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Abstract

:

The effect of the Ta content on the structure, mechanical properties and adhesion of magnetron-sputtered Ti1-x-y-zAlxTaySizN coatings was studied. According to the energy-dispersive X-ray spectroscopy analysis, the coatings studied had the following chemical compositions: Ti0.41Al0.49Si0.10N, Ti0.38Al0.47Ta0.05Si0.10N, Ti0.36Al0.44Ta0.10Si0.10N and Ti0.35Al0.40Ta0.15Si0.10N. The X-ray diffraction experiments revealed the B1-type fcc crystal structure of the coatings. The increasing Ta content was found to induce the texture evolution from (200) to (111), which was attributed to a significant increase in the residual compressive stress in the coatings. The hardness monotonically increased from 32.7 to 42.2 GPa with increasing the Ta content, while the reduced Young’s modulus decreased from 369 to 353 GPa. The adhesion of the coatings to the Ti substrate was evaluated by scratch testing. It was found that the Ti0.36Al0.44Ta0.10Si0.10N coating was characterized by maximum adhesion strength, while incorporation of a larger amount of Ta resulted in earlier coating spallation due to the high residual compressive stress.
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1. Introduction


In the past decades Ti1-xAlxN coatings was increasingly used in cutting tool applications, aircraft and marine industries, mechanical engineering, chemical industry, etc. to improve surface hardness and resistance against oxidation, corrosion, erosion and wear of different tools and components [1,2,3]. The extensive use of the Ti1-xAlxN coatings stems from their superior mechanical, tribological and thermal properties compared with binary nitrides such as TiN [1,4,5,6,7]. The enhanced hardness and wear resistance of the coatings result from non-equilibrium conditions of their deposition, which lead to the formation of an oversaturated Ti1-xAlxN solid solution, where Al substitutes Ti in the TiN lattice, forming a metastable fcc NaCl structure [8,9]. The latter results in elastic distortions of the crystal lattice and, consequently, in solid solution hardening of the coatings [4]. At high Al contents (x > 0.33) grain boundary hardening and precipitation hardening also contribute to the increase in hardness, which can reach ~40 GPa at x ≈ 0.5–0.6 [1,4,10]. Moreover, the hardness can be additionally increased by annealing at temperatures of 800–950 °C due to spinodal decomposition of the metastable Ti1-xAlxN solid solution into domains enriched with TiN and cubic AlN (c-AlN) [7,11]. However, at higher temperatures and/or long thermal exposure the c-AlN domains transform into the stable hexagonal wurtzite (w-AlN) phase that induces a sharp decrease in the hardness and wear resistance of the coatings [1,12]. The Ti1-xAlxN coatings also exhibit excellent oxidation resistance at temperatures up to 800–850 °C due to the formation of a dense outermost Al2O3 layer, which strongly suppresses the inward diffusion of oxygen [10,13,14]. At higher temperatures the rapid formation of the bilayer oxide scale, which along with the dense top Al-rich layer contains the underlying porous Ti-rich layer, significantly deteriorates the oxidation resistance of the Ti1-xAlxN coatings.



