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Abstract

The quaternary TiAlyTa,N system has demonstrated superior thin film properties compared to
conventional TixAlyN coatings. Beyond the influence of Ta content, the deposition method plays a
crucial role in determining the structural and mechanical characteristics of the films. In this work, high-
power impulse magnetron sputtering (HiPIMS) was used to deposit dense, tough, and hard Ti.Al,Ta,N
coatings with different compositions from composite targets. These coatings were compared with
TiAIN films. The impact of Ta incorporation was investigated both experimentally and through
numerical simulations. Thin film growth and composition were modeled using VirtualCoater™, which
provided valuable insights into the role of Ta in enhancing film densification and clarified the link
between target and film compositions. Subsequent experimental characterization of mechanical,
structural, and thermal properties revealed the significant advantages conferred by Ta addition. The
improvements are attributed to: (1) enhanced hardness due to densification induced by energetic Ta
ion bombardment, (2) stabilization of the cubic phase at elevated temperatures, and (3) improved
thermal resistance through the formation of a homogeneous (TizAl,Ta,) oxide layer, in contrast to the
Al,0s3/TiO; bilayer typically observed in TiAIN coatings, as confirmed by XPS depth profiling. Finally, dry
cutting tests confirmed a marked increase in tool life and improved surface finish of the machined
components.



Introduction

Hard coatings based on transition metal nitrides are widely used to enhance the performance of cutting
tools by improving their wear resistance, thermal stability, and oxidation behavior. Over the past fifty
years, ICMCTF has been an important venue for presenting and explaining the performance of these
new coatings. It has been the central place where thin film science meets industrial innovation. Among
those coatings, TiAIN has emerged in early 1990s [1], as a reference material due to its high hardness,
thermal stability, and favorable tribological properties, along with AlCrN-based coating. However,
under high-temperature machining conditions, TiAIN undergoes structural changes through spinodal
decomposition into cubic TiN and cubic AIN phases (promoting improved hardness), followed by
wurtzite formation, and oxidation; the last process contributes to coating failure [2,3]. These
mechanisms start around 600°C to be fully completed at 800°C. Mechanistic studies by Greczynski et
al. and Chavee et al. [4,5] have shown that oxidation and phase decomposition occur through distinct
mechanisms and are both strongly influenced by temperature and Ti over Al ratio. The addition of
tantalum (Ta) into TiAIN system, resulting in TiAlTaN coatings, has been shown to significantly improve
high-temperature performance [6-8]. Ta incorporation enhances the thermal stability of the cubic
phase, delays spinodal decomposition, and promotes the formation of a dense, stable oxide layer
consisting primarily of Al,0s and Ta,Os. From a physical standpoint, these improvements are attributed
to the larger ionic radius of Ta**, its electronic configuration, solid solution strengthening effects, grain
refinement, and the formation of stronger Ta—N bonds [9-13]. Moreover, Ta addition reduces the
mixing enthalpy and stabilizes rutile-type TiO, structures under oxidizing conditions. These effects
result in a significant increase in both hardness and oxidation resistance of the coating. All the insights
have been possible thanks to extensive studies, particularly from groups at TU Wien [6,9,12—-14] and
Montanuniversitdt Leoben [11]. Since the first patent in 2005 [15], the TiAlTaN system has been
investigated through various experimental and computational approaches. Key advancements include
optimization of Ta content, already identified in 2008 to be between 10 and 20at. %, and the use of
density functional theory (DFT) to study phase stability and bonding energetics. Multilayered structures
and advanced studies of oxidation mechanisms have further refined the understanding of tantalum
role in these coatings [13,14,16]. In 2022, Hemmati et al. [10] reported a comparative study of
monolithic TiAlTaN coatings, multilayer TiAITaN/TiAIN coatings, and multilayer TiAlTaN/TiAlTaN
coatings with alternating the bias, including cutting tests, and compared with TiAIN. Their XRD analysis
confirmed the delayed spinodal decomposition, with differences between monolayer and multilayer
TiAlTaN coatings. Monolayer TiAlTaN showed superior oxidation resistance, while Ta-free multilayers
fully oxidized after 20 h at 1000 °C. In machining tests, monolayer TiAITaN extended tool life by ~25%
over TiAIN, mainly due to delayed crater wear and reduced substrate exposure. This improvement is
linked to the formation of protective tribo-oxide layers, which also enhanced chip flow and metal
deformation at the chip—tool interface. The cutting performance of TiAlTaN coatings has also been
rarely addressed in previous studies. A recent study from Tillman et al. [17] reported that the higher
performance of TiAITaN (and TiAISiN) for micromilling, compared to TiAIN.

