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Abstract

:

The main objective of this work was to assess and compare the structure and mechanical properties of the TiN and TiAlN coatings deposited on a new WC-Co tool using the cathodic arc evaporation vacuum deposition (CAE-PVD) technique. The cutting tool was sintered at high temperature and high pressure using a powder tungsten carbide matrix ligated with cobalt (WC-Co). Powdered grain growth inhibitors (TiC, TaC, and NbC) were admixed into the matrix to enhance its strength and to facilitate the adhesion of the Ti base coatings. Detailed scanning electron microscopy with energy-dispersive spectrometry (SEM-EDS) and X-ray diffraction (XRD) analyses were performed, aiming to substantiate the effectiveness of the inhibitor additions. XRD data were thoroughly exploited to estimate the phase contents, average crystallite sizes (D), coating thicknesses (t), texture coefficients (Thkl), and residual stress levels (σ). Atomic force microscopy (AFM) was used to calculate the average roughness (Ra) and the root mean square (Rq). The microhardness (µHV) was measured using the Vickers method. The TiAlN characteristics (D = 55 nm, t = 3.6 μm, T200 = 1.55, µHV = 3187; σ = −2.8 GPa, Ra = 209 nm, Rq = 268 nm) compared to TiN ones (D = 66 nm, t = 4.3 μm, T111 = 1.52, µHV = 2174; σ = +2.2 GPa, Ra = 246 nm, Rq = 309 nm) substantiate the better adequacy of the TiAlN coating for the WC-Co substrate. The structural features and data on the TiN and TiAlN coatings, the tool type, the different stress kinds exerted into these coatings, and the way of discrimination of the coating adequacy are the novelties addressed in the paper.
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1. Introduction


This paper addresses a new advanced sintered composite cutting tool consisting of a tungsten carbide matrix ligated with cobalt (WC-Co). Tantalum carbide (TaC), niobium carbide (NbC), and titanium carbide (TiC) were added to the tool matrix to inhibit the grain growth. This tool is designed for high-speed machining. The TiN and TiAlN coatings have been used to improve the performances of the new cutting tool due to their unique combination of properties such as high wear resistance, high hardness at elevated temperature, thermal and chemical stability, low thermal conductivity, and low friction coefficient [1,2,3,4,5]. A cathode arc evaporation physical vapor deposition (CAE-PVD) method was used to obtain the TiN and TiAlN coatings.



The sintered tungsten carbides (WC) represent a group of hard and wear-resistant refractory materials used for cutting-tool production, especially for the machining of ferrous and non-ferrous alloys [1,2,3,4,6]. The main drawback of the sintered WC matrix is its low toughness, but WC ligated with cobalt (Co) combines the higher hardness and strength of the WC with the toughness of the Co ductile binder [7,8]. The Co content of the WC-Co depends on the specific use, i.e., a higher Co content is required for coarse machining while a lower Co content is required for finish machining [9].



The lifetime and the surface working performances of the WC-Co cutting tools has been considerably improved by different coating techniques: microwave-plasma-assisted chemical vapor deposition, electron-beam-assisted physical vapor deposition, CAE-PVD, multi-arc physical vapor deposition, pulsed-laser deposition, ion plating, and others [10,11,12,13,14,15,16]. The TiN and TiAlN coatings have been used to improve cutting-tool performance due to their unique combination of properties such as high hardness, high wear resistance at elevated temperature, low thermal conductivity, thermal and chemical stability, and low friction coefficient [17,18,19,20,21,22,23,24]. Compared with the TiN coating, the TiAlN coating has received much more attention due to its higher hardness and better oxidation resistance [23,25]. Moreover, the TiAlN coating has been considered for bio-implants [26,27].



The adhesion of the TiN and TiAlN to the WC-Co increases as the crystallite size of the substrate decreases. Additionally, it has been proved that the number of the defects and the internal stress level into coatings increase as the crystallite size decreases; consequently, the crystallite size influences the coating failure mechanism [28,29]. To explore the above-mentioned effects, a new composite cutting tool has been developed, consisting of a WC powder matrix admixed with powdered TiC, TaC, and NbC grain growth inhibitors [28,30,31,32,33,34]. The assessing of the effectiveness of the grain growth inhibitor implies a detailed microstructure analysis to reveal the influence of the dense grain boundary network on the structure and morphology of the coating deposited on such a tool.



