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Abstract

:

In this study, the structural characteristics of TiN coatings deposited by DC magnetron sputtering on the surface of AISI 304 stainless steel were modulated by performing deposition at four different nitrogen flux ratios. The XRD results indicated that the coatings mainly contained face-centered cubic TiN phase. The experimental results showed that the nitrogen flux ratio played a major role in determining the microstructure and the mechanical and tribological properties of the TiN coatings. SEM images revealed that the thickness of the TiN coatings decreased linearly as the nitrogen flux ratio increased from 0.25 to 0.55. However, the grain size had a nonlinear relationship with the nitrogen flux ratio. When the nitrogen flux ratio was 0.45, the grain size was only 5.3 nm. Theoretical and experimental analysis showed that the TiN coating deposited at a nitrogen flux ratio of 0.45 had the best mechanical properties, which due to its minimum grain size and (111) orientation, and the best tribological performance under unlubricated conditions, may have been due to its higher fracture toughness and plastic deformation resistance among the four TiN coatings.
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1. Introduction


Titanium nitride (TiN) coatings have been widely used as wear-protective hard coatings in automobiles, impellers, and cutting cools because of their good mechanical and tribological properties [1,2,3]. In addition, the high thermal stability, chemical stability and low resistivity of TiN coatings make them widely used not only as protective coatings for mechanical tools, but also in the decoration [4] and micro-electronic industries [5]. Especially with the development of micro-electromechanical systems (MEMS) and precision machinery, the demand for thin TIN coatings with high wear resistance and high hardness of several hundred nanometers thickness has greatly increased. In recent years, TiN has also become commonly used as a protective surface coating for orthopedic implants and cardiac valves [6] due to its excellent biocompatibility and hemocompatibility [7]. These applications require highly dense coatings and have typical deposition temperatures lower than 450 °C [8]. Improving the wear resistance of a surface coating can extend the lifespan of an implant, thus reducing costs to patients. Physical vapor deposition (PVD) is widely utilized for the deposition of TiN coatings to improve the tribological properties of the mechanical components. Among the different PVD methods, DC magnetron sputtering can be used to obtain high-density TiN coatings that generate little gas pollution and strong adhesion between the deposited coating and the substrate [9]. However, most of the problems associated with TiN production are due to its requirements of high voltages and temperatures. Much of the literature has reported the preparation of TiN coatings at high temperatures [10,11]. Gerlach et al. [12] prepared a TiN coating by reactive evaporation at 1023 K. However, the effects of deposition parameters on the microstructure, and the mechanical and tribological properties of TiN coatings have rarely been studied at low temperatures [13]. The microstructure and properties of a coating can be adjusted by changing the deposition parameters [14]. TiN coatings with a high density and excellent mechanical and tribological properties can be obtained by optimizing the deposition process.



To understand the relationship between the process parameters, microstructure, and properties of TiN coatings deposited at low temperatures, various studies have been carried out. The nitrogen flux ratio during the deposition of a TiN coating influences some major properties of the coatings. Therefore, in this report, TiN coatings were deposited by DC magnetron sputtering to investigate the effect of the nitrogen flux ratio on the structural, morphological and tribological behavior of the low-temperature deposited TiN coatings. The nitrogen flux ratio was varied from 0.25, 0.35, 0.45, to 0.55 under an Ar/N2 atmosphere at a deposition temperature of 300 °C.




2. Experimental Section


2.1. Deposition of TiN Coatings


Before deposition, the AISI 304 stainless steel samples (Ra = 20 nm) were washed ultrasonically in anhydrous ethanol, petroleum ether, and deionized water for 15 min each and then dried with nitrogen for later use. DC magnetron sputtering of a Ti target (99.9%) was used to prepare TiN coatings on the cleaned samples. When the pressure inside the sputtering chamber stabilized at the set value of 4.0 × 10−3 Pa, the specimens were etched with Ar+ for 20 min at a low-duty cycle (30%) and a high bias voltage (−800 V). During the deposition stage, the flow rate of argon gas (99.9%) was 60 mL/min, and the working pressure was approximately 5.0 × 10−1 Pa at −50 V and 7 A. First, a Ti transition layer was sputtered on the flats for 15 min, and then the nitrogen flow was turned on. At that moment, the sputtering chamber contained a mixture of Ar and N2 (99.9%) with different nitrogen flux ratios R(N2) = f(N2)/f(Ar + N2), and the pressure was maintained at 5 × 10−1 Pa by adjusting the grating. Deposition was continued at a constant temperature of 300 °C for 4 h. The TiN coatings obtained at R(N2) = 0.25, 0.35, 0.45 and 0.55 were denoted as TiN-0.25, TiN-0.35, TiN-0.45 and TiN-0.55, respectively.




