Endurance of TiAlSiN coatings: Effect of Si and bias on wear and adhesion
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Abstract
In this work, the endurance of TiAlSiN nanocomposite thin films subjected to tribological solicitation is studied. These coating were deposited on M2 steel substrate by magnetron sputtering. Dry sliding experiments were conducted at ambient temperature against WC–Co ball. Coefficients of friction, wear rates and endurances were correlated with the composition, microstructure, mechanical properties, residual stress and adhesion of the coatings. The hardness and elastic modulus were found dependent not only on the composition but also on the residual stress induced by the deposition process. Friction coefficient was found to be independent on Si content while the wear rate is strongly reduced for higher Si contents. The formation of a nanocomposite microstructure, the amount of amorphous Si-based phase and both, wear resistance and adhesion are shown as the critical factors to determine the endurance of the coating.
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1. Introduction
In the last decades microstructural design of nanocomposite thin films have been widely used to improve multifunctional coatings. The possibility of combining hard phases such as nanocrystalline TiAlN with improved oxidation resistance, with Si3N4 amorphous phase achieving superhardness, has allowed to increase the tools lifetime in cutting devices [1], [2], [3] and [4].
Many studies have been done to improve the performance of these coatings. A good compromise between microstructure and composition is needed. The influence of deposition conditions on microstructure, composition namely Al and Si content as well as other minor impurities (oxygen, carbon, hydrogen) seem to be critical to the good performance of these coatings [4].
The tribological response of hard coatings is often complex [5] and [6]. The classical theories of wear usually point hardness as the property controlling the wear resistance [7]. Many experimental studies demonstrate that the TiAlSiN nanostructured materials have enhanced the mechanical properties such as hardness [8], [9], [10], [11], [12], [13] and [14]. However, only few authors show experimentally the impact on the tribological properties of this nanocomposite structure. Moreover, in some case, there is a strong discussion if the enhanced hardness is due to the nanocomposite structure or can result also from high compressive residual stress generated by the deposition conditions. The macrostress generated also affects the adhesion of the coating to the substrate, limiting strongly the coatings functionality and reliability [15]. The appearance of new nanocomposite materials with improved hardness and elasticity makes imperative to re-think the way how the mechanical properties influence the coatings durability [5].
Some authors report on tribological properties (in particular the friction coefficient) of TiAlSiN thin films [13], [16], [17], [18], [19] and [20]. Friction reduction from 0.9 to 0.5 with the increase of Si content, between steel balls and TiAlSiN thin films at room temperature have been recently published [16] and [17]. These authors suggest that self-lubricating SiO2 and SiOH tribo-layers, which are formed by reaction of Si3N4 phase in the coating and H2O during friction test, are responsible of the reduction of friction, as it has been previously observed for Si3N4 ceramics [21]. Carvalho et al. [13] report on the friction coefficient of coatings with different Si content using Si3N4 balls. On their case, high friction and no direct correlation was found between the increase of Si content and the different friction values observed (0.7–1.0). When WC–Co balls are used, for similar Si content a high friction coefficient is also observed [18] indicating that no tribochemical reactions occur.
Even though the influence of Si on the friction and mechanical properties has been described in the previous papers, few studies report the correlation between wear resistance and the mechanical properties for different Si contents. In addition to our knowledge no study reported the durability of TiAlSiN thin films, in particular the effect of composition and residual stress in wear, adhesion and coating lifetime.
In this work the influence of composition on microstructure and mechanical properties is investigated. The effects of deposition conditions are related to mechanical properties and stress state of the films. Finally, the endurance of the thin films is discussed in terms of wear resistance and adhesion in correlation with the Si content and deposition conditions.
2. Experimental details
2.1. Samples preparation
TiAlSiN thin films with different Si content were co-deposited by magnetron sputtering from commercial targets: Ti–Al alloy (75/25, 99.8% purity) and pure Si (99.999% purity). Table 1 resumes the deposition conditions.
A 400 W dc power was applied to the TiAl target; while an increasing rf power, from 250 to 400 W, was applied to the Si target. For the same power supplied, the coatings were deposited at floating potential and with substrate bias. An rf bias was applied by controlling the power supplied (25 W) which corresponds to approximately 300 V.
Samples were labelled as SX-Y-Z where X, Y and Z indicating the applied power to the TiAl (dc) target, Si (rf) target and biased substrate respectively.
The base pressure before deposition was less than 1.5 × 10−4 Pa. In order to improve the adhesion strength between the TiAlSiN film and the substrate, a thin TiAl adhesion layer with a typical thickness of 200 nm, was deposited with pure argon (at 6.65 Pa) prior to the TiAlSiN coating deposition. The TiAlSiN coatings were deposited in a pure N2 atmosphere of 1.33 Pa.
The rotational substrate holder was located at 10 cm from each target. AISI M2 steel, Si wafer and NaCl substrates were used for the different analyses. Before each deposition, the substrates were sputtered-cleaned at 100 V at an argon atmosphere for 1 h.