The interaction between the milled part and the tool takes place at the coating upper surface mostly through shear forces that are proportional to the surface roughness. The surface roughness influences the cutting-tool working performance and it is responsible for cutting failure by abrasion [35]. Accordingly, the cutting tool must have a higher hardness in order to reduce its abrasive wear and to produce good-quality parts in economic conditions. Therefore, measurement of the roughness parameters and the microhardness are mandatory for a reliable assessment of the performance of cutting tools. Additionally, microstructure analysis, residual stress, and microhardness data support the selection of the best coating solution, as is shown in this case study for the TiN and TiAlN coatings that were deposited using the CAE-PVD technique. The structures of the TiN and TiAlN coatings were investigated using the X-ray diffraction (XRD) method because it has the highest efficiency/cost ratio that is lowest compared to neutron diffraction, electron diffraction, etc. The same motivation works for the atomic force microscopy (AFM) technique which was used to estimate the roughness parameters of different coatings. The TiN and TiAlN coatings’ microhardness was measured using the Vickers method while the internal stress levels were estimated based on XRD data.




2. Materials and Methods


The addressed cutting tools are parallelepipedal in shape with dimensions of 25 × 10 × 8 mm. They are manufactured through high-pressure and high-temperature sintered methods. The sintered tools are made of (wt.%): 80% WC, 10% Co, 5% TiC, 3% TaC, and 2% NbC. The WC grain sizes of the sintered matrix vary between 0.5 and 3 µm and the mass density of the sintered matrix is approximately 13 g/cm3. The WC grain morphology is of faced type; the majority are parallelepipedal in shape, but a lower fraction are of pyramidal shape.



The studied WC-Co cutting tools were coated with TiN and TiAlN using a specific CAE-PVD process with the following parameters (pressure in vacuum chamber (Pa) 1.4 × 10−7; deposition temperature: 490 °C; target current: 200 A; nitrogen pressure 6–8 × 10−2 Pa; bias voltage: −250 V; and deposition rate 10 A/s). The resulting specimens are denoted further in the paper as: MTC-TN in the case of TiN coating and MTC-TAN in the case of TiAlN coating.



The phase analysis, the crystallite sizes, the texture coefficients, the secondary residual stress levels and the coating thicknesses were estimated based on the XRD data acquired with an APD 2000 diffractometer (GNR, AgrateConturbia (Novara), Italy), mounted in a Bragg–Brentano configuration using a Cu anode X-ray tube operated at 40 kV and 30 mA. The angular (2θ) range (30° to 90°) was scanned with a 0.02° step size and 5 s counting time per step.



The microstructures of the top surfaces of the coatings and of the cross sections through cutting tools were observed with a QUANTA 450 FEG (FEI, Hillsboro, OR, USA) scanning electron microscope while the elemental distributions (mapping and local analysis) were performed with the EDS-EDAX (FEI, Hillsboro, OR, USA) unit of the same equipment. The SEM images support the adhesion qualitatively appraisal, i.e., the intimate contact between the coating and the substrate.



A Quesant Q-Scope 350 AFM (Ambious Scan Atomic V.5.0.0, Toronto, ON, Canada) operated in (tapping mode) was used to investigate the roughness of the TiN and TiAlN coatings. The scanned area was 40 × 40 μm2 for all the measurements. The Ra and Rq parameters were calculated using the equipment software.



The microhardness of the coatings was measured with a CV100AT (Clark Instrument, Wixom, MI, USA) tester and HV 0.05 setting. The microhardness variation across the interface between the coating and the substrate as a function of the distance was measured with a FALCON 500 INNOVATEST microhardness tester for a better understanding of the adhesion behavior. The measurement was repeated five times to ensure a better exactness of the outcomes.