Despite this wealth of research, many studies to date have been based on arc deposition
techniques.High Power Impulse Magnetron Sputtering (HiPIMS), known for producing dense films with
tailored microstructures, from highly ionized but droplet-free discharge, remains largely unexplored for
TiAlTaN coatings. HiPIMS offers potential advantages in terms of film density, adhesion, level of defect
and property control, factors that are particularly relevant for cutting tool applications. More precisely,
HiPIMS has a significant advantage over cathodic arc for very sharp tools (microdrill, cutting blades),
where defects and high roughness may dramatically affect the tool performances. In 2024, Lopes Dias
et al. [8] presented a complete study, comparing the use of DC, HiPIMS and hybrid DC/HiPIMS process



to produce TiAlTaN coatings. The use of the hybrid process shows a good compromise to mitigate the
decrease of deposition rate, while keeping excellent mechanical properties.

In the present work, we present a comprehensive investigation of TiAlITaN coatings deposited by HiPIMS
with various Ta content. The study integrates experimental characterization, kinetic Monte Carlo
simulations, and cutting performance tests. We aim to elucidate the correlation between deposition
conditions, microstructure, and mechanical/thermal properties and cutting performances. Our results
offer new insights into the design and application of advanced nitrides for high-performance
machining. The main novelty of the work lies in complete approach, with the determination of physico-
chemical and mechanical properties that are linked with cutting performance and results from
simulation.

Materials and methods

TixAli«TayN coatings have been deposited in a hexagonal, semi-industrial chamber (D&M
Vacuumsystemen) with an approximate volume of 1 m3. The chamber design and geometry are
described elsewhere in [4,18]. It is equipped with rectangular TisoAlso, TissAlasTa1o or TisoAlsgTazo targets
(7.5cm x 35cm, 99.9% purity, Plansee Composite Materials GmbH). The composition of the target,
namely 45/45/10 and 40/40/20 is used for the identification of samples: TiAlTaN 45/45/10 and
40/40/20 samples are respectively synthesized samples from the corresponding targets. Targets have
been sputtered in HiPIMS mode, with ton and torr of 50 and 1950us respectively (duty cycle of 2.5%,
frequency 500Hz), with current regulation of 1.5A, in Ar/N, atmosphere (150sccm of Ar and 120 sccm
of N), with a bias voltage of 150V, at a pressure of 1.3 Pa (10 mTorr). It corresponds to an average
power of 1.3 and 1kW for TiAITaN and TiAIN coating respectively and a peak power density of 698, 637
and 664 W.cm for TiAIN, TiAlTaN 45/45/10 and 40/40/20 respectively (considering the full size of the
target; the racetrack represent =30% of the target surface). DC sputtering has also been used with
similar configuration and different deposition time, from 2 to 6h, for few endmills. No additional
heating is used for deposition.

