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Abstract 

Mechanical properties, thermal stability and oxidation resistance of Ti1-xAlxN coatings are well 

investigated and recent studies indicated that these properties can considerably be improved by alloying 

with elements such as Cr, Ta or Y to form quaternary nitrides. Here we want to focus on an architectural 

approach by depositing multilayer arrangements of Ti1-xAlxN and Ta1-yAlyN (simply abbreviated with TiAlN 

and TaAlN). Further on, combined processing of reactive arc-evaporated (arc) Ti1-xAlxN layers with either 

arced (arc) or reactive sputter deposited (rsd) Ta1-yAlyN layers are developed opening the possibility to 

deposit coatings with variable chemical and structural modulations. Our studies show that the 

TiAlNarc/TaAlNarc multilayers exhibit enhanced thermal phase stability with peak hardness values of ~35 

GPa for Ta = 1200 °C, whereas the TiAlNarc/TaAlNrsd multilayers exhibit their peak hardness of ~35 GPa 

already at Ta = 800 °C which decrease to ~32 GPa when Ta = 1100 °C. However, the TiAlNarc/TaAlNrsd 

multilayer coatings clearly exhibit a better oxidation resistance than their TiAlNarc/TaAlNarc multilayer 

counterparts, demonstrating the advantage of this hybrid arc/rsd process. 
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Introduction 

Protective hard coatings for forming and machining tools not only require outstanding mechanical and 

tribological properties, but also the ability to maintain these outstanding features at high temperatures in 

addition to excellent oxidation resistance. Within the last decades a various number of materials such as 

ternary metal nitrides or oxides were specially designed and continuously improved to achieve the 

increasing requirements [1–3]. Ti1-xAlxN coatings are used for a broad field of applications due to their 

enhanced mechanical and tribological properties even at high temperatures. Experimental and 

theoretical studies have shown, that the Ti1-xAlxN properties strongly correlate with the incorporated Al-

content x and its distribution [4, 5]. An Al content in Ti1-xAlxN ranging from 0.5 to 0.67 allows for 

increased material performance during high temperature application [6]. In general, physical vapour 

deposited (PVD) Ti1-xAlXN coatings are grown in a supersaturated metastable cubic (c) NaCl (B1) 

structure for x ≤ 0.66 [4, 6]. Annealing of such supersaturated phases results in formation of cubic Ti- 

and Al-rich domains via spinodal decomposition. Accompanied by the development of coherency strains 

and the newly formed obstacles for plastic deformation, continuously the material is hardened until the 

cubic Al-rich domains phase transform to the stable structure wurtzite (w) AlN. Connected with the w-AlN 

formation often grain growth and recrystallization takes place, resulting in decreasing mechanical 

properties [7, 8]. Hence shifting (or retarding) the spinodal decomposition to form cubic Al-rich domains 

and shifting the cubic to wurtzite transformation to higher temperatures is necessary to improve the 

thermal stability and mechanical performance [9]. Here alloying Ti1-xAlxN with 4 or 5d transition metals 

such as Y shows promising results [10]. Reddy et al. [11], Pfeiler et al. [12], and Rachbauer et al. [13] 

showed that already small amounts of Ta, in the range of 5-7 at% of the metal content, within the 

supersaturated Ti1-xAlxN matrix initiate a strengthening of the film as well as successfully shift the onset 

temperature for decomposition to higher temperatures. A further crucial requirement for the versatility of 

a protective coating is the ability to withstand thermal load in ambient atmosphere. Recent studies 

showed that alloying Ta promotes the formation of a stable and dense Al2O3 top layer, hence increased 

oxidation resistance even at Al/Ti ratios as low as 0.5 [11]. By implementing Ta5+ ions into the rutile TiO2 

zone a reduction of oxide vacancies and consequently a densification of the oxide scale can be obtained 

[12], retarding further oxidation. As the deposition of quaternary coatings is challenging (by the need of 

corresponding target materials), studies are also directed towards an architectural design to increase the 

coating properties. Compositionally modulated films, e.g. superlattices, multilayers, and nanocomposites 

often exceed the performance of their monolithically grown counterparts and are thus of particular 

interest for high performance coating applications [14–19]. 