2.2. Microstructure and composition
Thickness and morphology of coatings deposited on Si substrates were studied in fractured cross-section by scanning electron microscopy performed in a high resolution field-emission gun (FEG) microscope, using a Hitachi S4800 instrument.
The thickness was confirmed using a Mahr “stylus” profilometer (conic stylus dimension of 2 μm with a lateral resolution of 0.76 nm) by measuring the difference in height of the step between an uncoated part and a coated part on Si substrate, provided by the profile scan.
The microstructure of the coatings was investigated by grazing incidence X-ray diffraction analysis (GIXRD). Also transmission electron microscopy observations (Philips CM200 microscope) and selected area electron diffraction (SAED) were used to investigate the microstructure on samples grown on NaCl substrate and then floated off in water and supported on a grid.
Surface composition of the TiAlSiN thin films deposited on the Si substrate was determined by X-ray photoelectron spectroscopy (XPS, Leybold Heraus Spectrometer) with Al Kα X-ray source (hν = 1486.6 eV). XPS photoelectron peaks were fitted with a Shirley background subtraction, and the quantification was made using the sensitivity factors supplied by the instrument manufacturer. The samples were argon etched (2 × 10−3 Pa, 3.5 kV, 6 mA, 4 min) in order to clean surfaces before analysis.
The composition of the TiAlSiN thin films deposited onto the steel substrate was determined by energy dispersive spectroscopy (EDS) inside the SEM-FEG.
2.3. Tribological and mechanical properties

The tribological properties (wear and friction) were studied using a ball-on-disk rotating tribometer (CSEM).

Most of the published results that compare the tribological performance of TiAlSiN coatings with different Si content were obtained using steel or Si3N4 counterparts [13] and [17] which may form tribolayers affecting the friction coefficient. In this work a WC-6% Co ball (diameter 6 mm) was used as counterpart. To our knowledge no studies were performed for different Si content using WC–Co counterparts. The sliding tests were conducted with a sliding speed of 0.1 m/s under a load of 1 N at ambient temperature with a relative humidity of 40%. The sliding distance ranged from 100 m to 1000 m (equivalent 2000–25,000 cycles – different track diameters were used). For each sample, several tests at increasing sliding distance up to 1000 m – or until coating failure – were conducted, to determine the average friction coefficient, wear rate and to evaluate coating durability. The wear volume was calculated by multiplying the mean wear area of the track, determined by profilometry, by the scar ring circumference according to each track diameter.
Optical and scanning electron microscopy were employed to observe the morphology of the wear track after the tribological experiments. EDS was used to determine the composition of the wear track.
The hardness and the elastic modulus were measured by nanoindentation technique (using a Hysitron triboindenter) with a trigonal shaped Berkovitch indenter and calculated from the loading–unloading curves. The Berkovitch tip area function was estimated with the Oliver–Pharr method [22].
2.4. Stress and adhesion evaluation
Profilometry tests were used to evaluate the residual stress of the film on Si substrate according to the Stoney equation [23].
The adhesion evaluation was carried out with a Micro Scratch-tester Millenium 200 (CSM Instrument) equipped with a diamond tip (Rockwell C, radius 200 μm). The coatings were scratched with an increasing normal load until a maximum of 100 N (loading rate of 50 N/min and scratching speed of 10 mm/min). Acoustic emission (AE) was measured simultaneously and recorded for each test. Critical loads were determined based on specific damages observed by optical microscopy and AE changes.
3. Results and discussion
3.1. Microstructure and composition
The major point of this work is to investigate the effect of silicon on the tribological properties of Ti1−xAlxSiyN coatings. Table 2 presents the chemical composition of the coatings as given by XPS after short argon bombardment for surface cleaning.
As it was expected, the increase of the power supplied to the Si target results in an increase of the Si content in the films. The Ti and Si contents vary from 13 to 24 at.% and 7 to 15 at.%, respectively. In all cases the Ti/Al ratio of the target (Ti/Al = 3) was maintained in the coatings. The bulk composition of these coatings was also evaluated by EDS (Table 2). Similar values of Al, Ti and Si content (in at.%) to the ones given by XPS were found. Oxygen contamination due to the low O2 residual pressure in the chamber during deposition was also observed.