Multiple substrates have been used: Si substrates, ultrasonically cleaned prior to deposition in ethanol,
but also stainless steel (AISI 316L, 20x20x2mm), HSS (HSSCo8, HOFFMAN) and cemented carbide
endmills (36mm, 6% Co, MGR Herstal). Metallic substrates have been cleaned using a standard and
established procedure, including Vakukleen and Galvex 18.08 products (NGL Cleaning Technology SA),
with hot air drying. AISI 316L susbtrate has been used for XRD, XPS and nanoindentation analysis. All
samples were mounted on a table with three-fold planetary rotation at 5 RPM. Before deposition, the
chamber is evacuated to a base pressure below 6.7 x 1073 Pa (5.0 x 107® Torr), and substrates undergo
plasma etching in pure Ar at 3.33 Pa (25 mTorr) and -600V, during 10min. It is important to mention
that this work gathers numerous different coatings, deposited in similar conditions, but with various
deposition time. This is the reason that several thicknesses are obtained for cutting tests. The
deposition rate is also different for endmills and Si or stainless-steel coupons, as the radius of rotation
differs. Compared to pure TiAIN, the deposition rate of TiAlTa 45/45/10 and 40/40/20 are respectively
+61% and +64% for the same deposition condition.

Following the deposition, stainless steel coated samples have undergone annealing in air (Carbolite
Gero CWF 1100, 30-1100°C) at temperatures ranging from 600 °C to 800 °C, for 2h. Hardness
measurements have been performed using a nanoindenter (Fischerscope HM2000 S, Fischer
Instrumentation Electronique) with a Berkovich tip, following the Oliver and Pharr method [19]. The
crystallinity of the samples has been analysed via X-ray diffraction (X'Pert PRO, Panalytical,
Netherlands) in 8/20 configuration, using a monochromatic Cu Ka X-ray source (A = 1.5406 A).



Elemental depth profiles are obtained through X-ray Photoelectron Spectroscopy (XPS, K-Alpha,
Thermo Scientific), employing a monochromatic Al K, source working at 1486.68 eV. The spot and
raster sizes are set to 250 um x 250 um and 1.25 mm x 1.25 mm, respectively. To obtain composition
depth profiles, sputtering of the coated surface was conducted with a 2 keV monoatomic Ar* beam at
a 30° incidence angle. Core levels Ti 2p, N 1s, O 1s, Al 2p, C 1s, Ta 4f, and Fe 2p (or Si 2p depending on
the substrate) are recorded in snap mode over 20 scans. Ta 4f is preferred rather than Ta4p as it slightly
overlaps N 1s signal. The N1s signal has been carefully fitted along with Ta4p signal, to avoid over-
guantification of nitrogen. For composition depth profiling, peak areas were analyzed using a Shirley
background subtraction and peak with L/G ratio of 30. The authors acknowledge recent literature
addressing concerns about XPS on insulating materials and potential problematic calibration and peak
fitting [20-22]. Here, a flood gun has been used, the position of valence band has been checked, and
the peak shifts are not discussed (only the quantification).

Machining tests have also been performed with coated and uncoated endmills. For this purpose, a
Kunzmann WF 610 MC milling machine has been used, where the spindle power is recorded during
machining tests. 3-teeth HSS and cemented carbide endmills of @6mm were mounted on the spindle,
with cutting depth of 3mm. The cutting speed V. and feed rate F are respectively of 37m/min and
60mm/min, namely a speed per tooth F, of 0.01mm. The workpiece is a cylinder of quenched 42CrMo4
steel (38HRC), where a groove of 20cm is machined, without lubrication. Such conditions are voluntarily
extreme to avoid too long machining tests, while being comparative.

To complement the machining tests, kinetic Monte Carlo (k-MC) simulations were performed using
VirtualCoater™ (ICS — Innovative coating solutions S.A.), in order to elucidate the influence of
deposition conditions and composition on the coating’s growth mechanism. Both DC and HiPIMS
discharges are simulated, and a fraction of 30% of ionized species is considered for HiPIMS deposition.
This level is chosen from [23] and considering the relatively low peak power density used here. A
computational time of 30min is needed, for 1000 steps of deposition to carefully represent the 3-fold
rotation of the substrates.