Within this study a hybrid cathodic arc evaporation (arc) and reactive sputter deposition (rsd) technique 

was used to prepare TiAlNarc/TaAlNarc and TiAlNarc/TaAlNrsd multilayer coatings. For easier reading we 

use the simplified abbreviation of TiAlN and TaAlN instead of Ti1-xAlxN and Ta1-yAlyN. The individually 

prepared coatings were tested upon their capability to enhance the mechanical strength and oxidation 

resistance. Our investigations exhibit a clear correlation of the obtained properties and the performance 

with the chosen deposition technique, process parameters and layer modulation used. 
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Experimental 

Ti1−xAlxN/Ta1−yAlyN multilayer coatings were synthesised by reactive cathodic arc evaporation and 

reactive sputter deposition using an Oerlikon Balzers INNOVA industrial scaled deposition plant. We 

used three cathodes, whereof two arc-sources were equipped with powder-metallurgically (PM) 

produced Ti0.5Al0.5 targets, and one source was equipped with a PM Ta0.75Al0.25 target operated in arc or 

sputter mode. For simplicity the two different multilayer coating types are abbreviated within the text as 

TiAlNarc/TaAlNarc and TiAlNarc/TaAlNrsd. Low-alloyed steel foil, silicon and alumina stripes (Si (100), 20 × 7 

× 0.38 mm3; Al2O3 (polycrystalline), 20 × 7 × 0.4 mm3), as well as high-speed steel coupons (Ø 30 mm × 

10 mm), were used as substrates and ultrasonically cleaned in acetone and ethanol for 5 minutes prior 

to loading the chamber. The samples were mounted on a two-fold rotating carousel with a minimum 

substrate to target distance of ~25 cm. The deposition temperature was kept constant for all depositions 

at 500 °C. Substrate etching was conducted for 25 minutes in pure Ar atmosphere using the Oerlikon 

Balzers Central Beam Etching technology. The current applied to the Ti0.5Al0.5 target-equipped cathodes 

was set to ITiAl = 140 A for all depositions. For preparation of the TiAlNarc/TaAlNarc and TiAlNarcTaAlNrsd 

the Ta0.75Al0.25 target-equipped source was powered with ITaAl = 100, 120, or 140 A and PTaAl = 3, 4, and 5 

kW, respectively. The substrate bias potential used was -40 V. Ar and N2 gas flow rates of 400 sccm and 

1000 sccm, respectively, resulted in a process pressure of 4.7 × 10−2 mbar (4.7 Pa). All deposition 

variations were carried out for 90 minutes. Vacuum annealing of coated Al2O3 stripes and powdered 

coating material (by chemical removal from the low-alloyed steel foil in diluted nitric acid) was conducted 

in a HTM Reetz vacuum furnace to annealing temperatures Ta up to 1400 °C in steps of 100 °C with a 

heating rate of 20 °C·min−1, a holding time of one minute and a cooling rate of 50 °C·min−1. Oxidation 

resistance investigations were carried out on coated Al2O3 stripes after treatments in ambient air at 850 

°C for 20 h using a Nabertherm N11/HR furnace. The structure was evaluated by X-ray diffraction (XRD) 

in Bragg-Brentano and gracing incidence mode (2 degree) using a Bruker-AXS D8 Advance equipped 

with a CuK radiation source. Hardness measurements were carried out using an Ultra-Micro-Indentation 

II system, equipped with a Berkovich diamond tip. The applied normal loads were decreased from 20 mN 

to 2 mN with steps of 1 mN. Hardness values were calculated from the load-displacement curves 

according to Oliver and Pharr [20]. The chemical composition was obtained by energy-dispersive X-ray 

spectroscopy (EDS), using an Oxford Instruments INCA EDS detector attached to a Zeiss EVO 50 

scanning electron microscope (SEM) and an acceleration voltage of 20 keV. Cross-sectional 

micrographs and EDS investigations of the elemental distributions across the oxidised samples were 

investigated on embedded and mechanically polished samples. In order to protect the oxidised layers 

and the oxide scale formed during the polishing procedure a CrN layer was sputter-deposited on top of 

the samples (thickness ~1.5 μm). Detailed information on the film morphology was obtained by a Philips 

CM12 transmission electron microscopy (TEM) operating with an acceleration voltage of 120 keV. 