According to EN ISO 17025:2018, the results can be compared if their measurement uncertainties have been estimated [36]. Hence, the expanded uncertainty (U) was estimated for all addressed quantitative measurands based on the GUM approach given in the EN Guide ISO 98-3:2008 [37]. The U of each measurand was estimated using an expansion coefficient (k = 2) for the 0.95 confidence level. Each test was performed five times in repetitive or reproductive conditions. Even the XRD measurements were repeated five times. The normal distribution was assigned to all measurands in cases where their U were estimated.




3. Results


3.1. Scanning Electron Microscopy and Energy-Dispersive Spectrometry (SEM-EDS)


The SEM images (Figure 1 and Figure 2) of the cross sections through the TiN and TiAlN coatings show that the coating layers were continuous while the substrates were granulated. Figure 1b clearly shows the spreading of the Co throughout the substrate matrix, but no diffusion of Co into the coating was observed.



The composition of the TiN coating given in Table 1 is affected by the parasitic signals caused by the electron beam spreading onto the substrate, giving rise to the W, Co, and C incidence. If the W, Co, and C are disregarded, then the coating composition is quite stoichiometric (TiN). The elemental maps carried on the TiN–substrate interface do not highlight the interdiffusion of the Ti, N, W, and Co. Thus, the TiN coating adhesion to the substrate could not be attributed to an interdiffusion mechanism, but to mechanical and/or chemical ones.



The composition of the TiAlN coating, given in Table 2, presents the same artifacts as that of the TiN, but the atomic concentrations given in Table 2 support the stoichiometry of the (Ti, Al)N layer.



The elemental map of the TiAlN–substrate interface (Figure 2) does not highlight the interdiffusion of the Ti, N, Al, W, and Co. As for the TiN, the adhesion of the TiAlN coating to substrate cannot be related to an interdiffusion mechanism. The SEM images show smoother interfaces between the WC-Co and the coatings (TiN and TiAlN). Thus, the mechanical adherence could be generated by the penetration of the coating substance in the plasma state into the superficial crevices (pores) of the substrate.



The SEM observations reveal a quasi-uniform thickness of the coatings deposited by the CAE-PVD process while the EDS measurements prove that there is no elemental interdiffusion through the interface.




3.2. X-ray Diffraction (XRD)


The XRD pattern of the blank WC substrate, e.g., without grain growth inhibitors (TiC, TaC, and NbC) addition (Figure 3) shows only the peaks assigned to the WC phase (ICDD card No. 03-1096).



The XRD measurements carried on the MCT specimen provided quite similar diffractograms to that given in Figure 4, but showing the TiC lines (ICDD card No. 06-0614.).



The peaks of the TaC and NbC could not be clearly revealed by XRD data processing (stripping and deconvolution). The lack of the TaC and NbC peaks could be caused by at least three factors: low TaC and NbC concentrations; structural distortions; and dissolution during the sintering process.



The diffractograms of the TiN coating show the XRD lines ascribed to the WC substrate and tow lines that were assigned to the FCC TiN phase, i.e., (111) and (200), ICDD card No. 38-1420, as is shown in Figure 5.



The TiAlN coating provided the XRD lines ascribed to the WC of the substrate and two lines that were clearly assigned to the (TiAl)N phase, i.e., (111) and (200), ICDD card No. 71-5864, as is shown in Figure 6.



The XRD data show that the coatings were polycrystalline. Additionally, they have the same FCC structure type. The interplanar spacing (d) was used as a strain gauge for assessing the residual stresses into the coatings, based on the Equation given in [35,38]:


  σ = E ⋅ e = E ⋅      d  h k l   −  d  0 h k l      d  0 h k l        



(1)




where E is Young’s modulus, dhkl is the measured interplanar with (hkl) Miller indices, and d0hkl is the strain-free interplanar spacing for the same family planes.



The stress levels (σ) were calculated using the values of the Young’s modulus posted in [39,40]. The values of the second-order stresses into TiN and (TiAl)N coatings are posted in Table 3.



The stress levels into the TiN and TiAlN coatings were quite low because the differences among the interplanar distances of the unstressed and stressed coatings were less than 1% of the d0hkl value. The TiN coating exhibited positive stresses meaning that the TiN coating suffered a shear contraction due to the substrate. On the contrary, TiAlN exhibited negative ones, i.e., it suffered shear extension.