Results and discussion

Figure 1 presents the evolution of the hardness of three coatings after deposition (thickness about
1um), and after annealing in air during 2h, at 600, 700 and 800°C. The TiAIN coating has a hardness of
20GPa, while the addition of Ta increases the hardness to 32.6 and 35.8GPa for TiAlTaN 45/45/10 and
40/40/20, respectively. These values agree with hardness measurements from Lopes Dias et al. and
other studies [8,12]. It is important to mention that for some deposition conditions (different duty
cycle, bias, magnetic configuration), higher hardness up to 45GPa have been achieved. For TiAIN
coating, the hardness is rather low compared to traditional values (in the range of 25-33GPa), with
values of 34GPa reported in the same coater in bipolar dual magnetron sputtering [4]. This is attributed
to the low crystallinity of the coating (see XRD section). After annealing, a considerable drop of the
hardness is reported, below 20GPa. This is due to the formation of an oxide layer formation on the top
of the films, as the indentation depth is similar to oxide thickness. These values correspond to the
hardness of alumina [24]. The hardness tends to increase for Ta doped films with annealing at 800°C,
which might be due to age hardening effect, which are not seen on TiAIN, as it decomposed into
wurtzite (see below).



TiAlTaN 40/40/20

TiAITaN 45/45/10

0 T T T T T
0 200 400 600 800
Annealing temperature (°C)

Figure 1. Evolution of penetration hardness HIT as a function of different annealing temperature in
air, during 2h, for TiAIN, TiAlTaN 45/45/10 and TiAlTaN 40/40/20 films

The evolution of the structure of the films after annealing is presented on Figure 2. For TiAIN coatings
(Figure 2.a), the as-deposited films exhibit a cubic structure, with a (111) diffraction peak appearing at
35.5°. This value is largely shifted toward smaller angles compared to usual values reported of TiAIN
coating (around 36.5-37°), with Al/Ti ratio close to 1 [4,25]. The crystallinity of the film is low, with very
weak peak intensity. We do not have specific explanation for this intriguing result, which agrees with
the low hardness reported. No significant change occurs up to 800°C where the decomposition of cubic
phase into hexagonal phase starts (meaning that spinodal decomposition occurs for an intermediate
time/temperature annealing condition), with new diffraction peaks at 33.3, 35.7 and 36.9°,
corresponding to (100), (002) and (101) directions. For TiAlTaN 45/45/10 and 40/40/20 coatings (Figure
2 b and c), a strong preferential orientation is evidenced with the (111) diffraction peak at 36.3 and
36.1° respectively, therefore, slightly shifted toward literature values of (111) TiAIN diffraction peak
(36.5-37°). This is in agreement with the larger lattice parameter, due to the larger atomic size of Ta,
expanding the lattice. A second peak at 60.8° and 60.6° is also visible corresponding to (220) plane.
Annealing at 600°C in air during 2h causes the diffraction peaks to shift toward higher angles, indicating
a reduction in lattice parameter due to the thermal relaxation of compressive stresses. For TiAlTaN
45/45/10, the structure remains unchanged up to 2h at 800°C, indicating the high stability of this
composition. For TiAlTaN 40/40/20, the spinodal decomposition into two cubic structures is noticed,
with a shoulder appearing at 36.1° and a new peak at 62.4°. One can also notice a small peak at around
69° after annealing at 800°C during 2h, that is not clearly identified. In case of crystalline oxide
formation, more peaks should be seen on 30-40° range. These measurements confirm (1) the
decomposition of c-TiAIN into wurtzite, (2) the high stability of TiAlTaN 45/45/10 structure, and (3) the
too large content of Ta in TiAlTaN 40/40/20 coating promoting the spinodal decomposition.
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Figure 2. Evolution of XRD patterns of (a) TiAIN, (b) TiAlTaN 45/45/10 and (c) TiAlTaN 40/40/20 as

deposited and after annealing in air at 600, 700 and 800°C during 2h. SS signal (in orange)
corresponds to stainless steel substrate.