Koller, Hollerweger et al.  18th Plansee Seminar 2013  HM 138 
 

 

Results and Discussion 

Morphology 

 

 

Figure 1: SEM fracture cross-sectional micrographs of as-deposited multilayer coatings: (a) to (c) show the TiAlNarc/TaAlNrsd 
multilayer with (a) 3 kW, (b) 4 kW, and (c) 5 kW sputter powering of the Ta0.75 Al0.25 cathode, respectively; (d) to (f) 
show the TiAlNarc/TaAlNarc variation with (d) 100 A, (e) 120 A, and (f) 140 A applied to the Ta0.75 Al0.25 cathode, 
respectively, in arc evaporation mode. 

Cross-sectional SEM investigations, shown in Figs. 1a-f, reveal a dense and fibrous structure for all 

multilayers investigated. The slight difference in film thickness (especially pronounced for the arc/arc 

multilayers Figs. 1d-f) is a consequence of the different powering of the Ta0.75Al0.25 source. Furthermore, 

the images emphasise the efficiency of the arc process compared to the hybrid arc/rsd process, as-

deposition rates of approximately 26, 28, and 29 nm min−1 were obtained for the TiAlNarc/TaAlNrsd 

multilayers and 42, 47, and 49 nm min−1 for the TiAlNarc/TaAlNarc multilayers.  

The chemical analysis obtained by SEM-EDX for all depositions is summarised in Table I. The values 

shown for the multilayer coatings thereby represent an overall composition. Measurements conducted on 

monolithically grown coatings indicate a Ti1-xAlxN composition with an Al/Ti ratio comparable to the 

Ti0.5Al0.5 targets and a slight decrease in the Al/Ta ratio for the Ta1-yAlyN coatings. Table I furthermore 

confirms the expected decrease in Al/(Ti+Ta) ratio with increasing powering of the Ta0.75Al0.25 cathode 

(rsd or arc), due to keeping the TiAlN layer thickness constant during all depositions. 
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Table I: Metallic sublattice population obtained by energy-dispersive X-ray spectroscopy of the multilayer coatings and 
monolithically grown TiAlN and TaAlN films. 

Cathode powering Al 

[at%] 

Ti 

[at%] 

Ta 

[at%] 

PTaAl for the TiAlNarc/TaAlNrsd multilayers in [kW]1    

3 45 50 5 

4 44 50 6 

5 43 49 8 

ITaAl for the TiAlNarc/TaAlNarc multilayers in [A]2    

100 36 38 26 

120 34 34 32 

140 33 32 35 

ITiAl for the TiAlNarc and ITaAl for TaAlNarc coatings in [A]3    

140 54 46 - 

120 11 - 89 
1 the Ti0.5Al0.5 cathode was always powered with ITiAl = 140 A and the powering of the Ta0.75Al0.25 cathode varied 
between PTaAl = 3 and 5 kW. 
2 the Ti0.5Al0.5 cathode was always powered with ITiAl = 140 A and the powering of the Ta0.75Al0.25 cathode varied 
between ITaAl = 100 and 140 A. 
3 the Ti0.5Al0.5 cathode was always powered with 140 A and the Ta0.75Al0.25 cathode was powered with 120 A. 

 

Bright field cross-section TEM studies of selected representative coatings, Fig. 2, indicate a well-defined 

layered structure in the as-deposited state, originating from the planetary rotation technique used during 

the deposition proces. Due to the difference in electron density the Ti1-xAlxN and Ta1-yAlyN layers can 

clearly be distinguished by brighter and darker contrast, respectively. These TEM studies furthermore 

show that the coatings are fine columnar structured and suggest for an epitaxial growth of the individual 

layers, as the contrast originating from the different crystallites and defects expend throughout several 

layers. 