The high values of oxygen obtained by XPS correspond most probably to a high post-deposition surface oxidation. Longer sputter cleaning periods were not considered due to preferential sputtering of oxygen that can deteriorate the chemical and compositional information obtained by this technique.
The EDS values are taken as a better estimation of the oxygen in the coatings.
The morphology of TiAlSiN thin films deposited on Si substrate was observed by SEM-FEG as illustrated in Fig. 1. The thin films prepared without bias exhibit columnar structure while the coatings prepared with bias present dense structure. The columnar structure is typical of coatings grown under low energetic ion bombardment and limited adatom mobility. It is also possible to see the voids between the columns, characteristic of zone 1 of Thornton's model [24]. Application of substrate bias increases the adatom mobility. Also re-sputtering effects during the deposition can eliminate the open voids between the columns resulting in a dense structure [25]. The structure of the coatings largely influences their final properties, in particular the mechanical properties. The columnar structure is in general more brittle and can increase the surface oxidation of the coatings. It is also possible to distinguish in Fig. 1 the TiAl adhesion layer.
The thicknesses of the coatings and of the underlayer were measured by cross-sectional SEM views. The adhesion layer of TiAl has a typical thickness of 200 nm. The total thickness measured (coating + adhesion layer) displayed in Fig. 1, was confirmed by mechanical profilometry.
The microstructure of the coatings was investigated by GIXRD at 1°. Fig. 2 presents the diffraction pattern of the different samples and of the steel substrate as well as peak positions for cubic TiN and Ti3AlN. With the increase in Si content the coatings became more amorphous. When substrate bias is applied, the peaks become broader. Broadening of diffraction peaks can result from grain size refinement [13]. For low silicon content and in absence of bias, the peaks can be ascribed to c-(Ti,Al)N, namely planes (1 1 1), (2 0 0) and (2 2 0) were identified.
Fig. 3 shows TEM micrographs and the corresponding selected area electron diffraction pattern. The indexed planes correspond to c-(Ti,Al)N phase. As in the XRD data the samples with low silicon content present better defined rings corresponding to more crystalline samples. It can be noted also a decrease of the grain size when the Si content is increased.
The formation of silicon nitride phases was confirmed by XPS analyses. These phases are amorphous and were not detected by XRD or SAED. Fig. 4 shows the Si 2p core level for 7 and 15 at.% Si content thin films deposited with and without substrate bias. The width of the peaks (>2 eV) indicates that apart from the main contribution of silicon nitride also a contribution of a oxinitride phase is present [26] and [27]. The peaks of non biased samples are displaced to higher binding energy corresponding to higher oxidation, as it was expected from the results on Table 2. The results are in good agreement with theoretical studies by Hao et al. [28]. They investigated the incorporation of oxygen in nc-TiN/a-Si3N4 coatings; in nitrogen rich deposition conditions as the coatings in the present work, oxygen is predicted to diffuse to the silicon nitride phase and occupy nitrogen sites [28].
Based on XPS and diffraction data it seems that the coatings have a nanocomposite coating structure based on c-(Ti,Al)N crystals embedded in an amorphous silicon (oxy)nitride intergranular phase. The formation of TiAl oxide phases in minor quantity cannot be completely excluded from our results.
3.2. Tribological and mechanical properties
The typical friction curves for the different films against WC–Co counterface are represented in Fig. 5. For each coating, several tests at different sliding distances were conducted. The mean friction coefficient values are reported on Table 3. The friction coefficient behaviour is characterized by a rapid increase at the beginning of the test (10–40 m), followed by a stabilized value between 0.74 and 0.82 depending on the coating (Fig. 5 and Table 3). This short run-in stage with very low friction coefficient can be due to the adventitious surface contamination.
Coatings with 7 and 15 at.% of silicon present very similar friction behaviour (Table 3). Other coatings prepared under different conditions with similar composition (not presented in this work) showed the same results.
From these results one can conclude that WC–Co counterparts allow studying the tribological properties of coatings with different silicon content, without the interference of tribochemical reactions that may reduce the friction coefficient.
Fig. 6 shows the SEM images (and corresponding EDS analyses) of wear tracks on both disk and ball. It has been observed that there is no transferred material on the wear tracks. The generated wear debris were mainly accumulated on the border of the tracks. EDS analyses and mappings confirm that there is no transfer from the ball to the disk (no W detected) and from the disk to the ball (no Ti, Al and Si detected). Elemental mapping of the track shows how the steel substrate is revealed when the test is conducted until coating failure. W was also not detected in the wear debris, which confirms that counterface wear was very small (see also ball wear rates presented in Table 3).
The morphology of the wear track and the absence of transfer film indicate that abrasive wear was the dominant mechanism in the wear process. The wear rate (K) was calculated by Eq. (1):
(1)
V=KFd
where V is the wear volume (mm3), K the wear rate (mm3/Nm), F the normal load (N) and d the sliding distance (m). The wear volume (V) was measured at different sliding distances (d), for not failed tests or at least in an undamaged zone, by profilometry and reported in Fig. 7. As predicted by the Archard model [7], the wear volume increases linearly with the sliding distance that confirms that no tribochemical reactions occur during the friction test.
As shown in Fig. 7, the wear rate is affected by the Si content. Independently of substrate polarisation, the wear resistance is three times higher for 15 at.% Si content than for 7 at.% (Table 3). Substrate bias induces a slight reduction of the wear. Similar observation was made for TiAlN thin films [30]. As all the coatings present similar friction coefficient, the wear resistance of the coatings seems to be controlled by its mechanical properties.
The values of hardness (H) and reduced elastic modulus (E*) determined by nano-indentation are reported in Table 3. Both hardness and elastic modulus are dependent on the Si content and on the residual stress of the film. On the one hand, increasing the silicon content produces grain refinement which will lead to Hall–Petch hardening effects [31], and an increase of the intergranular amorphous phase in the nanocomposite leads to a certain improvement of the mechanical properties. On the other hand, high-energy ion bombardment will develop residual stresses in the coatings that can also contribute to an increase in the measured hardness. The average residual stress was determined using Stoney's method [23] by measuring the curvature of the TiAlSiN thin films deposited on a Si wafer with a tactile profilometer. The values of the compressive residual stress (shown in Table 3) vary from 0.1 to 2.3 GPa. Both Si content and deposition conditions influence the value of residual stress. The development of high compressive residual stress due to substrate bias is prevented when the Si content is increased (effect of the amorphous phase). Then, as it is the case for S400-250-25, for low Si content, applying bias induces a strong increase of the compressive residual stress. This can explain the significant increase of the hardness for this sample.
Classical theories of wear [7] relate the hardness (H) to the wear resistance of a surface. It is often the case that a hard material has also high wear resistance. Some authors have also suggested the importance of the elastic modulus (E) on the wear behaviour [5]. It was pointed out that the wear of a material is related with the material's elastic strain limit that characterizes the ability of a material to deform elastically and recover, without undergoing permanent (plastic) deformation [5]. An experimental measure of the elastic limit of strain is the H/E ratio. This approach has been applied to coated surfaces [5] and the elastic strain to failure has been related to the H/E* ratio. Also the H3/E*2 ratio, called the plastic resistance parameter, is an indicator of the coating's resistance to plastic flow [32]. Therefore, H/E* and H3/E*2 ratios play an important role to the coating wear resistance. Table 3 reports the values of H/E* and H3/E*2. Considering the coatings deposited without bias, the increase of H, H/E* and H3/E*2 are well correlated with the increase of wear resistance. However, when substrate bias is applied, in particular for low Si content, the previous correlation is not more conclusive. The hardness enhancement due to the macrostress developed in the film is not beneficial for wear resistance improvement. It suggests that it is essential to distinguish the improvement of the mechanical properties resulting from the microstructure of the material to those derived from the deposition process. The role of Si content on the mechanical properties and wear has two purposes. Firstly, increasing the Si content affects the microstructure, improving the mechanical properties and the wear resistance. Secondly, increasing the Si content (and thus the amount of amorphous phase) reduces the development of high residual compressive stress leading to better performance.
3.3. Cohesion and adhesion