2.2. Characterization of TiN Coatings


The phase structure of the TiN coatings was characterized by X-ray diffraction (XRD, Bruker, Karlsruhe, Germany) using Cu Kα radiation. Small-angle glancing mode (1.5°) with scattering angles from 20 to 90° was used to avoid interference by the substrate peaks. Scanning electron microscopy (SEM, MERLIN Compact, Jena, Germany) was used to characterize the surface, abrasion, and cross-sectional morphology of the TiN coatings. The surface morphology and roughness of the samples were investigated with atomic force microscopy (AFM, Bruker, Karlsruhe, Germany). The chemical composition of wear scars was analyzed by energy-dispersive X-ray spectroscopy (EDS, MERLIN Compact, Jena, Germany). The adhesion between the TiN coatings and the substrate was measured using a UMT-3 (CETR, Bruker, Rheinstetten, Germany) with a load range of 0–30 N and scratch length of 3 mm. The device collected the acoustic signal of the peeling coatings to determine the critical load (Lc) of coating adhesion. It is generally believed that there are at least two stages during the deformation and failure of a coating. The former represents the loading force when a coating peels for the first time (Lc1), and the latter represents the loading force when the coating is completely peeled off (Lc2) [15].



Tribological properties of the TiN coating were assessed by UMT-3 under unlubricated conditions. The tests were carried out in ball-on-flat reciprocating mode using a GCr15 ball with a diameter of 9.525 mm at room temperature (20 ± 5 °C) and a relative humidity of 70 ± 5%. Before the test, samples and balls were cleaned ultrasonically in acetone for 15 min. During the tribological experiments, the stroke was 6 mm, the frequency was 2 Hz and the normal load was 20 N with a maximum Hertzian contact pressure of 1.45 GPa. To ensure the reliability of the test results, the same experimental conditions were tested three times. The friction sensor with a 20 N load was 2.5 mN, which was accurate enough to measure the friction coefficient in the order of millesimals under that load.





3. Results and Discussion


3.1. Microstructure and Morphology of TiN Coatings


The XRD patterns of the substrate and TiN coatings deposited at different R(N2) are shown in Figure 1. The peaks at diffraction angles of 36.8, 42.6, 62.1 and 73.8° corresponded to TiN(111), TiN(200), TiN(220), and TiN(222), respectively. The XRD pattern of the TiN coatings showed that the four coatings mainly existed as face-centered cubic TiN phase (JCPDS-ICDD NO. 87-0629). The TiN-0.25, TiN-0.35 and TiN-0.45 coatings showed two strong peaks for TiN(111) and TiN(200), and another relatively weak peak for TiN(220). For the TiN-0.45 coating, the strongest peak was at 36.8°, illustrating that the TiN coating preferred the (111) orientation. The sharp peak indicated good crystallinity [16]. Some theories and hypotheses state that the preferred orientation of TiN depends on the lowest total energy, which is the result of competition between strain energy and surface energy [17]. When R(N2) was small, the TiN coating had no obvious preferred orientation, but when R(N2) gradually increased to 0.45, the sputtering power of the nitrogen was lower than that of Ar, and the average free path and adsorption energy of particles decreased upon increasing R(N2). The adsorbed atoms did not have enough mobility to move on the surface and migrate to the (111) plane at lower energy position, so they formed columnar structures perpendicular to the surface due to competitive grain growth. When R(N2) continued to increase to 0.55, the preferred TiN orientation changed from (111) to (200), because upon increasing the nitrogen flux ratio, the degree of nitriding of the coating increased. Its deposition rate decreased, leading to an increase in the surface diffusion capacity of the deposited particles [18]. This is consistent with previous studies [19,20].