 

 

Figure 2: TEM cross sectional micrographs of (a) TiAlNarc/TaAlNrsd (PTaAl = 5 kW) and (b)  TiAlNarc/TaAlNarc (ITaAl = 140 A) 
demonstrating a layer thicknesses of ~20 nm for the TiAlNarc layers and ~5 nm for the TaAlNrsd layers and ~16 nm for 
the TaAlNarc layers. 
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Figure 3: Measured and calculated bilayer period of our TiAlNarc/TaAlNrsd (blue triangles) and TiAlNarc/TaAlNrsd (red squares) 
multilayer coatings. Full symbols and open symbols represent measured and calculated values, respectively. 

The bilayer period of our TiAlNarc/TaAlNrsd and TiAlNarc/TaAlNarc multilayer coatings, estimated from the 

deposition rates of the corresponding monolithically grown coatings are in good agreement with the 

results obtained from TEM investigations (full symbols), see Fig. 3. 

Thermal Stability 

The XRD pattern of as-deposited Ti0.54Al0.46N exhibits a single phase cubic structure with well-defined 

111 and 200 peaks. Upon annealing to Ta of ~900 °C no distinct modification of the XRD peaks can be 

observed. First clear indications of a decomposition of the supersaturated cubic solid solution can be 

identified after annealing at Ta = 1000 °C, by the formation of left-hand shoulders of the 111 and 200 

XRD peaks indicative for cubic Ti-rich domains. Although, this should also lead to the formation of cubic 

Al-rich domains no clear indication can be obtained by XRD here. Nevertheless, also based on previous 

investigations by atom probe tomography [8], we speculate that the formation of Ti-rich domains also 

leads to the formation of Al-rich domains within the TiAlN matrix. Further increase in Ta results in 

continuing decrease of the matrix XRD intensities whereas the XRD peaks indicative for c-TiN 

continuously increase in intensities. For Ta ≥ 1200 °C clearly the formation of w-AlN precipitates can be 

identified by XRD. 
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Figure 4: Powder XRD patterns of arc evaporated monolithically grown TiAlN and TaAlN coatings using Ti0.5Al0.5 and Ta0.75Al0.25 

PM targets, respectively. The 2θ positions for c-TaN (a = 4.339 Å ICDD: 03-065-9404), c-TiN (a = 4.247 Å ICDD: 00-
038-1420), c-AlN (calculated for a = 4.06 Å [21]), wurtzite AlN (a = 3.11 Å, c = 4.98 Å ICDD: 01-076-0702), TaN (a = 
3.048 Å, c = 4.918 Å ICDD: 01-071-9840), and Ta2N (a = 3.044 Å, c = 4.914 Å ICDD: 00-026-0985) are added. 

 

Corresponding to Ti0.54Al0.46N also for Ta0.89Al0.11N coatings, prepared from a Ta0.75Al0.25 target  with ITaAl = 

120 A. Fig. 4b a well-defined single-phase cubic structure with pronounced 111 and 200 XRD peaks in 

the as-deposited state is obtained. Annealing to Ta ≤ 1100 °C has no pronounced effect on positions or 

shape of the XRD peaks and also no additional phase can be detected. With increasing temperature 

there are already indications on the formation of a small fraction of hexagonal TaN and hexagonal Ta2N, 

see the small XRD peaks at 2θ ~35 and ~39 deg, respectively. The phase fraction of Ta2N gradually 

increases on the expense of TaN upon further annealing. For Ta = 1400 °C only hex Ta2N can be 

detected by XRD. We propose that due to the small amount of Al present in our TaAlN coatings no 

formation of crystalline cubic or wurtzite AlN can be detected. 

