantly enhancing the tool performance. Coatings promote
beneficial heat redistribution and metal flow at the tool/chip interface, improving the wear
resistance of the cutting tool.

A thin film hard coating can be applied using the physical vapor deposition (PVD)
method. The most commonly used PVD coatings in industry are typically synthesized by
the cathodic arc (CAD) method. Another investigated method is HiPIMS (high power im-
pulse magnetron sputtering). Both methods belong to the ionized-PVD category, and have
high deposition and plasma ionization rate (current densities in the order of 1012 A m−2),
as well as improved mechanical properties [14]. High power impulse magnetron sputtering
(HiPIMS) is a significant improvement in magnetron sputtering techniques. This method is
capable of achieving extremely dense plasma at a high ionization rate (pulsed peak ion
current densities in the order of ~1017–1019 A m−2 [15,16]).

The TiAlN family of coatings, particularly those with Al content above 50%, are the
most widely used for various machining applications [17]. AlTiN coatings provide a
more beneficial combination of high thermal/oxidation stability and mechanical properties
compared to the previous generation of TiN coatings [15,17]. Aluminum in these coatings
quickly diffuses to the friction surface through the grain boundaries and crystal lattice
defects, which results in the rapid formation of an Al2O3-based surface protective tribo-
oxide layer due to the interaction with oxygen from the external environment (air) [18].
The high chemical and thermal stability of the alumina tribo-layers enhance the oxidation
resistance and significantly reduce the thermal conductivity of the coating layer. This
results in a strong decrease of interdiffusion at the tool/chip interface [19]. A major part of
the friction-generated heat is, therefore, transferred into the workpiece instead of the tool
during cutting.

Literature has demonstrated that, during the machining of Inconel 718, plastic defor-
mation of the coating layer takes place on both the rake and flank surfaces of the cutting
tool [20]. Moreover, the adhesion of workpiece material (Inconel 718) proceeds mostly
through mechanical interaction instead of chemical interaction at the tool/workpiece con-
tact area. Under the heavy loads typical of Inconel machining, fracture of the coating layer
occurs in the vicinity of surface defects (such as droplets) due to their interaction with the
workpiece material [21]. The overall effectiveness of different coatings strongly depends
on the extent of operational damage. Fewer defects can reduce the damage of the coated
layer, increasing cutting tool life [22–24].

Therefore, the mechanical properties of the coatings, such as hardness, elastic modulus,
as well as the ratios thereof (H/E, H3/E2), in addition to adhesion to the substrate are
of critical importance. Another equally significant characteristic is fracture toughness. A
higher toughness helps sustain heavy loads under operation and resist the intermittent
shocks during the cutting process [5,12]. The number of macro-defects (such as droplets)
present within the coating layer also affects its toughness [12].

This work provides a comprehensive comparative characterization of the structure
and properties of AlTiN monolayer coatings deposited by Cathodic Arc (CAD) and by
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HiPIMS PVD techniques on carbide cutting tool substrates in relation to their cutting
performance during the finish turning of an Inconel 718 aerospace alloy.

2. Materials and Methods

Two Ti0.4Al0.6N monolayer coatings were deposited using Ti0.4Al0.6 targets fabricated
by a powdered metallurgical process. Mirror polished cemented carbide WC–Co substrates
(SPG 422, SPGN12 03 08) were selected for coating characterization, and Kennametal K
313 inserts (CNGG432FS) were chosen for the cutting tool life studies performed on a
CNC lathe.

The HIPIMS coating was deposited by an industrial INNOVA Balzers PVD system
equipped with a Huettinger TruPlasma Highpulse generator. The target size was 780 cm2.
A Ti40Al60 (at.%) powder metallurgical target was used. Before deposition, the substrate
was heated at 450 ◦C for 30 min, and etched for 30 min through an Ar discharge with a
substrate bias of −170 V. The HIPIMS generator operated at a pulse length of 200 µs, peak
currents of 460–600 A, repetition frequency of 400 Hz, and average power of 15 kW. N2
process pressure was around 1 Pa. The applied bias voltage ranged between −25 V and
−130 V.