The average crystalline size (D) of the TiN and (TiAl)N phases were estimated based on the Scherrer approach [41]:


   D =     k    ⋅ λ   β ⋅ cos  θ     



(2)




where k = 0.9 is the Scherrer constant, λ is the wavelength of the radiation, β is the corrected FWHM expressed in radian, and θ is the Bragg angle of the peak.



An accurate estimation of the crystallite size is quite difficult due to the unknown distribution of the crystallite sizes and of their shapes. The crystallite sizes estimated for different (hkl) Miller indices are given in Table 4.



The average crystallite size of the blank WC substrate was about 128 nm while the average crystallite size of the WC substrate with grain growth inhibitors added was about 72 nm (Table 4). TiC, TaC, and NbC addition decreased the crystallite size of WC by 44%. The average TiN crystallite size was about 65 nm while that of the (TiAl)N was about 55 nm. The decrease in the (TiAl)N average crystallite size can be attributed to the substitution of the Ti atoms by the Al atoms in the TiN lattice.



The texture of the specimens was quantified based on the “texture coefficient” (Thkl), which is an adequate estimator for such a coating [42]:


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



(3)




where I (hkl) is the measured relative intensity of the (hkl) peak, I0 (hkl) is the standard intensity assigned to the same (hkl) planes whose value is specified in the ICDD file, and n is the number of the peaks used to assess the Thkl value.



A Thkl value < 1 indicates a smaller fraction of crystallites that have the <hkl> directions normal to the coating surface, while a Thkl value > 1 indicates an abundance of such crystallites. The XRD patterns (Figure 5 and Figure 6) definitely show that the TiN and the TiAlN coatings were textured. The average T111 of the TiN coatings was about 1.52, which indicates significant <111> preferred orientations relative to the <200> direction. The average T200 of the TiAlN coating was about 1.55 which indicates significant <200> preferred orientations. The Thkl values of both coatings suggest that the texture mechanisms in the TiN coating differed from that in the TiAlN one, i.e., the TiN crystallites were oriented along the <111> direction while the (TiAl)N ones were oriented along the <200> direction.



The CAE-PVD deposition process is a hybrid one, consisting of three intricated processes, i.e., ion deposition, cluster deposition, and droplets [43,44,45]. Our XRD data indicate the preferred growth of the TiN and (TiAl)N crystallites. It can be explained through a cluster growth mechanism that favorizes selective accommodation of the clusters on specific Miller planes. The coating thicknesses (t) were estimated based on the attenuation of the substrate diffraction lines according to the de Beer–Lambert law [46]:


  t =   sin ( θ )   2 μ   ⋅ l n  I   I 0     



(4)




where θ is the Bragg angle, I is the diffracted integral intensity of a substrate peak covered with the coating, I0 is the same quantity corresponding to the uncovered substrate, and μ is the linear absorption coefficient of the material [47,48].



The integral intensity of the strongest diffraction line given by the uncoated substrate has been compared to that given by the coated ones. The average thickness of the TiN coating is tTiN = 4.3 μm while that of the TiAlN coating is tTiAlN = 3.6 μm. The estimated uncertainties for tTiN and tTiAlN are UTiN [95%] = 0.3 μm and UTiAlN [95%] = 0.3 μm, respectively.




3.3. Microhardness Measurements


The Vickers microhardness of the uncoated tool (MCT) was estimated as 1485 µHV with an expanded uncertainty of 14 µHV corresponding to a 95% confidence level. The MCT-TN and MCT-TAN coatings had increased µHV values, i.e., 2174 ± 29 µHV (95%) in case of the TiN coating and 3187 ± 31 µHV (95%) in case of the TiAlN coating. The TiN coating showed a low µHV value compared with the one of the TiAlN coating.



The microhardness variations across the interface as a function of the distance from the top coated surface towards the substrates for the TiN and TiAlN systems are shown in Figure 7. The gradient of the microhardness distribution across the interface is caused by the vicinity of the softer substrate rather than by the decrease in the intrinsic hardness of the coating.