Numerous studies have revealed that further improvement of the mechanical and tribological performance, thermal stability and oxidation resistance of the Ti1-xAlxN coatings can be achieved by alloying with Si [15,16,17,18,19,20,21,22]. Due to the limited solubility in Ti-Al-N, a small amount of Si atoms incorporates into the fcc crystal lattice substituting Ti and Al, while at the higher Si contents most of Si segregates at the Ti-Al-N grain boundaries [15,21,23]. In the latter case, the SiNx tissue phase is formed in the Ti1-x-yAlxSiyN coatings, which impedes the growth of the Ti-Al-N grains, resulting in the microstructure comprised of the Ti-Al-N nanocrystallites embedded in the amorphous SiNx matrix. The combined effect of the grain refinement and hindered dislocation motion owing to a large number of grain boundaries with increased cohesive strength due to the presence of the SiNx tissue phase provides superhardness (>40 GPa) of such nanocomposite coatings [5,24]. Depending on the Ti/Al ratio and deposition conditions, the optimum Si content of the Ti1-x-yAlxSiyN coatings, can vary from ~2 to ~9 at.% (z = 0.04–0.18) [22]. At higher Si contents the hardness drastically drops, since the blocking effect of grain boundaries becomes insignificant because of too thick intergranular tissue phase. Alloying with Si decreases the friction coefficient and improves the wear resistance of the coatings due to the formation of SiO2 and Si(OH)2 tribolayers [22,25]. Si-alloying is also beneficial under water lubrication due to the formation of silica gel originating from the hydration of silicon [26]. The amorphous SiNx tissue phase also hinders the spinodal decomposition of the Ti-Al-N nanocrystallites that improves the thermal stability of the coatings so that their high hardness can be retained up to 1100 °C [21,23]. The improved oxidation resistance of the Ti1-x-yAlxSiyN coatings is concerned with (i) the protective effect of the SiNx tissue phase, which acts as a barrier for oxygen diffusion; (ii) the suppression of the anatase-to-rutile phase transformation that reduces crack generation in the oxide scale; (iii) the promoting effect of Si on the formation of a protective uppermost Al2O3 layer [20,27,28,29]. However, the Ti1-x-yAlxSiyN coatings are often characterized by low toughness [30,31,32] and poor adhesion to a substrate [18,30,33,34,35], which significantly restrict their potential application for the protection of different materials against erosion and wear. Therefore, it is of crucial importance to improve the wear resistance of the coatings, especially for the applications using soft metal substrates, since insufficient load-bearing capacity of the coating/substrate system results in large bending deformation of the coating, which can induce its catastrophic failure [36].



Two main strategies have been proposed to enhance the toughness and adhesion of the Ti1-x-yAlxSiyN coatings, which assume the design of their multilayer architecture, consisting of alternating Ti1-x-yAlxSiyN and other ceramic or metal layers [30,31,32,34], and the elaboration of coatings with out-of-plane Si gradient distribution, which allows eliminating of the sharp interface between the coating and substrate [35]. One more approach to improve the performance of the Ti1-x-yAlxSiyN coatings is their alloying with an additional chemical element [37]. In particular, addition of Ta to the Ti1-xAlxN solid solution has been shown to provide increased toughness with retaining high hardness [38,39,40]. Recent analysis of the electronic structure of Ti-Al-Ta-N solid solutions by ab-initio calculations have showed that the increase in their toughness is concerned with growing metallicity of interatomic bonds caused by Ta alloying [41]. In addition, the Ti1-x-yAlxTayN coatings exhibited significantly higher thermal stability (up to 1200 °C) and oxidation resistance than the Ti1-xAlxN coatings. The enhanced thermal stability has been explained by changes in the electronic structure caused by incorporation of Ta atoms into the crystal lattice and by higher diffusion activation energy for Ta compared to Ti and Al [42]. The improved oxidation resistance has been attributed to a decrease in the amount of oxygen vacancies in the oxide layer and to suppression of the anatase-rutile phase transformation in the TiO2 layer [43,44]. More recently it has been found that alloying with Ta also significantly enhances adhesion of Ti1-xAlxN coatings to a titanium substrate [45]. However, the effect of Ta alloying on the adhesion of the Ti1-x-yAlxSiyN coatings has not yet been investigated. Therefore, this study is focused on the investigation of structure, mechanical properties and adhesion of the Ti1-x-y-zAlxTaySizN coatings.