The CAD coating was deposited by an industrial unit equipped with four circular-
shaped evaporators (Kennametal, Frankfurt am Main, Germany). Each evaporator used
both a permanent magnet and an adjustable electromagnetic coil to steer the arc. The
confinement rings positioned above the cathode had a patented design to stabilize the
cubic phase at higher magnetic field intensities. The magnetic field strength was determined
to be 100 A/cm at the cathode surface (center) without an applied current. The coil current
was set to be either zero (“mag off”) or close to 1 A (“mag on”). The powder metallurgical
targets with a diameter of 120 mm and with the same composition were used to deposit the
monolayer coating. The chamber temperature was maintained at 500 ◦C throughout the
deposition and the samples were rotated three times. The nitrogen flow rate was controlled
to maintain a pressure of 3.5 Pa. The substrate bias voltage was set to −60 V. The cathode
current was 200 A. The deposition time was set to 180 min to achieve a coating thickness of
around 4 µm.

An XRD X-ray Diffraction System from Proto Manufacturing Limited (LaSalle, ON,
Canada) with Cu Kα (1.544 Å) radiation was used to determine the crystal structure and
preferred orientation of the studied coatings. Residual stresses were measured via a sin2 ψ
technique with an LXRD Stress Analyzer from Proto Manufacturing. These measurements
were performed with a 1.0 mm round aperture in (200) planes identified at 2θ angles of 80◦.
A Gaussian function was used to fit the diffraction peaks.

XRD studies of the analyzed coatings were also carried out to identify the formed
phases and evaluate the residual stress values using a Siemens D500 diffractometer with
a Cu Kα tube in the θ/2θ mode. The grain size (g.s.) was determined for the main (200)
orientation. The standard reference value of the (200) peak in the TiN FCC B1 type structure
was (42.633), as specified in the Joint Committee on Powder Diffraction (JCPDS, 87-0633).

A scanning electron microscope (SEM) (Vega 3-TESCAN, Libušina tř., Brno–Kohoutovice,
Czech Republic) was used for the detailed inspection of surface morphology of the studied
coatings and chips. The surface morphology of the studied coating was also assessed
using an Anton Parr Tosca TM 400 atomic force microscope (AFM) (Graz, Austria). Cross-
sectional TEM observation was employed in combination with FIB (focused ion beam) for
investigation of the coatings on the cemented carbide WC/Co substrates. Transmission
electron microscopy and selected area electron diffraction (SAED) were performed in a
JEOL FS2200 microscope (JEOL USA, Inc. 11 Dearborn Road, Peabody, MA, USA) at an
acceleration voltage of 200 kV and FEI F30 FEG at 300 keV (for the bright field data).

The thickness of the coating was measured by a ball cratering method. The thicknesses
of each coating was around 4 microns. The micromechanical characteristics (hardness and
elastic modulus) of the coatings were measured through a nanoindentation test (NHT3,
Anton Paar, 4920 Place Olivia, Saint-Laurent, QC, Canada,). The load applied by a Vickers
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indenter during the tests was 20 mN. A matrix of 8 × 5 indentations was used to collect
the relevant data. The hardness and elastic modulus of the coatings were derived from
the average of these indentation values. To evaluate the adhesion of the coatings to the
carbide substrate, scratch tests were conducted by a Revetest, Anton Paar scratch tester
under increasing load from 0.5 to 100 N (distance 3 mm). A Rockwell diamond indenter
with a radius of 200 µm was used. Three parameters were evaluated: Lc1—load of the
first crack initiation at the coating/substrate interface; Lc2—load at which initial substrate
exposure was observed; Lc3—load at which the coating became completely detached from
the substrate. Moreover, the fracture toughness of the coatings was measured by the scratch
tester equipped with a Vickers indenter at a constant load of 150 N concentrated on a single
point. The ISO 28079 standard [22] was used to calculate the toughness of the coatings.
The toughness values were calculated using the ratio of the load to the sum of the total
crack lengths at the indentation corners. The images of the imprints were taken with Vega
3 TESCAN SEM. Three repetitions were performed for each coating to obtain the adhesion
and fracture toughness measurements.

Cutting tool life was studied under turning conditions. Coated Kennametal K 313
cemented carbide inserts were used for the tool life tests. The cutting experiments were
carried out on a Nakamura SC450 turning center (8821 60 Ave, Edmonton Alberta T6E6L9).
Cutting data is presented in Table 1.

Table 1. Cutting conditions.