The higher microhardness of the TiAlN coating compared with that of the TiN one can be attributed to the dislocation effect and to the internal stress arising from the partial replacement of the Ti atoms by the Al atoms in the TiN lattice [49].




3.4. Atomic Force Microscopy


The coating-surface morphologies (Figure 8a,b) resembled that of orange peel, i.e., the coatings exhibited pits, pores, and black points (particles) of micron size.



Figure 8 points out that the roughness of the specimens was higher. These aspects are typical for the CAE-PVD deposition technique due to its high mass deposition rate. Accordingly, the higher roughness could be explained by a cluster growth mechanism; i.e., the TiN and TiAlN nucleate partially in highly dense ionic plasma and, subsequently, the clusters accommodate onto the specific crystalline plane.



Representative AFM images of the TiN and TiAlN coatings are presented in Figure 9a and Figure 9b, respectively. The AFM image of the TiAlN (Figure 9b) shows a smoother surface topography compared to the TiN one (Figure 9a).



The average values of the Ra and Rq parameters measured for the TiN and TiN coatings are given in Table 5.



Since there was no overlapping of the confidence intervals, the values of Ra and Rq posted in Table 5 reveal that the TiAlN coatings were smoother than that of the TiN. Noteworthy, the important role played by the U (95%) in a comparative study based on numerical values, such as in this case.



The literature information and other data support the hypothesis that a hard coating, whatever its nature (i.e., TiN vs. TiAlN), has better performance inasmuch as it consists of smaller crystallites, shows higher hardness, it is smoother, it is free of stress, and has an adequate thickness [27,50]. The values of the addressed measurands are summarized in Table 6.



The differences between the values of the same measurand obtained on TiN and TiAlN were tested using Welch’s t-test [51]. The TiN or the TiAlN receives a “+” mark if one has a better value. The cases in which the measurands’ values cannot be statistically discriminated are marked with “?”.



In this regard, the average crystallite sizes and the thicknesses of the TiN and TiAlN coatings cannot be statistically discriminated. The Ra, Rq, and µHV values of the coatings can be clearly discriminated and they are higher in the case of the TiAlN coating. On the other hand, the opposite sign of the σ remains to be explained based on further research. As can be observed in Table 6, all the “+” marks were assigned to the TiAlN coating; therefore, it can be considered superior to the TiN ones.





4. Conclusions


The values of the crystallite size, stress level, texture coefficient, thickness, roughness parameters, and microhardness showed that the TiAlN coating is more appropriate for the new WC-Co tool than the TiN one.



Noteworthily, the comparative study was conducted in the frame of the ISO 98-3, i.e., using expanded uncertainty with a 95% confidence level as a band-guard between compared values.



SEM-EDS showed that there was no elemental interdiffusion between the substrates and coatings (TiN and TiAlN) which disregards the interdiffusion adhesion mechanism of the coatings to substrates. Additionally, the SEM, XRD, and AFM results provide a thorough insight of the structural and morphological features of the TiN and TiAlN coatings, validating the XRD and AFM outcomes and supporting further research toward improving the performance of such coatings.



Although the values of σ and Thkl do not support the discrimination between the studied coatings, because they are of different types, these findings are important as they differentiate the TiN and TiAlN coatings.



The XRD measurements provided quite similar values for the D and t measurands.



The Ra, Rq, and µHV definitely support the superiority of the TiAlN coating compared with the TiN one.



Noteworthily, the superiority of the TiAlN coating does not disqualify the TiN as a hard coating for cutting tools, as the D and t values could not be discriminated. Additionally, the effects of the different preferred orientations and stresses on the functional properties of the studied coatings are unknown.



An explanation of the XRD data regarding the preferred orientation of the TiN and TiAlN crystallites needs further research to elucidate its intimate phenomenology, which leads to different preferred orientations of the crystallites.
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Figure 1. The SEM images of: (a) TiN–substrate interface; (b) TiN–substrate element overlay. 
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Figure 2. The SEM images of: (a) TiAlN–substrate interface; (b) TiAlN–substrate element overlay. Note. The upper magenta layer in (b) assigned to C is an instrumental artefact. 