The texture coefficient, grain size and lattice parameters of the microstructure were calculated from the XRD patterns of the coatings. The texture coefficient (Tc) determining the degree of the preferred orientation was calculated by formula (1) [21]:


   T c  =    I  m  ( hkl )    /  I  0  ( hkl )      1 / n  ∑ 1 n   I  m  ( hkl )    /  I   0 ( hkl )       



(1)




where Im(hkl) is the integrated intensity of the hkl plane, I0(hkl) is the relative intensity of the hkl plane obtained from the JCPDS card, and n is the number of reflections. As shown in Figure 2, the texture coefficient of the TiN coatings was calculated from their respective XRD patterns using Equation (1). For each R(N2), the value of n was 4. As the R(N2) increased, the value of Tc for the TiN(111) orientation increased first and then decreased, in which the largest value of Tc was observed at R(N2) = 0.45.



Figure 3a depicts the distribution of the lattice parameters of the TiN coatings at different R(N2). The lattice parameters increased from 4.240 Å to 4.266 Å as R(N2) increased from 0.25 to 0.55 (JCPDS No.87-0629), obtained using MDI Jade 6 software [22]. In this report, the resulting increase in the lattice parameters is consistent with previous reports [23,24]. The lattice parameter is generally 4.240 Å at ambient temperature. Soudgren et al. proposed that lower lattice parameters may be attributed to a reduction in the ratio of N and Ti in the TiN coatings [23].



Scherer’s formula was used to calculate the grain size of the TiN coatings [25].


  D =   0.9 λ   B cos θ    



(2)




where  λ  is the wavelength of the X-ray source (1.54056 Å), B is the FWHM of diffraction lines, and  θ  is the diffraction angle. The grain size approximately showed a decreasing trend as the nitrogen flux ratio increased, as shown in Figure 3b. This was because the mobility of the deposited atoms decreased, resulting in less diffusion. On the other hand, the sputtering energy of the atoms decreased as the sputtering rate decreased under a high nitrogen flux ratio. The formation of nanoparticles in the coating is affected by the ion energy, ion flux, trace impurities, texture and other factors [26]. Adatoms with low energy had less mobility to slip on the surface, and were dispersed across the grains and grain boundaries to form coarse grains. Therefore, the grain size of the TiN coating decreased as the nitrogen flux ratio increased. However, when R(N2) was 0.55, the grain size of the TiN coating increased, and agglomerated particles appeared due to the random Brownian motion of the particles. This made it possible for the particles to collide and adhere directly at a high nitrogen flux ratio [27].



Figure 4 shows the surface morphology and cross-sectional FESEM micrographs (insert) of the TiN coatings. The deposit rates of the TiN coatings were calculated based on the thickness and deposit time. The largest and smallest values were 4.3 nm/min and 2.8 nm/min at R(N2) = 0.25 and 0.55, respectively. The thickness of the TiN coatings decreased linearly as the nitrogen flux ratio increased from 0.25 to 0.55 because the sputtering rate of Ti decreased as the nitrogen flux ratio increased [28].



The surface morphology of the TiN coatings changed obviously at different nitrogen flux ratios. As shown in Figure 4a, the grains of the TiN-0.25 coating showed a tri-pyramid shape and uneven particle size with large gaps. When the nitrogen flux ratio increased, the particles size became smaller, and the structure became denser (Figure 4 and Figure 5). However, when R(N2) increased to 0.55, large particles reappeared, which is consistent with changes in the grain size. Combining Figure 1 and Figure 4 shows that the preferred orientation changed from (200) to (111), the surface of the coating became uniform, and dense particles with a clear interface formed. Hence, the TiN-0.45 coating exhibited a dense columnar microstructure with well-defined grain boundaries.