The adhesive and cohesive properties of the thin films were evaluated by scratch test (Fig. 8). Table 3 summarizes the critical loads determined during the scratch test by both optical observation and integrated acoustic emission measurement.
The low thickness of the adhesion layer allied with the low critical load values and the presence of residual stress in the coatings makes very difficult to distinguish between the adhesion of the coating to the TiAl adhesion layer and the adhesion of this layer to the substrate. In that sense, LC1 represents the crack initiation load or the “crack initiation resistance” [33] and [34] (cohesive strength), LC2 corresponds to flake off and chipping and LC3 to the total failure of the coating and underlayer with exposure of the substrate (adhesive strength). All the coatings present a similar LC1 (first crack) however the LC2 (flake/chipping) and LC3 (exposed substrate) vary from one coating to the other. Critical loads can be used directly to quantify the “scratch toughness” of thin films [35]. As it has been defined by Zhang et al. [33] and [34], difference between LC1 and LC2/LC3 is representative of the capacity of the coating to survive after a crack is initiated before catastrophic failure occurs. Thus, toughness, which is the ability of the material to absorb energy during deformation up to fracture, is proportional to the difference between lower critical load and upper critical loads.
As shown in Table 3, there is strong relation between the evolution of the compressive residual stress and the adhesive strength of the thin film. By decreasing the residual stress, adhesion of the coating to the substrate increases (LC3).
For high Si contents, the critical adhesion load (LC3) is increased, independently of the bias application. Similar results are found in the literature for TiSiN nanocomposite thin films [36] and [37] with various Si content.
The optical micrographs in Fig. 8a reveal different failure modes. No flaking or chipping (LC2) before delamination (LC3) is observed for coatings prepared without bias. The failure of the coating is caused by semi-circular cracks within the scratch track (see Fig. 8b). These tensile cracks are parallel to the stylus and their density increases until substrate is revealed. Sample S400-400-0 (15 at.% of Si) present the best adhesive strength (79 N) where the substrate is progressively reached. On the contrary, sample S400-250-0 (7 at.% of Si), where the substrate is suddenly reached, has a lower adhesive strength (40 N). Bias application largely affects the adhesive strength since coatings prepared with substrate bias have a lower adhesive strength (LC3) and present severe flaking or delamination (characterized by LC2) before the substrate is revealed. Sample S400-250-25 presents the worst adhesive properties (LC < 14 N).
The wear behaviour of sample can be correlated with the values of critical load. Thin films deposited with bias show a better crack initiation resistance (higher LC1). It is well correlated with the better resistance to plastic deformation of these coatings (higher values of H/E* and H3/E*2 ratios). However, once a crack is initiated, it propagates rapidly (low toughness) and failure occurs (LC2 and low LC3). Due to the rapid failure, wear debris are produced rapidly after crack initiation and wear is increased. On the contrary, thin films deposited without bias have a lower crack initiation resistance but a better toughness.