Figure 3 presents the XPS depth profiles of TiAIN, TiAlTaN 45/45/10 and TiAlTaN 40/40/20 before and
after annealing in air at 600, 700 and 800°C. All as-deposited films contain 3-10at% of oxygen, a typical
contamination reported for nitride coatings deposited in these conditions, especially in this coater
[4,18,26,27]. The working current was rather low (1.5A), explaining this relatively high oxygen
contamination. A larger oxygen contamination for the TiAlITaN 40/40/20 coating is noticed. The TiAlTaN



45/45/10 and TiAlTaN 40/40/20 respectively contain 8 and 12at% of Ta. The Table 1 presents the
composition and x and y fraction (excluding oxygen presence) for the sake of clarity.

Table 1. Relation between target composition and film composition, and corresponding fraction of
element for conventional Ti.Al1<TayN.

Ti/Al/Ta target | Derived film composition (at.%) from XPS Approximate x and y fraction
composition Ti Al Ta N 0] considering TixAl:xTayN and no O
50/50/0 24 25 0 42 8 x=0.5, y=0 Tio.sAlosN
45/45/10 23 22 8 40 7 x=0.42,y=0.16 Tio.42Al0.42Ta0.16N
40/40/20 20 20 12 38 10 x=0.42, y=0.16 Tio3sAlo3sTao23N

After annealing in air during 2h at 600°C (Figure 3.b, f, j) all film present a mixed oxide layer, which is in
agreement with type-2 oxidation behavior, namely, no Al diffusion to the surface, as described by
Greczynski et al.[5]. After annealing at 800°C, the TiAIN coating switch to type 1 oxidation, with the
formation of bilayer, with Al,Os on the top and TiO, underlayer, due to active diffusion of Al. Again,
these results perfectly match the predictive maps reported in [5].
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Figure 3. XPS depth profiles of (a-d) TiAIN, (e-h) TiAlTaN 45/45/10 and (i-) TiAlTaN 40/40/20 after
deposition and after annealing in air at 600, 700 and 800°C during 2h.

Interestingly, TiAlITaN 45/45/10 and TiAlITaN 40/40/20 exhibit a different behavior, with the formation
of a mixed oxide layer, containing Ti, Al and Ta. For TiAlTaN 40/40/20, one can notice the slight
enrichment of Al close to the surface, possibly indicating the beginning of type 1 oxidation. These
results also confirm the optimal concentration for the 45/45/10 composition for a better oxidation
resistance. The difference in terms of oxidation behavior is further confirmed by SEM analysis (Figure
4): the figure presents the SEM cross section of the coating, before and after air-annealing at 800°C
during 2h. All cross sections are made on stainless-steel coated substrates, except on as-deposited
TiAIN samples (Figure 4.a), where Si substrate is used. One can first see the increase of the thickness
(for the same deposition time) when higher Ta content is used (Figure 4 a, c, e). Moreover, morphology



tends also to evolve with dense coating for TiAIN, fine granular morphology for TiAlTaN 45/45/10 and
close-pack fibrous film for TiAITaN 40/40/20. After annealing, the thinnest oxide layer is obtained for
TiAITaN 45/45/10 coating, with the formation of dense (TiAlTa)Ox monolayer of =80nm, while a similar
but thicker (TiAlTa)Ox monolayer of x310nm obtained for TiAlTaN 40/40/20 coating. For TiAIN, one can
clearly observe the formation of bilayer with a total thickness of x340nm, containing a porous sublayer
of TiO; below the Al,03 top layer.

One can notice that for annealing at 800°C, the sputtering time for TiAIN on XPS depth profile was
significantly shorter, and therefore, could indicate better oxidation resistance. However, on SEM
pictures (Figure 4.b), it is clear that the thickness of the oxide layer the largest. This comes from the
higher sputtering rate of the porous oxide during on the oxidized TiAIN sample during XPS depth
profiling, compared to Ta-containing samples where a denser oxide layer is formed.