The diffraction patterns of our as-deposited TiAlNarc/TaAlNrsd multilayers, Fig. 5a, suggest a single phase 

cubic structure independent on the used powering of the TaAl cathode. According to the chemical 

compositions and XRD patterns of the monolithically grown TiAlN and TaAlN coatings, we can estimate 

a lattice mismatch between these layers in the range of 0.13 – 0.15 Å, hence ~3.5 %. During annealing 

we observe a collectively shift of the 111 and 200 XRD peaks to lower diffraction angles towards c-TiN 

because of the increasing compressive stresses which originate from to the ongoing decomposition.  
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Figure 5: XRD patterns after annealing at Ta ≤ 1400 °C of powdered (a) TiAlNarc/TaAlNrsd and (b) TiAlNarc/TaAlNarc multilayer 
coating material. (a) The TaAlNrsd layers are prepared with PTaAl = 3, 4, and 5 kW. (b) The TaAlNarc layers are prepared 
with ITaAl = 100, 120, and 140 A. The 2θ positions for the different indicated phases correspond to Fig. 4. 

 

This suggests for thermally activated relaxation and defect annihilation processes as well as ongoing 

decomposition of the supersaturated matrix into coherent cubic Ti-rich domains. The formation of Ti-rich 

domains can be identified by the small left-hand shoulder formation of the 111 and 200 XRD peaks for Ta 

≥ 900 °C. The formation of w-AlN within our TiAlNarc/TaAlNrsd multilayer coatings can be detected for Ta ≥ 

1200 °C. Furthermore the XRD results suggest that a Ti1-zTazN phase is formed upon annealing, as no 

formation (or precipitation) of cubic or hexagonal TaN or Ta2N phases can be detected. The formation of 

a Ti1-zTazN phase with z = y/(1-x), with y being the Ta content and x being the Al content of our 

multilayers is supported by the increasing shift of the 111 and 200 peaks close to c-TiN to lower 2θ 

values (towards the direction of c-TaN) with increasing powering of the TaAl cathode. This can especially 

be seen after annealing at Ta = 1400 °C, see Fig 5a.  

XRD investigations of our TiAlNarc/TaAlNarc multilayers suggest the presence of Ti-rich and Ta-rich 

supersaturated cubic solid solution phases due to the rather broad 111 and 200 XRD peaks, according 

to the architecture. This is more pronounced as for the TiAlNarc/TaAlNrsd multilayers, due to the ~10 nm 

thicker TaAlN layers and the enhanced ion bombardment, as also the TaAl cathode is operated in arc 

mode. Annealing leads to a peak shift towards lower diffraction angles and a reduction in peak 

broadening, suggesting for a stress relaxation due to a reduction of defect density and interdiffusion of 

the TiAlN and TaAlN layers. Contrary to the TiAlNarc/TaAlNrsd multilayers, no clear sign for the formation 

of Ti-rich cubic domains can be detected. We suggest that this is mainly because the major XRD peaks, 

which are around the c-TiN positions, cover corresponding XRD peaks or shoulder developments. For 
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annealing temperatures Ta ≥ 1200 °C the major XRD peaks become sharper and are centred at 2θ 

positions valid for Ti1-zTazN with z = 0.34, 0.50, and 0.55 for our multilayers processed with ITaAl = 100, 

120, and 140 A respectively. Annealing at Ta ≥ 1300 °C causes also the formation of hex-Ta2N and w-

AlN, please see the small XRD peaks at ~33.5 and ~38.5 deg in Fig. 5b, respectively. As the Ta1-yAlyN 

layers of the TiAlNarc/TaAlNarc multilayers are thicker than those of the TiAlNarc/TaAlNrsd multilayers, a 

complete interdiffusion (or intermixing) of the layers to form only (or mainly) Ti1-zTazN is unlikely allowing 

for the formation of hex-Ta2N. 

 

 

Figure 6: Hardness as a function of annealing temperature of monolithically grown Ti0.54Al0.46Narc and Ta0.89Al0.11Narc coatings.  

 

Figure 6 shows the hardness as a function of annealing temperature Ta of our monolithic Ti0.54Al0.46N 

(solid squares) and Ta0.89Al0.11N (open diamonds) coatings deposited on polycrystalline Al2O3 substrates. 