The toughness of the thin films is increased by increasing the Si content. Thus, the propagation of crack is inhibited and the wear resistant is promoted. As previously seen, bias application generates residual stress enhancing the hardness. However, the toughness is largely reduced. This explains why biased samples with better resistance to plastic deformation, have a similar wear behaviour than non-biased samples presenting a better toughness. The increase in Si content seems to compensate the introduction of residual stress (and the “loss” of toughness) in the films due to bias through the incorporation of a higher amount of amorphous phase (sample S400-400-25).
3.4. Coatings durability
The durability (or endurance) of the coating is defined by the number of cycles of ball-on-disk sliding wear before reaching the substrate. Due to the progressive wear, the coating becomes thinner and the cyclic stress imposed to the substrate/coating interface is increased [38]. Depending on the adhesion between the coating and the substrate, below a critical coating thickness (or a threshold stress value), a rapid decohesion of the film will be activated leading to a general failure.
The endurance of the films was characterized by determining the number of cycles before reaching the substrate. The coating failure was determined, when it was possible, by a friction discontinuity, and post test microscopic observation of the wear track.
The points drawn in Fig. 9 correspond to the wear depth as a function of the number of cycles for the different coatings. As in Fig. 7, a linear relation between the wear depth and the number of revolutions is observed for the different Si contents. Coatings with high Si content presenting lower wear rate also have lower wear depth extension. The failure of the coating can be predicted according to its thickness and it can be translated in number of cycles for the given tribological conditions. Taking into account the coatings thickness and the dependence of the wear depth on the number of cycles, the theoretical number of cycles (Nth) at which the substrate is reached can be known. These predicted values are represented in Fig. 9, and compared with the experimental number of cycles (Nexp). In that sense a critical thickness hc can be determined by the following relation:
[image: View the MathML source]
where h is the thickness of the coating (see Table 3). The zero critical thickness represents number of cycles at which the theoretical and experimental coincide. This means that a pure wear process is the responsible for the coating consumption, representing a good adhesion of the film to the substrate. It is the case for sample S400-400-0.
From the values in Table 3 a good relation is found between the critical thickness, the residual stress and the adhesion of the coatings. Coatings with high residual stress present high critical thickness and withstand lower critical loads.