Cutting
Operation

Workpiece
Material Speed, m/min Feed Rate,

mm/rev
Depth of Cut,

mm

Finish turning Inconel 718 alloy 60 0.1225 0.25

Cutting tests were performed on an Inconel 718 alloy. The cutting conditions were
selected based on recommendations from industry, as well as data published in our pre-
vious research [23]. At least three cutting tests were performed for each type of coating
under the corresponding operating conditions. The scatter of tool life measurements was
approximately 5%.

Electrochemical characterization was performed using a potentiostat-impedance ana-
lyzer PARSTAT 2273 (Ametek, Oak Ridge, TN, USA) in a 3% NaCl aqueous solution with a
3-electrode corrosion cell containing a working electrode (uncoated or coated substrate), a
counter-electrode (Pt mesh), and a reference electrode (SCE, saturated calomel electrode).
The results of potentiodynamic studies (1 mV s−1 rate) were presented in Tafel plots.
Electrochemical impedance spectroscopy (EIS) data were obtained using an alternating
current (AC) in the frequency range of 0.01 Hz–10 kHz and voltage amplitude of 5 mV. The
EIS data was presented in Bode plots. The porosity values were evaluated based on the
results obtained. The immersion time for EIS measurements was 2 h. Cross-sectional TEM
observation was employed in combination with FIB (focused ion beam) to investigate the
coatings on the cemented carbide WC/Co substrates. Transmission electron microscopy
and selected area electron diffraction (SAED) were performed in a JEOL FS2200 microscope
and FEI F30 FEG at 300 keV (for the Bright Field data).

The structural and phase transformation at the cutting tool/workpiece interface, as
well as the chemical nature of the tribo-films formed, were determined by X-ray photoelec-
tron spectroscopy (XPS) on a Physical Electronics (PHI) Quantera II (Physical Electronics
Inc., Chanhassen, MN, USA), equipped with a hemispherical energy analyzer and an
Al anode source for X-ray generation and a quartz crystal monochromator for focusing
the generated X-rays. A monochromatic Al K-X-ray (1486.7 eV) source was operated at
50 W–15 kV. The system base pressure was as low as 1.0_0_9 Torr, with an operating
pressure that did not exceed 2.0_10_8 Torr. Before any spectra were collected from the
samples, the samples were sputter-cleaned for four minutes using a 4 kV Ar+ beam. A
pass energy of 280 eV was used to obtain all survey spectra, while a pass energy of 69 eV
was used to collect all high-resolution data. All spectra were obtained at a 45_ take-off
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angle and utilized a dual beam charge compensation system to ensure the neutralization
of all samples. The instrument was calibrated using a freshly cleaned Ag reference foil,
where the Ag 3d5/2 peak was set to 368 eV. All data analyses were performed using PHI
Multipak version 9.4.0.7 software. Spots for the high-resolution (HR) analysis were selected
based on careful preliminary investigation of general photoelectron spectra of the worn
surface close to the buildup edge area.

3. Results

The surface morphology of the studied coating was evaluated through SEM/EDS and
AFM studies (Figure 1).
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Figure 1. SEM/AFM data on the surface morphology: (a) CAD; (b) HiPIMS coatings: SEM data;
(c) CAD; (d) HiPIMS: AFM data.

SEM and AFM surface morphology data show that the coating deposited by HiPIMS
possessed a smoother surface and lower porosity compared with that of CAD. Droplet
phases were also present only on the surface of the CAD coating (Figure 1a).

Electrochemical evaluation of the studied coatings was performed to obtain numerical
data on the porosity of the compared coatings. Figure 2 shows Tafel plots for uncoated
and coated substrates. The coated samples exhibit reduced anodic current, which is an
indication of corrosion protection being provided to the substrates by the coating.

The protective properties of the coatings have also been studied using the EIS method.
Figure 3 shows Bode plots for uncoated and coated substrates. EIS studies (Figure 3)

showed increased impedance |Z| in the coated samples, which confirmed that the coatings
acted as diffusion barriers for electrolyte ions.
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Figure 3. EIS Bode plots of impedance |Z| (A) versus frequency, (B) phase angle versus frequency (B)
for (a) uncoated and coated substrates, (b) CAD sample, and (c) HiPIMS sample.