2. Materials and Methods


The Ti1-x-y-zAlxTaySizN coatings were deposited on stationary titanium substrates (10 mm × 10 mm × 2 mm) by DC magnetron sputtering. The Ti substrates were preliminary mechanically polished and ultrasonically cleaned in rectified alcohol. In addition, the same coatings were deposited on Si (100) substrates to perform the examination of fracture cross-sections and the measurement of the residual stress. Prior to the deposition, all the substrates were sputter-cleaned with Ar+ ions for 20 min. Then a 50 nm thick TiAl layer was deposited to improve coating adhesion. The Ta-free coatings were sputtered using a compound TiAl (55/45 at.%) target 125 mm in diameter with Si inserts. The deposition of the Ta-alloyed coatings was performed by co-sputtering using the Ti/Al/Si target and a Ta (99.99%) target 100 mm in diameter. The magnetrons were tilted at an angle of 100° between the magnetron axes. The distances from the center of the substrate holder to the centers of the targets were 90 mm. The Ta content in the coatings was changed by varying the power density at the Ta target from 3.8 to 6.2 W/cm2, while the power density at the Ti/Al/Si target was kept constant at 11.4 W/cm2. The Si content in the coatings was maintained at 5 at.% (z = 0.1) by varying the number of the Si inserts. The sputtering was carried out in an Ar + N2 gas mixture at a constant pressure of 0.3 Pa with a nitrogen partial pressure of 0.06 Pa. The 3.0 µm thick coatings were deposited on grounded substrates heated to 425 °C.



The determination of the chemical composition of the coatings by energy-dispersive X-ray spectroscopy (EDS) and the investigation of the microstructure of their fracture cross-sections were performed using a LEO EVO 50 scanning electron microscope (SEM, Carl Zeiss, Jena, Germany). The phase composition of the coatings was investigated by X-ray diffraction (XRD) in the Bragg-Brentano configuration using an XRD-7000 diffractometer (Shimadzu, Kyoto, Japan, the equipment of the Center for sharing use “Nanomaterials and nanotechnologies” of Tomsk Polytechnic University supported by the RF Ministry of Education and Science, project No. 075-15-2021-710). CuKα radiation with a wavelength of λ = 1.5406 Å was used. The texture coefficients were calculated from XRD patterns, using following equation [46]:


  T  C  h k l   =      I  h k l      I  0 h k l        1 n    ∑  n       I  h k l      I  0 h k l          



(1)




where Ihkl is the measured intensity of the XRD peak corresponding to the (hkl) plane for the phase; Iohkl is the intensity of the same XRD peak of a standard reference sample; n is the number of analyzed XRD peaks. The residual stresses σ were extracted from substrate curvature measurements performed with an Alpha-Step IQ surface profiler (KLA-Tencor, San Jose, CA, USA), using the Stoney equation [47]. Nanoindentation measurements were carried out with a NanoTest system (Micro Materials Ltd., UK) using a Berkovich indenter in the load-controlled mode. The loading and unloading times were set at 20 s with 10 s dwell time at the maximum load and 60 s dwell time at 90% unloading for thermal drift correction. The maximum applied load was set at 20 mN to ensure penetration depths below 10% of the coating thickness in order to exclude the substrate effect on the measured mechanical characteristics. 20 indents were made for each coating, and the results obtained were averaged. The hardness (H) and Young’s modulus (E) of the coatings were determined from load vs. displacement curves using the Oliver-Pharr method [48]. The coating adhesion was evaluated by scratch testing using a Revetest instrument (CSM instruments, Peseux, Switzerland) with a conical Rockwell stylus, which had a tip curvature radius of 200 µm. The scratches were made 7 mm long with a sliding speed of 2 mm/min and an increasing applied load. The maximum applied load was 55 N. The failure events and the corresponding critical loads were detected from the variations of the friction coefficient and acoustic emission signals as well as the microscopic examination of the scratch grooves with an Axiovert 40 Mat optical microscope (Carl Zeiss, Jena, Germany).




3. Results


An EDS analysis showed that the coatings studied have the following chemical compositions: Ti0.41Al0.49Si0.10N, Ti0.38Al0.47Ta0.05Si0.10N, Ti0.36Al0.44Ta0.10Si0.10N and Ti0.35Al0.40Ta0.15Si0.10N. Since the Si content in the coatings was maintained constant by addition of the Si inserts to the Ti/Al/Si target, the increase in the Ta content resulted in the decrease of the Ti and Al contents. It should also be noted the increase in the Ti/Al ratio with increasing Ta content from 0.05 to 0.15, which can be attributed to scattering of light Al atoms due to collisions with heavy Ta atoms.