As deposited Air- annealed 2h at 800°C

TIAIN 50/50

TIAITaN 45/45/10

TaN 40/40/20

TIAl

Figure 4. SEM cross section of TiAIN, TiAlTaN 45/45/10 and TiAIN 40/40/20 before (a,c,e) and after
air-annealing at 800°C during 2h (b,d,e). All cross sections are made on stainless substrate, expect (a),
where Si substrate is used.



In addition to these physico-chemical characterizations, comparative machining tests have been
performed using a Kunzmann WF 610 MC milling machine (Figure 5). It consists of the dry machining
of 42CrMo4 steel, with a groove distance of 20cm and a cutting depth of 3mm, without any lubrication
(Figure 5.b). The other cutting parameters are given in the insert of Figure 5.a. The in-situ spindle power
(Petec) is recorded during the test. It is assumed that a higher spindled power implies higher friction
during machining. A power of 600W is requested for the tool rotation, corresponding to the baseline.
An uncoated HSS endmill fails around 320s, and an electrical power of 720W is needed. Each drop and
rise correspond to the beginning and end of each groove. Different HSS coated tools have been tested,
including TiAIN, TiAlTaN 45/45/10 and TiAlITaN 40/40/20 synthesized using HiPIMS, but also TiAlTaN
40/40/20 synthesized using DC sputtering. The TiAIN done by HiPIMS fails before 500s, which is
attributed to the lower hardness of the coating, but also its lower thickness in this case. The TiAITaN
40/40/20 composition performs better, with lower electrical consumption, and longer lifetime. The
effect of thickness seems to be predominant over the discharge mode, as the TiAlTaN 40/40/20
synthesized by HiPIMS, with thickness of 1um fails around 1400s, while the lifetime is extended up to
1750s using DC mode and thickness of 1.4um. The coating exhibiting the better cutting performance is
again the TiAlTaN 45/45/10 synthesized by HiPIMS, which is able to withstand 2500s with an initial
electrical power of 630W that ends up stabilizing around 700W, even with a thickness of 1um. These
machining tests confirm the physico-chemical characterizations (hardness, structure, composition)
where a performance optimum is reached for a Ta content of 8at.%.
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Figure 5. (a) evolution of the in-situ spindle power during machining of 42CrMo4 workpiece with
different HSS endmills, as a function of time and (b) setup used for machining. The inset in (a) reports
the cutting parameters. The baseline in red at 600W corresponds to the electrical power for rotation

without any machining.

Interestingly, the “optimal” Ta content of 8at.% obtained in this work for cutting performance, hardness
and oxidation resistance (which is obviously not fully optimized as it would require additional tests with
different compositions), namely a Ta metal fraction of y=0.16 (for TixAl.«TayN, with x + y = 1), is close to



the value of 0.12 recently reported by Lopes Dias et al. [8]. For this Ta fraction, the primary factors
contributing to the improved properties are: (i) solid solution strengthening from the incorporation of
Ta atoms into the lattice, (ii) increased compressive stresses, and (iii) enhanced cohesive strength due
to a higher valence electron concentration [8,28]. However, the value reported by Lopes Dias et al. at
0.12 was already lower than values 0.20 <y < 0.37 previously reported in [7,29,30]. Looking more in
details in these publications, the optimum seems to shift to lower values in correlation with the choice
of the discharge: Sui et al. reported the use of RF and DC sputtering of TiAl and Ta targets, with optimum
at y=0.37, while Shugurov’s optimum is at 0.35, also with DC reactive sputtering of TiAl and Ta targets.
Lopes Dias et al. reported optimum at y=0.18 for DC and hybrid DC/HiPIMS and 0.12 for pure HiPIMS,
with a frequency of 940Hz and a duty cycle of 5.6%, and average power density of 13W/cm?2. Our work
reports an optimum at y=0.16 for a frequency of 500Hz at 2.5% duty cycle, with an average power
density of 5W/cm? and peak power density *640W/cm?. It is well established that the peak power
density is one of driving factor to control the metal ion fraction, that will then drive the mechanical
properties of the film [18,31,32]. This is also the basis of the concept for the positive kick after negative
pulse to push ions toward the substrate [33,34]. Even other parameters are of high importance (such
as magnetic configuration or pressure/distance ratio), this shift of Ta content optimum is attributed to
proportion of metallic ions that increase from DC to hybrid DC/HiPIMS to pure HiPIMS. An optimum is
found, as a too high Ta content will promote new phase, excessive compressive stress, and abnormal
grain growth. Further plasma diagnostics and additional data from the literature are required to clearly
correlate the ionized metal fraction, the Ta content, and the mechanical properties.
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Figure 6. VirtualCoater™ simulation of TiAIN and TiAlTaN 45/45/10 coating deposited respectively in
DC and HiPIMS mode, and corresponding composition profile extracted from the simulation.