The film porosity (F) was analyzed by a method described in the literature [25,26]
using the following equation:

F =
Rpm

Rp
× 10−|∆E/β| (1)

where ∆E represents the corrosion potential difference of the uncoated and coated sub-
strates, β and Rpm are the respective anodic Tafel slope and the polarization AC resistance
of the uncoated substrate, and Rp represents the polarization AC resistance of the coated
substrate. The analysis of the EIS data was performed using the equivalent circuit proposed
in [23], which enabled the measurement of Rpm and Rp. The film porosity was found to be
0.58% in b (Arc) and 0.12% in c (HiPIMS), see Table 2 below. The measurements allowed
for the analysis of pre-existing film porosity [25,26].

Table 2. Porosity values of the studied coatings.

Porosity Values, %

Arc 0.58

HiPIMS 0.12

It could be concluded that the quantitative porosity data obtained by the polarization
method correspond to the initial qualitative SEM data of surface morphology (Figure 1).
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The results of the XRD phase analysis are presented in Figure 4. Both coatings show
crystalline fcc (B1) structure.
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Figure 4. XRD data of the coatings studied: (a) phase composition; (b) full width at half maximum (FWHM) data.

They show that the CAD sample is strongly (200) oriented and the HiPIMS coating is
more randomly oriented (Figure 4a). However, the HiPIMS coating still has a significantly
preferred orientation. Peak width indicates the fine grain of the HiPIMS sample. This value
is an indication of a better-organized structure with lower grain sizes. FWHM data on the
studied coatings are presented in Figure 4b. The full width at half maximum (FWHM)
value for each coating was derived from XRD data. The grain size (g.s.) was determined for
the main (200) orientation (Figure 4a). The average crystalline size of the studied coatings
was calculated from the Williamson–Hall relation [27]. It was found that the HiPIMS
coating had significantly smaller grain size values of 14, 2 nm in comparison to 23, 1 nm
for CAD.

These measurements are in accord with electron diffraction and TEM images.
Figure 5 shows the full view profile for both HiPIMS (a–c) and CAD (d–f) coatings.

The electron diffraction presented in Figure 5b shows that the HiPIMS coating has a
nanocrystalline structure with a continuous ring pattern characteristic of nanograin size,
while the CAD coating shown in Figure 5e features a ring pattern with strong spots
associated with a larger grain size (see Figure 4f). The finer grain size in HiPIMS coating
affects the adaptive performance of the coatings under operation.
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Micromechanical characteristics of the studied coatings are presented in Table 3.

Table 3. Micromechanical characteristics of the studied coatings.

Coating Hardness,
GPa

Elastic Modulus,
GPa H/E H3/E2 Lc1,

N
Lc2,
N

Lc3,
N

Palmquist
Fracture

Toughness

Residual
Stresses,

GPa

Arc 37.4 ± 2.4 610 ± 23 0.061 0.368 50.6 ± 1 52 ± 1 53.9 ± 1 0.213 ± 0.012 −1.88 ± 0.31

HiPIMS 42.9 ± 3.2 615 ± 25 0.069 0.418 63.9 ± 1 72.1 ± 1 73.9 ± 1 0.277 ± 0.013 −1.615 ± 0.27

Micromechanical data show that the HiPIMS coating features the following beneficial
properties: higher hardness, better loading support (H3/E2), strongly increased adhesion
(Table 3, Figure 6), lower residual stresses, as well as improved fracture toughness (Table 3,
Figure 7) [28–32]. The last characteristic is directly related the lower porosity values of the
coating (Table 2).
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This combination of properties enhances resistance to abrasion and impact loading,
due to the presence of carbide particles within the structure of the machined material and
the unstable process of buildup edge (BUE) formation typical for Inconel 718 machining.

The coatings’ wear performance was characterized by flank wear vs. length of cut
data (Figure 8), which demonstrated that the HiPIMS coating had outperformed CAD by
around 60%.
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Wear patterns were evaluated through 3D optical microscopy imaging (Figure 9).
The presented data show that catastrophic failure of the CAD coating occurs after 1200 m
(Figure 8), due to a combination of severe crater wear and BUE formation. At the same time,
the flank surface undergoes intensive notch wear and abrasion. This results in substrate
exposure on the flank surface. All of these processes are significantly diminished on the
tool with an HiPIMS coating.
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XPS studies of the worn tool surface were performed (Figure 10) and the XPS data
presented show that the worn HiPIMS-coated tool had experienced the formation of
a greater amount of sapphire tribo-films compared to the CAD-coated tool (89.9% vs.
76.9%) [33].
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This is one of the primary reasons for its superior tool life compared with CAD, since
sapphire acts as a thermal barrier, which protects the friction surface under operation. The
increase in the amount of thermal barrier tribo-films that form on the friction surface is a
result of the acceleration of aluminum diffusivity during tribo-oxidation. The structural
characteristics of the HiPIMS coating (Figures 4 and 5) directly affect this phenomenon.
Reduced surface damage, in combination with the smaller grain size of the HiPIMS coating
(Figure 5b), facilitates the formation of protective aluminum-based tribo-oxide films [19,20]
and improves the adaptive performance of the surface engineered layer [33].