3.2. Mechanical Performance of TiN Coatings


The mechanical properties of the TiN coatings measured by nano-indentation tests are shown in Table 1. Nano-indentation is a common method for determining the Young’s modulus of coatings. The accuracy of the test is strongly influenced by the surface quality of the material [29], so the roughness and grain size differences of the coating surface may be the main reason for the large deviations in its elastic modulus and hardness. The hardness and elastic modulus of the TiN coatings dramatically decreased as the nitrogen flux ratio increased. The mechanical properties of the coatings were affected by grain size, internal microstress, orientation, and other factors. According to the Hall–Petch relationship, the hardness of the material is inversely proportional to the grain size [30]. Combined with the results of the previous grain size calculations, our conclusions are consistent with this relationship. The TiN-0.45 coating had the greatest hardness and elastic modulus of 26.1 GPa and 329.5 GPa, respectively, which was similar to most of the previous studies on TiN [31]. One previous study [32] indicated that the (111) texture coefficient is a key factor of coating hardness, which is due to the hardest orientation of TiN being (111).



Figure 6 shows the adhesion results of the TiN coating. The magnitude of the acoustic signal depended on the peeling of the coating. The location of the first crack (Lc1) was determined by combining the acoustic signal and the scratch morphology of the TiN coating at R(N2) = 0.25, 0.35, 0.45 and 0.55, which occurred at 1.8, 3.1, 13.6 and 7.8 N, respectively. The loads at which the coating completely peeled off (Lc2)) were 2.3, 5.0, 17.2 and 8.8 N, respectively. This suggests that the adhesion between the TiN coating and steel substrate increased and then decreased with the increase in nitrogen flux ratio. The adhesion was influenced by the thickness, microstrain and atomic arrangement [33]. When R(N2) was less than 0.45, the microstrain increased, and the film thickness decreased. Therefore, the thickness overcame the effect of microstrain and improved the adhesion. As the nitrogen flux ratio continued to increase, the energy of the adsorbed atoms decreased, so atoms were severely attenuated, the compactness of the coating decreased, and the microstrain increased. Combined, these effects reduced the adhesion of the TiN coatings. As shown in Figure 6c, the TiN-0.45 coating had a few chips in its surface but no significant coating shedding. The Lc2 of this coating is comparable to the Ti-TiN-multilayer PVD coatings with a thickness of about 2.7 μm [34].




3.3. Tribological Performance


Figure 7 shows the friction coefficient (COF) and wear rates for the uncoated and TiN-coated steel under unlubricated conditions at a load of 20 N. The TiN-coated steel showed a lower COF than the uncoated steel. The most striking case was for the TiN-0.45 coating, which showed the smallest COF of 0.36. Correspondingly, the TiN-0.45 coating possessed the lowest wear rate of 12.4 × 10−5 mm3N−1m−1, which was only one-eighth of the uncoated steel (96.8 × 10−5 mm3N−1m−1).



Figure 8 and Figure 9 show SEM images of the morphology of the wear track for flats and dual steel balls after tribological tests at a load of 20 N under unlubricated conditions. For the steel/steel system (Figure 8a), the surface of the wear track on the substrate steel was full of furrows and scratches. The width of the wear track was about 1096.3 μm and the diameter of the grinding steel ball reached 1074.5 μm. The TiN-0.25 coating showed a wear track surface morphology similar to that of the uncoated steel, indicating that the TiN-0.25 coating was almost worn out. This observation was confirmed by EDS analysis (Table 2), as indicated by the lower number of Ti and N atoms and larger number of Fe atoms inside the wear track. The other TiN coatings showed wear tracks with different surface morphologies. Especially for the TiN-0.45 coating (Figure 8d), a smoother surface was observed for the wear track on both the flat and steel ball, suggesting it had excellent wear resistance. The EDS analysis in Table 2 also supports the SEM observation.



The values of H/E and H3/E2 are more suitable for predicting the failure resistance of PVD coatings during unlubricated sliding [35]. A higher value of H/E means that stress can be distributed over a larger area, thereby delaying the failure of a coating. The higher value of H3/E2 means a coating possesses greater toughness, thus improving a sample’s resistance to mechanical failure. This is consistent with the tribological properties of the TiN coating. Of the four TiN coatings, the TiN-0.45 coating had the largest H/E and H3/E2 value and, therefore, the best wear resistance.