To better understand the role of Ta in film growth, kMC simulations have been performed using
VirtualCoater™ software. The Figure 6 presents the results of thin film growth simulations of TiAl
sputtered in Ar and N; in DC mode (Figure 6.a) and TiAlTa 45/45/10 sputtered in in Ar and N, HiPIMS
mode, considering an ionized fraction of 30%. The same amount of material is deposited in both cases
(3.2x10°8 atoms), while the substrate dimensions are 200 x 50 atoms. Thus, the thickness of simulated
coatings are about 320 atomic layers, which corresponds to about 100 nm. It is necessary to mention,
that real thickness of simulated coatings are higher as the coatings are not fully dense and contains
from 10% to 25% percent of voids. The corresponding visualization with column detection is also
reported, in addition to composition profile extracted from the simulation. First, the thickness
decreases significantly, due to densification process from ionic bombardment. The reported density,

10



extracted from the simulation are respectively equal to 75 and 90% of the bulk density for TiAIN and
TiAlTaN 45/45/10. The composition profile almost matches well the XPS depth profiles (Figure 3.a&e),
with a Ta content of 6at. % for TiAlTaN 45/45/10. This is slightly less, than the Ta content measured
experimentally. One of a possible explanation of the difference is that in the simulations it is assumed
that sticking coefficient for all species, Ti, Al, and Ta are the same. Still, the sticking coefficients for
different species may be different, causing the difference. Less porosity in the film is also reported, and
a drop of the roughness is also noticed. Thanks to a dedicated plugin (which use a virtual probe to
measure the z direction, like AFM measurement), the roughness decreases from 10 to 4.75 atomic
units. We measure the RMS roughness in atomic units, or average diameter of an atom as the
simulations are performed at atomic scale, thus this is a natural unit for the case. This drop of
roughness, concomitant to the higher density are responsible for the better cutting performance [35].
The k-MC simulations provide therefore a mechanistic understanding of the superior machining
behavior of TiAlTaN 45/45/10. The predicted higher density and smoother morphology are consistent
with the experimental results, indicating that the improved coating microstructure (as seen in SEM
also) contributes to enhanced tool life and surface finish.

Conclusion

TiAIN and TiAITaN coatings were successfully synthesized by HiPIMS using TiAl and TiAlTa targets with
compositions of 40/40/20 and 45/45/10, respectively. The optimal performance was observed for the
TiAlTaN coating derived from the 45/45/10 target, corresponding to a Ta metal fraction of 0.16. The
incorporation of Ta into the TiAIN matrix significantly enhances both hardness and oxidation resistance.
These improvements are attributed to solid solution strengthening, grain refinement, and the
formation of a stable, protective mixed oxide layer. Simulation results further corroborate experimental
findings, indicating increased coating density and reduced surface roughness. Compared to
conventional cathodic arc deposition, the HiPIMS process yields smoother and denser coatings due to
droplet free process, making TiAlTaN deposited by HiPIMS a promising candidate for advanced
protective applications requiring high mechanical performance and thermal stability.
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