The tribological performance of the coatings was evaluated through the study of chip
characteristics. Undersurface morphology (Figure 11a) reveals several sticking points on
the undersurface of chips generated by the CAD-coated tool. In contrast, the chips formed
by the tool with an HiPIMS coating exhibit a smooth undersurface (Figure 11b). This is an
indication of superior tribological conditions at the chip/tool interface.

Coatings 2021, 11, x FOR PEER REVIEW 14 of 14 
 

 

XPS studies of the worn tool surface were performed (Figure 10) and the XPS data 
presented show that the worn HiPIMS-coated tool had experienced the formation of a 
greater amount of sapphire tribo-films compared to the CAD-coated tool (89.9% vs. 76.9%) 
[33].  

  
(a) (b) 

Figure 10. XPS data on the tribo-films formation on the friction surface of the cutting tool with: (a) CAD; (b) HiPIMS AlTiN 
coating. 

This is one of the primary reasons for its superior tool life compared with CAD, since 
sapphire acts as a thermal barrier, which protects the friction surface under operation. The 
increase in the amount of thermal barrier tribo-films that form on the friction surface is a 
result of the acceleration of aluminum diffusivity during tribo-oxidation. The structural 
characteristics of the HiPIMS coating (Figures 4 and 5) directly affect this phenomenon. 
Reduced surface damage, in combination with the smaller grain size of the HiPIMS coat-
ing (Figure 5b), facilitates the formation of protective aluminum-based tribo-oxide films 
[19,20] and improves the adaptive performance of the surface engineered layer [33]. 

The tribological performance of the coatings was evaluated through the study of chip 
characteristics. Undersurface morphology (Figure 11a) reveals several sticking points on 
the undersurface of chips generated by the CAD-coated tool. In contrast, the chips formed 
by the tool with an HiPIMS coating exhibit a smooth undersurface (Figure 11b). This is an 
indication of superior tribological conditions at the chip/tool interface. 

  
(a) (b) 

Figure 11. Chips undersurface produced by cutting tool with: (a) CAD and (b) HiPIMS coating. Figure 11. Chips undersurface produced by cutting tool with: (a) CAD and (b) HiPIMS coating.



Coatings 2021, 11, 723 11 of 13

Figure 12 shows SEM images of the upsurface of the chips. The formation of large
serrations is a consequence of the high chip strain caused by the intense cutting forces.
The HiPIMS chips exhibited smaller serrations, which signifies a reduction in the forces
generated during cutting, an indication of superior tribological performance.
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4. Conclusions

The cutting performance of Al0.6Ti0.4N coatings deposited on carbide tool substrates
by two different PVD methods, cathodic arc and advanced HiPIMS techniques, underwent
a comprehensive characterization study during the machining of an Inconel alloy. The
HiPIMS coating was found to possess a significantly lower porosity. The hardness and
H3/E2 ratio of HiPIMS was greater than that of CAD, which provides critically important
load support for the heavy load operating conditions of Inconel machining. At the same
time, adhesion of the HiPIMS coating to the carbide substrate was also noticeably higher
than in CAD. Combined with fracture toughness, which is directly related to the porosity of
the coating, these characteristics impede the major tool wear mechanisms, thereby leading
to the improvement of tool life. The smaller grain size of the HiPIMS coating accelerates the
diffusion of aluminum during tribo-oxidation. Combined with the reduction of operational
damage, this affects the adaptive performance of the HiPIMS coating due to the formation
of a greater amount of thermal barrier sapphire tribo-films on the friction surface.

Each of these parameters contributes to the reduction of the intensity of the major
wear processes, resulting in an overall improvement of the HiPIMS coating’s tool life
by around 60%. It should be noted that this combination of characteristics is highly
application specific.
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