4. Conclusions


TiN coatings deposited at different nitrogen flux ratios presented different microstructures and mechanical properties. The effects of nitrogen flux ratio on the microstructure were studied in terms of lattice orientation, grain size and lattice coefficient. The influence of nitrogen flux on the coating deposition rate, elastic modulus, adhesion and other mechanical properties of the TiN coatings was analyzed in detail. The following is a summary of our conclusions:




	
The phase structure of the TiN coatings deposited at R(N2) = 0.25, 0.35, 0.45, and 0.55 was mainly face-centered cubic TiN. All TiN coatings had obvious columnar crystals. The TiN-0.45 coating possessed the densest columnar microstructure of the four TiN coatings.



	
The nitrogen flux ratio strongly affected the mechanical properties of the coating, and the TiN-0.45 coating had the best mechanical properties (hardness, elasticity modulus, H/E, and H3/E2) due to its minimum grain size and (111) orientation. In addition, the thickness of the TiN coating was inversely correlated with R(N2) and decreased from 772 nm to 509 nm as R(N2) decreased.



	
The TiN-0.45 coating had the largest values of H/E and H3/E2 and, therefore, the best wear resistance among the four TiN coatings.
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Figure 1. XRD pattern of the TiN coatings. 
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Figure 2. The texture coefficient of the TiN coating at different R(N2). 
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Figure 3. (a) Lattice parameter and (b) grain size of the TiN coating at different R(N2). 
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Figure 4. Surface morphology and cross-sectional images (insert) of (a) TiN-0.25 (b) TiN-0.35 (c) TiN-0.45 (d) TiN-0.55 coatings. 
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Figure 5. Three-dimensional representation (15 × 15 μm2) of the surface morphology of the (a) TiN-0.25 (b) TiN-0.35 (c) TiN-0.45 (d) TiN-0.55 coating. 
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Figure 6. The scratch morphologies and results of scratch test of the (a) TiN-0.25 (b) TiN-0.35 (c) TiN-0.45 (d) TiN-0.55 coating. (Red line is load, black line is acoustic emission intensity (AE).) 
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Figure 7. Wear rates and friction coefficient for the steel substrate and the TiN coating sliding against GCr15 steel ball under unlubricated conditions. (Line graph is friction coefficient, and bar graph is wear rates.) 
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Figure 8. SEM images morphology for wear scars on the (a) substrate and TiN coating at R(N2) of (b) 0.25, (c) 0.35 (d) 0.45 (e) 0.55 at load of 20 N under unlubricated conditions. White square is the EDS test area. 
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Figure 9. SEM images of morphology for wear scars on the dual ball sliding against (a) substrate and TiN coatings at R(N2) of (b) 0.25, (c) 0.35 (d) 0.45 (e) 0.55 at load of 20 N under unlubricated conditions. 
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Table 1. Mechanical properties of the TiN coatings.






Table 1. Mechanical properties of the TiN coatings.





	R(N2)
	Roughness

(nm)
	Hardness

(GPa)
	Elasticity modulus

(GPa)
	H/E
	H3/E2

(GPa)





	0.25
	26.03 ± 0.15
	18.50 ± 4.10
	278.0 ± 28.7
	0.067 ± 0.008
	0.082 ± 0.012



	0.35
	6.81 ± 0.12
	23.32 ± 2.21
	315.2 ± 31.1
	0.074 ± 0.012
	0.128 ± 0.017



	0.45
	1.46 ± 0.08
	26.14 ± 2.07
	329.5 ± 28.7
	0.080 ± 0.007
	0.165 ± 0.025



	0.55
	3.90 ± 0.14
	20.87 ± 3.52
	296.8 ± 30.1
	0.007 ± 0.006
	0.103 ± 0.009
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Table 2. EDS analysis of the wear scars corresponding to the white frame in Figure 8 of the four TiN coatings under 20 N load under unlubricated conditions.






Table 2. EDS analysis of the wear scars corresponding to the white frame in Figure 8 of the four TiN coatings under 20 N load under unlubricated conditions.





	
R(N2)

	
Element (at.%)




	
Ti

	
N

	
Fe

	
Cr






	
0.25

	
22.57

	
4.40

	
30.77

	
42.26




	
0.35

	
52.98

	
24.26

	
17.94

	
4.82




	
0.45

	
60.45

	
28.76

	
10.01

	
0.78




	
0.55

	
56.33

	
16.81

	
23.08

	
3.78
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