Figure 1 displays the XRD patterns of the coatings, which show their B1-type fcc crystal structure. There is no indication of the presence of other crystalline phases, in particular wurtzite, which significantly deteriorates hardness of Ti-Al-N-based coatings. The w-AlN phase is often observed in Ti1-x-yAlxSiyN coatings because of the promoting effect of Si on its formation [27,30,49,50]. The absence of w-AlN in the Ti1-x-y-zAlxTaySizN coatings is evidently concerned with the fact that even in the Ti0.41Al0.49Si0.10N coating with the highest (Al + Si) content the (Al + Si)/(Ti + Al + Si) ratio is equal to 0.59, whereas the w-AlN phase has been reported to form at (Al + Si)/(Ti + Al + Si) = 0.61 [30,49]. It can be seen from Figure 1 that the increase in the Ta content results in shifting of the XRD peaks to lower diffraction angles that is due to the increasing lattice constant. As shown in Figure 2, the lattice constant deduced from the XRD patterns demonstrates a virtually linear increase from 0.4234 nm in Ti0.41Al0.49Si0.10N to 0.4255 nm in Ti0.35Al0.40Ta0.15Si0.10N, which can be attributed to the incorporation of large Ta atoms in the crystal lattice as well as an increase in a residual compressive stress in the coatings. The latter is in good agreement with the results of the substrate curvature measurements, which are presented in Figure 3. It can be seen that all the coatings are characterized by compressive residual stresses, which increase with the Ta content, reaching –6.8 GPa in Ti0.35Al0.40Ta0.15Si0.10N.



The Ti-Al-Ta-Si-N peaks demonstrate significant broadening, which can be ascribed to high microstrains caused by elastic distortions of the TiN crystal lattice due to the incorporation of Al, Ta and Si, as well as, a small grain size in the coatings. Indeed, as shown in Figure 4, the average grain sizes in the Ti1-x-y-zAlxTaySizN coatings calculated using the Debye-Scherrer equation [51] do not exceed 12 nm. A slight increase in the average grain size is observed at the higher Ta contents. It should also be noted the effect of the Ta content on the preferred orientation of grains in the Ti1-x-y-zAlxTaySizN coatings. It is seen from Figure 1 that the Ti0.41Al0.49Si0.10N coating has a strong (200) texture, while with increasing the Ta content the relative intensity of the (200) peak decreases and the intensity of the (111) peak grows. As a result, the Ti0.35Al0.40Ta0.15Si0.10N coating is characterized by the (111) preferred orientation. This texture evolution is clearly observed in Figure 5, which presents the texture coefficients (TC) of the coatings for the (111) and (200) crystal planes as a function of the Ta content. It can be seen that TC of the (111) plane increases with an increase in y, while the texture coefficient of the (200) plane exhibits the opposite behavior. It is known that high strains (stresses) favor the (111) texture to form in TiN-based coatings, because this crystallographic orientation is characterized by the lowest Young’s modulus [52,53]. Therefore, it can be thought that the increasing residual compressive stress in the Ti1-x-y-zAlxTaySizN coatings is responsible for their texture evolution.



The fracture cross-section morphology of the coatings is shown in Figure 6. It is visible that the coatings are characterized by the similar dense non-columnar fine-grained structure, which is in good agreement with the XRD results. No cracks, imperfections and delaminations are observed in the micrographs.