All coatings are initially characterized by a pure wear process controlled by the mechanical properties and the cohesive strength. The progressive thinning of the coating leads to two possible failure modes. For coatings with good adhesion, the pure wear process goes on until the substrate is progressively reached. For coatings with bad adhesion, due to the development of higher compressive residual stress, the failure is then controlled by an adhesive wear process, characterized by rapid spallation at some critical coating wear depth.
4. Conclusions
TiAlSiN coatings with different silicon content were deposited under different conditions by reactive magnetron sputtering. The microstructure of the coatings revealed the formation of nanocrystalline c-(Ti,Al)N phase in an amorphous silicon nitride (oxynitride) phase.
The mechanical properties of the thin films have been studied by nanoindentation. The hardness and the elastic modulus are not only dependent on the nanocomposite formation but also on the residual stress induced by the deposition process, in particular by the substrate bias. Higher Si content produces grain size refinement and allows the achievement of slightly higher hardness. Bias application produced a strong increase of the hardness, in particular when the amount of amorphous phase is not sufficient to accommodate the compressive stress induced by the high energetic bombardment conditions.
The tribological properties of the coatings have been investigated regarding the influence of Si content and deposition conditions. The friction coefficient against a WC–Co ball counterface was found stable between 0.7 and 0.8 and independent of the Si amount in the film. On the contrary, the wear rate was reduced by increasing the Si content that is also correlated with better mechanical properties and cohesive strength. The compressive residual stress developed by the substrate negative electrical bias deteriorates the cohesive and adhesive strength.
The endurance of the coatings is a determinant parameter for industrial application. It represents the reliability of the films. In this work, the role of the Si content on tribological behaviour of TiAlSiN thin films has been detailed. In the literature, Si content of coatings from the TiAlSIN system have been correlated with mechanical properties, in particular the hardness enhancement [8], [9], [10], [11], [12], [13] and [14]. Generally, authors infer that the wear resistance is improved when hardness is increased (Archard model) but they did not justify it experimentally. Many studies report the friction behaviour of TiAlSiN thin films for different counterparts reporting the wear behaviour as a function of the Si content [19]. However these counterparts favour the formation of tribochemical reactions masking the “real” tribological behaviour of the coatings. In this work WC–Co balls were used which proved not to form tribochemical reactions.
Indeed, as shown in this work, wear resistance is not only correlated with the mechanical properties, it is also affected by stress state and the toughness of the coating. High energetic ion bombardment increases the residual macrostress and the hardness of the coating but without enhancing the wear resistance of the films (S400-250-25) due to the toughness loss.

Finally, it has been shown here that the Si content does not modify the friction coefficient as described in the literature for TiAlSiN/ceramic tribo-contacts (TiAlSiN/Si3N4, TiAlSiN/WC–Co) [13], [18] and [19]. However, increasing the Si content enhanced the mechanical properties and the wear resistance. Higher Si content also leads to tougher coating due to the higher amount of amorphous phase. It results in a better adhesion of the coating to the substrate and suppression of the detrimental effects of high compressive residual stress induced by substrate bias application.
The failure mode is then strongly influenced by the Si content and the deposition conditions. With high Si content a pure wear process seems to be operative due to higher amount of amorphous phase that can compensate the effect of stress, introduced during bias application, on coating adhesion. For low Si content, the effect of bias is clearly shown. In spite of the hardness increase, the higher residual stress strongly deteriorates the performance of the coating due to rapid spallation.
The evaluation of a critical wear depth for coating spallation can be a good way to predict the adhesion of coating to the substrate.
Nanocomposite coatings, constituted by a nanocrystalline phase in an amorphous matrix are complex systems where mechanical and tribological properties can be modulated. Carefully studies to fully understand their behaviour are needed.
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Figure captions