Arc evaporated Ti0.54Al0.46N coatings exhibit hardness values of approximately 31 ±1 GPa in the as-

deposited state and after annealing up to Ta = 600 °C. Further annealing to higher temperatures causes 

the hardness to decrease to around 22 ±2 GPa for Ta = 1200 °C, solid squares in Fig 6. We envision, 

that based on the coarse grained structure due to the deposition with low bias potential of -40 V, the 

formation of cubic Ti-rich and Al-rich domains does not lead to a pronounced hardness increase. The 

grain and column boundaries, which are preferred sites for decomposition of the supersaturated matrix 

[22] provide higher kinetics and lower retarding forces against changes in specific volume [23]. These 

are also the preferred sites for the formation of wurtzite AlN, as here the formation of a structure different 

to the matrix is easier. Consequently, the decreasing hardness values for Ta ≥ 700 °C suggest that 

wurtzite phase formation is already active, although this can not be detected by XRD, compare Fig. 4. 

More detailed investigations on this topic are focus of further research activities.  

Arc evaporated Ta0.89Al0.11N coatings exhibit hardness values of 30 ±2 GPa for the as-deposited state 

and annealed state at Ta ≤ 1100 °C. This is in good agreement to XRD investigations suggesting no 

major changes for XRD peak positions and shape up to this annealing temperature. Annealing to 1200 

°C results in a pronounced decrease in hardness, as hex-Ta2N and w-AlN phases are formed, see Fig. 

4b. 
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Oxidation Resistance  

The monolithically arc evaporated coatings Ti0.54Al0.46N and Ta0.89Al0.11N are completely oxidised after 

exposure to ambient air at 850 °C for 20 h, as can be seen in the cross-sectional SEM images, Figs. 8a 

and b, respectively.  

 

(a) (b)  

Figure 8: Cross-sectional SEM images of monolithically arc evaporated (a) Ti0.54Al0.46N (ITiAl = 140 A) and (b) Ta0.89Al0.11N (ITaAl = 
120 A) on polycrystalline Al2O3 substrates after oxidation in ambient air at 850 °C for 20 hours.  

 

Cross-sectional SEM-analysis with corresponding EDX line scans of oxidised TiAlNarc/TaAlNrsd 

multilayers are given in Fig. 9a for the coatings prepared with PTaAl = 5 kW. At the right side of the SEM 

image, after the embedding material the supporting CrN layer (see experimental section) can be 

identified. Below this, the formation of a dense Al-rich protective oxide layer, ~0.4 µm in thickness, can 

be detected followed by a 0.60 to 0.75 µm thick Al-depleted Ti-Ta-O scale region. The area underneath 

this Ti-Ta-O scale exhibits the nitride multilayer coating with oxygen contents below the detection limit of 

our system. Based on the comparison to the as-deposited coating thickness we can conclude that 

almost 80 % of the TiAlNarc/TaAlNrsd multilayer is still intact after the exposure to ambient air at 850 °C for 

20 hours. Corresponding results are also obtained for the other TiAlNarc/TaAlNrsd multilayer coatings.  

Contrary to these findings, the TiAlNarc/TaAlNarc multilayer coatings are fully oxidised after exposure to 

ambient air at 850 °C for 20 h as illustrated in Fig. 9b. The chemical ratio of Ti, Ta, and Al remains 

constant throughout the whole coating thickness, whereas a clear nitrogen loss can be detected. We 

envision that two effects are responsible for the lower oxidation resistance as compared to the 

TiAlNarc/TaAlNrsd multilayers. When using also arc evaporation for the preparation of the TaAlN layers the 

defect density, especially the density of macroparticles increases. Additionally, the TiAlNarc/TaAlNrsd 

multilayers are composed of ~10 nm thicker TaAlN layers as compared to the TiAlNarc/TaAlNrsd 

multilayers. Hence, these have a higher Ta content, which is probably already too much to be able to 

increase the density of TiO2 based oxides. Oxidation of TaN results in Ta2O5 [24] demonstrating a 

porous morphology not suitable as protective film, resulting in the complete oxidation as shown in Fig. 