Figure 7a exhibits the hardness and reduced Young’s modulus of the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content. The hardness monotonically increases from 32.7 to 42.2 GPa with increasing y. Considering the similar microstructures and grain sizes of the coatings, the hardness increase can be attributed primarily to the increasing residual compressive stresses. This is clearly evidenced from Figure 7b, which shows that the hardness linearly increases with the compressive stress. The latter is in good agreement with the earlier studies, which have reported a linear relationship between the compressive stress and hardness in transition metal nitride coatings [54,55]. The reduced Young’s modulus demonstrates the opposite behavior, decreasing from 369 to 353 GPa. The same trend in the dependence of E* on the Ta content has been observed earlier for Ti1-x-yAlxTayN coatings [38,40]. It has been ascribed to significant changes in chemical bonding caused by Ta incorporation [38,41]. The opposite trends in H and E* result in a monotonical increase in the (H/E*) and H3/E*2 ratios (see Figure 8), which are associated with the elastic [56] and plastic strain to failure [57], respectively. Since these ratios are commonly used to rank ductility and toughness of coatings [58], their observed behavior indicates the toughness enhancement of the Ti1-x-y-zAlxTaySizN coatings with increasing the Ta content.



The adhesion strength of the Ti1-x-y-zAlxTaySizN coatings was evaluated by the scratch testing. The results are presented in Figure 9, which illustrates the friction coefficient (µ) and acoustic emission signal (AE) as a function of the scratching distance and applied normal load. During the scratching, the stylus induced plastic ploughing of the soft Ti substrate, which resulted in the formation of the residual scratch grooves with pile-ups at their flanks. Microscopic examination of the grooves showed that the coating failure primarily occurred by the formation of forward semicircular conformal cracks propagated outwards from the grooves. This failure mode is often observed, when scratching hard coatings on soft substrates [59,60]. It is concerned with large compressive stresses ahead of the moving stylus, which cause a pile-up to form due to displacing the substrate material from the bottom of the groove. Due to the rigid bonding between the coating and substrate, the strain accommodation results in coating bending. The bending deformation generates tensile stresses in the top layer of the coatings at the pile-ups, which lead to their cracking around the front half of the stylus with a semicircular pattern. The formation of first conformal cracks caused the first sudden peaks of acoustic emission to appear, which was used to correctly determine the first critical load Lc1. This load corresponds to the first crack event during scratching and characterizes coating cohesive strength. As can be seen from Figure 9, the Lc1 load monotonically increases with the Ta content, so that it is ~1.7 times higher for Ti0.35Al0.40Ta0.15Si0.10N than for Ti0.41Al0.49Si0.10N. This behavior of Lc1 can be attributed to an increase in the load bearing capacity of the coatings with higher y due to the enhanced hardness as well as to their improved toughness. The latter is confirmed by a good agreement between the observed increasing trend of Lc1 and the variations of H/E* and H3/E*2 shown in Figure 8.



The following increasing of the applied load eventually results in continuous spallation of the coatings in the scratch grooves. The onset of the continuous spallation, which is accompanied by increasing friction coefficient from ~0.2 to a value ~0.6 corresponding to the titanium substrate due to its exposure, defines the second critical load Lc2, which is adopted as a measure of interfacial adhesion strength. In contrast to the first critical load, Lc2 initially increases with the Ta content and reaches a maximum value at y = 0.10 but then drops at y = 0.15. Thus, despite the monotonic toughening of the Ti1-x-y-zAlxTaySizN coatings with increasing the Ta content, the Ti0.35Al0.40Ta0.15Si0.10N coating was characterized by weaker adhesion.



Considering the above results, it can be thought that it is the high residual compressive stress, which is responsible for the poor adhesion strength of the Ti0.35Al0.40Ta0.15Si0.10N coating. It is well-known, that the large compressive stresses ahead of the moving stylus can induce buckling delamination of the coating in local regions, where bonding between the coating and substrate is weakened by interfacial defects [59]. According to [61], the critical stress σb, which induces coating buckling of a region of size L is given by:


   σ b  = C      h L     2   E  1 −  ν 2      ,  



(2)




where C is the constant, which depends on the buckling shape, h is the coating thickness, E and ν are the Young’s modulus and Poisson’s ratio of the coating, respectively. In the case of a planar interface, rather large regions of the coating debonding are usually needed to produce its buckling. However, it has been shown [62,63], that for a curved interface, which is formed in the pile-up area, the compressive in-plane stress σ0 generates a tensile stress component normal to the interface, given by:


   σ t  =  σ 0   h R  ,  



(3)




where R is the radius of the local interface curvature. This stress component is a driving force for detachment and buckling of the coating in the pile-up area. After buckling, the stylus passes over this region and crushes the coating resulting in its spallation. This mechanism is obviously realized, when scratching the Ti1-x-y-zAlxTaySizN coatings. Since the in-plane stress σ0 is the sum of the stress introduced by the stylus and the residual stress, the higher residual stress provides coating spallation at a lower applied load. As a result, the Lc2 load in the Ti1-x-y-zAlxTaySizN coatings is governed by the competition between the enhancement of their toughness and the increase of the residual compressive stress, which results in its peak value in Ti0.36Al0.44Ta0.10Si0.10N.




4. Conclusions


The effect of the Ta content on the structure, mechanical properties and scratching behavior of Ti1-x-y-zAlxTaySizN coatings was studied. The X-ray diffraction investigations showed that an increase in the Ta content from y = 0 to 0.15 resulted in the increasing lattice parameter and the change of the preferred orientation of crystallites from (200) to (111). It was found that the coatings were characterized by compressive residual stresses, which increased with the Ta content and reached –6.8 GPa in Ti0.35Al0.40Ta0.15Si0.10N. It was found significant hardening of the coatings with an increase in the Ta content (from 32.7 to 42.2 GPa), while their elastic modulus exhibited a decreasing trend. The scratch testing revealed a monotonic increase in the crack resistance of the Ti1-x-y-zAlxTaySizN coatings with the increasing Ta content. At the same time, the maximum adhesion strength was found in the Ti0.36Al0.44Ta0.10Si0.10N coating, while the further increasing of y up to 0.15 resulted in earlier coating spallation due to high residual compressive stress. Thus, alloying with Ta provided superior hardness, toughness and adhesion of the Ti1-x-y-zAlxTaySizN coatings over the Ta-free coating with the same Si content.
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Figure 1. X-ray diffraction patterns of Ti0.41Al0.49Si0.10N (1), Ti0.38Al0.47Ta0.05Si0.10N (2), Ti0.36Al0.44Ta0.10Si0.10N (3) and Ti0.35Al0.40Ta0.15Si0.10N (4) coatings. 
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Figure 2. Lattice constant of the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content. 






Figure 2. Lattice constant of the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content.



[image: Lubricants 10 00178 g002]







[image: Lubricants 10 00178 g003 550] 





Figure 3. Residual stress in the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content. 
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Figure 4. Average grain size in the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content. 
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Figure 5. Texture coefficient of the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content. 
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Figure 6. Cross-sectional SEM micrographs of (a) Ti0.41Al0.49Si0.10N, (b) Ti0.38Al0.47Ta0.05Si0.10N, (c) Ti0.36Al0.44Ta0.10Si0.10N and (d) Ti0.35Al0.40Ta0.15Si0.10N coatings. 
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Figure 7. (a) The hardness and reduced Young’s modulus of the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content. (b) The hardness vs. residual compressive stress. 
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Figure 8. H/E * and H3/E *2 ratios of the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content. 






Figure 8. H/E * and H3/E *2 ratios of the Ti1-x-y-zAlxTaySizN coatings as a function of the Ta content.



[image: Lubricants 10 00178 g008]







[image: Lubricants 10 00178 g009 550] 





Figure 9. Scratch tracks, friction coefficients, acoustic emission signals and critical loads of the (a) Ti0.41Al0.49Si0.10N, (b) Ti0.38Al0.47Ta0.05Si0.10N, (c) Ti0.36Al0.44Ta0.10Si0.10N and (d) Ti0.35Al0.40Ta0.15Si0.10N coatings. 
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