Figure 1.  SEM cross-section and planar views of the TiAlSiN thin films.
Figure 2. XRD diffraction pattern of the different coatings and the steel substrate. Peak positions for c-TiN and c-Ti3AlN are included for comparison.
Figure 3. TEM micrographs and corresponding SAED pattern. Indexed planes correspond to the c-(Ti,Al)N phase.
Figure 4. Si 2p XPS core level of sample with 7 and 15 at.% Si deposited with and without substrate bias. SiNx[20], [26] and [29] and SiO2[27] references are included for comparison.
Figure 5. Friction curves of the TiAlSiN films against a WC–Co ball, after 200 m.
Figure 6. SEM images showing the wear track morphology. EDS analysis inside the track and EDS mapping.
Figure 7. Wear rate of TiAlSiN films as function of the sliding distance.
Figure 8. (a) Micro-scratch test damage of the samples for the different Si content. (b) Detail of sample with 15 at.% Si.
Figure 9. Wear depth extension of TiAlSiN films indicating the coating failure. The open symbols correspond to the not failed coating, the filled symbols to the predicted failure (estimated with the coating thickness) and the crossed symbol to the failed coating.



Table 1

Table 1. Deposition conditions for the studied samples.
	Deposition parameters
	Adhesion layer
	Coating
	

	Working pressure (Pa)
	6.67 Ar
	1.33 N2

	Target composition
	TiAl (75–25 at.%) (99.8% purity)
	TiAl (75–25 at.%) (99.8% purity) Si 99.999%purity)

	Substrate bias
	−100 V dc
	0/25 W(∼300 V) rf

	Magnetron power supply
	TiAl (rf) 250 W
	TiAl (dc) 400 W
	Si (rf) 250/400 W

	Deposition time (h)
	1
	2.5





Table 2

Table 2. Comparative composition of TiAlSiN thin films given by XPS and EDS.
	Coating
	Composition at.% XPS

	Composition at.% EDS


	
	Al
	Ti
	Si
	N
	O
	C
	Al
	Ti
	Si
	N
	O

	S400-250-0
	7
	20
	7
	31
	26
	9
	7
	19
	6
	47
	21

	S400-250-25
	7
	24
	7
	44
	14
	4
	7
	19
	6
	62
	6

	S400-400-0
	5
	17
	15
	35
	24
	4
	7
	18
	10
	55
	10

	S400-400-25
	5
	13
	15
	36
	25
	5
	7
	18
	13
	56
	6





Table 3

Table 3. Mechanical, tribological and adhesion characteristics of the TiAlSiN films and its relationship with residual stress (σc) and critical depth (hc).
	Si at.%
	Mechanical properties

	Tribological characteristics

	σc (GPa)
	hc (nm)
	Adhesion


	
	E* (GPa)
	H (GPa)
	H/E*
	H3/E*2
	μ
	Wear rate disk (mm3/Nm)
	Wear rate ball (mm3/Nm)
	
	
	LC1 (N)
	LC2 (N)
	LC3 (N)

	15 
(S400-400-0)
	222
	17.1
	0.077
	0.101
	0.82
	5.3 × 10−6
	4.1 × 10−8
	−0.11
	0
	5
	–
	79

	15 
(S400-400-25)
	223
	19.1
	0.085
	0.139
	0.75
	5.2 × 10−6
	3.1 × 10−8
	−0.93
	900
	10
	19
	41

	7 
(S400-250-0)
	206
	13.8
	0.067
	0.062
	0.74
	1.5 × 10−5
	5.2 × 10−8
	−0.76
	400
	5
	–
	40

	7 
(S400-250-25)
	213
	20.4
	0.096
	0.187
	0.74
	1.2 × 10−5
	5.5 × 10−8
	−2.29
	1300
	7
	11
	14
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