Figure 2. The SEM images of: (a) TiAlN–substrate interface; (b) TiAlN–substrate element overlay. Note. The upper magenta layer in (b) assigned to C is an instrumental artefact.
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Figure 3. The representative XRD pattern of blank WC-Co substrate (cutting tool). 
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Figure 4. The representative XRD patterns of the MCT specimen. 
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Figure 5. The representative XRD patterns of the MCT-TN. 






Figure 5. The representative XRD patterns of the MCT-TN.



[image: Crystals 13 00112 g005]







[image: Crystals 13 00112 g006 550] 





Figure 6. The representative XRD patterns of the MCT-TAN specimen. 
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Figure 7. Microhardness profiles across the TiN and TiAlN coatings and substrates. 
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Figure 8. Representative optical micrographics: (a) TiN coating; (b) TiAlN coating. 
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Figure 9. The AFM images: (a) the 3D topography of the TiN coating; (b) the 3D topography of the TiAlN coating. 
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Table 1. The composition of the TiN coating.






Table 1. The composition of the TiN coating.





	Element
	Weigh %
	Atomic %
	Net Int.
	Error %





	N K
	31.42
	62.96
	2149.19
	6.54



	Ti K
	59.95
	35.13
	32,998.04
	1.16



	Co K
	1.51
	0.72
	459.33
	6.41



	W L
	6.55
	1.00
	772.40
	6.05
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Table 2. The composition of the TiAlN coating.






Table 2. The composition of the TiAlN coating.





	Element
	Weigh %
	Atomic %
	Net Int.
	Error %





	C K
	6.34
	12.08
	209.53
	10.24



	N K
	31.53
	51.53
	1255.33
	9.13



	Al K
	23.77
	20.17
	12,748.56
	5.99



	Ti K
	31.67
	15.14
	19,859.47
	1.43



	Co K
	0.96
	0.37
	364.91
	6.13



	W L
	5.74
	0.71
	820.73
	6.57
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Table 3. The stress values, their measurement uncertainties, and supported data.
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Coating

	
Phase

	
hkl

	
dhkl

	
d0hkl

	
σ (GPa)

	
U [95%] (GPa)






	
TiN

	
TiN

	
111

	
2.462

	
2.449

	
2.2

	
0.2




	
200

	
2.123

	
2.121

	
0.5

	
0.2




	
TiAlN

	
(TiAl)N

	
111

	
2.404

	
2.419

	
−2.8

	
0.3




	
200

	
2.088

	
2.095

	
−1.2

	
0.2
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Table 4. The average crystallite sizes, their measurement uncertainties, and supported data.
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Specimen

	
Phase

	
hkl

	
D (nm)

	
U [95%] (nm)






	
WC-Co

	
WC

	
001

	
128

	
5




	
WC-Co and inhibitors

	
WC

	
001

	
72

	
3




	
WC-Co and inhibitors

	
TiC

	
200

	
68

	
3




	
TiN

	
TiN

	
111

	
66

	
3




	
200

	
64

	
2




	
TiAlN

	
(TiAl)N

	
111

	
56

	
3




	
200

	
54

	
3
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Table 5. The roughness average values of the TiN and TiAlN coatings and their measurement uncertainties.
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	Coating
	Ra (nm)
	URa [95%] (nm)
	Rq (nm)
	URq [95%] (nm)





	TiN
	246
	16
	309
	15



	TiAlN
	209
	11
	268
	12
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Table 6. The summarized characteristics of the TiN and TiAlN coatings and the assigned marks: “+” for the better values and ”?” for indiscriminate values.






Table 6. The summarized characteristics of the TiN and TiAlN coatings and the assigned marks: “+” for the better values and ”?” for indiscriminate values.















	Coating Material
	σ (GPa)
	D(nm)
	Thkl
	t (μm)
	µHV
	Ra (nm)
	Rq (nm)





	TiN
	2.2
	66
	T111

1.52
	4.3
	2174
	246
	309



	TiAlN
	−2.8
	55
	T200

1.55
	3.6
	3187
	209
	268



	TiN
	?
	?
	?
	?
	
	
	



	TiAlN
	?
	?
	?
	?
	+
	+
	+
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