8b. 
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(a)   (b)  

Figure 9: Cross-sectional SEM images with corresponding qualitative EDX line scans of (a) TiAlNarc/TaAlNrsd and (b) 
TiAlNarc/TaAlNarc multilayer coatings after oxidation in ambient air at 850 °C for 20 h.  

 

Conclusion 

Ti1-xAlxN/Ta1-yAlyN multilayers were developed with an industrial scaled Oerlikon Balzer INNOVA 

deposition plant. While the Ti1-xAlxN layers were always prepared by arc evaporation of powder 

metallurgically (PM) prepared Ti0.5Al0.5 targets, the Ta1-yAlyN layers where either prepared by arc 

evaporation (arc) or reactive sputter deposition (rsd) using PM Ta0.75Al0.25 targets. A further modification 

in coating architecture was realised varying the powering of the PM Ta0.75Al0.25 targets, while the Ti0.5Al0.5 

targets were always arc evaporated with a cathode current of ITiAl = 140 A. By increasing the current of 

the TaAl cathode from ITaAl = 100 to 120 to 140 A, the corresponding arc evaporated TaAlN layer 

thicknesses of the TiAlNarc/TaAlNarc multilayers increased from 14 to 15 to 16 nm, respectively. 

Increasing the sputtering power of the TaAl cathode from PTaAl = 3 to 4 to 5 kW resulted in an increase of 

the corresponding TaAlN layers of the TiAlNarc/TaAlNrsd multilayers from 3 to 4 to 5 nm, respectively. The 

Ti1-xAlxN layer thickness was always 20 nm for both types of multilayers.  

Our TiAlNarc/TaAlNarc multilayer coatings outperform the TiAlNarc/TaAlNrsd multilayers and the 

monolithically arc evaporated Ti0.54Al0.46N and Ta0.89Al0.11N coatings in structural stability and mechanical 

response to annealing treatments in vacuum up to 1400 °C. Especially the TiAlNarc/TaAlNarc multilayer 

prepared with ITaAl = 120 A, hence  TaAlN thicknesses of 15 nm shows a pronounced age-hardening for 

temperatures between 900 and 1200 °C, with a peak hardness value of ~36 GPa at Ta ~1100 °C. Even 

after annealing at 1200 °C this multilayer exhibits a hardness of ~35 GPa. Although, also for the 

TiAlNarc/TaAlNrsd multilayers high hardness values of 32-34 GPa are obtained after annealing, but here 

the peak-hardnesses are already obtained at Ta = 800-900 °C. For higher annealing temperatures their 

hardnesses continuously decrease. Nevertheless, these TiAlNarc/TaAlNrsd multilayer coatings outperform 

the TiAlNarc/TaAlNarc multilayers and the monolithically arc evaporated Ti0.54Al0.46N and Ta0.89Al0.11N 

coatings during thermal exposure in ambient air at 850 °C for 20 h. While the other coatings are 

completely oxidised after this treatment, the TiAlNarc/TaAlNrsd multilayers are able to form a dense 

protective oxide scale composed of a dense Ti-Ta-O at the nitride/oxide interface and an Al-rich dense 
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oxide at the oxide/air interface. Thereby, even after the exposure to ambient air at 850 °C for 20 h, still 

80% of the initial multilayer thickness is protected against oxidation. The oxygen content in this protected 

nitride multilayer is below the detection limit.  

Based on our results we can conclude that Ta contents up to ~32 at% (in combination with a Ti/Al ratio 

of ~1) of the overall metal composition of our TiAlNarc/TaAlNarc multilayers are extremely beneficial for 

structural and mechanical stability upon vacuum annealing. Higher Ta contents promote the formation of 

Ta2N phases upon annealing at high temperatures, leading to decreased mechanical properties. When it 

comes to oxidation processes, best results are obtained for Ta contents of only up to ~8 at% (in 

combination with a Ti/Al ratio of ~1) of the overall metal composition of our TiAlNarc/TaAlNrsd multilayers. 

The study of the detailed mechanism of Ta on structural, mechanical, and oxidation processes and the 

role of different deposition conditions is the focus of further research activities.  
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