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Abstract

:

Magnetron-sputtered WS2 composite thin films are solid lubricants with excellent performances. However, the low hardness of the WS2 thin films necessitates the further improvement of their wear resistance. For this purpose, an effective strategy is to alternately deposit or code posit WS2 and a hard phase, such as TiB2, to form hard lubricant thin films. Herein, a TiB2 thin film was prepared under the same conditions as those used for depositing the WS2 thin film with a dense structure and excellent tribological properties. Because of the high deposition energy of high-power impulse magnetron sputtering (HiPIMS), the TiB2 thin film possesses a dense structure and leather-like flat surface (hardness = 24.17 GPa). The friction coefficient of the film under different loads ranges between 0.6 and 0.8. The wear rate of the thin film increases with load, mainly because of fatigue wear and abrasive wear. Under high loads, obvious furrow-like wear marks are observed. At different sliding frequencies, except 8 Hz, the friction coefficient of the film ranges from 0.6 to 0.8. The main wear mode is fatigue wear, particularly at increasing sliding frequencies. Although the film possesses a relatively high friction coefficient, its wear resistance is excellent (minimum wear rate = 1.96 × 10−6 mm3/(N·m)).
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1. Introduction


Mutual friction and wear in mechanical equipment inevitably shorten the service life of its components and cause significant energy losses [1,2]. Therefore, studying the tribological properties of materials is crucial to reduce their surface friction coefficient and wear. Self-lubricating composite films are receiving increasing attention because of their excellent wear resistance and low coefficient of friction (COF) [3].



As transition metal sulfides with a layered structure, magnetron-sputtered WS2 composite films are solid lubricant materials with satisfactory lubricating properties and stability [4]. However, pure WS2 films possess poor wear resistance because of their loose structure and low hardness. Generally, the wear resistance of WS2 films can be modified by doping with metal elements, such as Ti [5,6], Cr [7], Ni [8], and Al [9]. The addition of metal elements can effectively improve the hardness of WS2-based composite films. Additionally, by increasing the deposition energy, the density and hardness of the WS2 thin film can be increased, improving its wear resistance. Exploiting the high deposition energy of high-power impulse magnetron sputtering (HiPIMS), we prepared a pure WS2 solid lubricating film possessing a dense structure and excellent wear resistance at a low temperature of 100 °C. The relevant results are awaiting publication separately. However, the film hardness is generally only 6–7 GPa and is suitable for application under low loads. Therefore, the wear resistance of the film under high loads requires further improvement.



To improve the hardness of WS2-based composite films, an effective strategy is to alternately deposit or co-deposit WS2 and a hard metal nitride phase, such as TiSiN [10], TiN [11,12], or TiAlSiN [13], to form hard lubricant thin films. However, the preparation of metal nitride hard coatings often requires high temperatures. TiB2 exhibits substantially high hardness and satisfactory wear resistance [14,15,16,17] and is used for modifying WS2 films [18,19]. Duan [18] et al. prepared a hard WS2/TiB2 self-lubricating composite thin film by co-sputtering a WS2 target with a TiB2 target to mix the soft phase of WS2 with the hard phase of TiB2. The results reveal that the thin film possesses a hardness of >20 GPa and a low COF (~0.2), and it demonstrates excellent antifriction and wear performances in wet environments. Liu [19] et al. demonstrated that compared with pure WS2 films, the TiB2-doped WS2 composite thin films possess a dense amorphous structure with considerably improved oxidation resistance and mechanical properties. Moreover, hard-phase TiB2 imparted thin films with excellent wear resistance and lubrication properties during friction at high temperatures [10]. Research has shown that the process parameters of magnetron sputtering (pulse, peak current, deposition temperature, deposition air pressure, etc.) have a certain influence on the properties of TiB2 thin film [20]. Hellgren [21] et al. investigated that TiB2 films deposited by HiPIMS on substrates at 500 °C always showed low B/Ti stoichiometry (titanium-rich), while the lack of stoichiometry could be reduced by regulating the increase of the pulse and peak current density.



A WS2 solid lubricating film possessing a dense structure and excellent wear resistance was previously obtained at 100 °C using HiPIMS. Herein, a TiB2 thin film was prepared under the same conditions as those used for depositing the WS2 thin film. The microstructure, ingredient analysis, mechanical properties, and tribological properties of the deposited film were analyzed using scanning electron microscopy (SEM), X-ray Powder diffractometer (XRD), Nano-indentation and scratch testing, and tribometer. The results indicate that the TiB2 thin film deposited at low temperatures exhibits a dense structure and high hardness. Although its friction coefficient is substantially high, the as-prepared film exhibits a satisfactory wear resistance.




2. Materials and Methods


2.1. Preparation of the Film


The TiB2 thin film was prepared using HiPIMS technology by employing a pure Ti target (99.9% purity) and a TiB2 target. The experimental instrument is an ion arc/magnetron sputtering composite coating machine (Beijing Powertech Technology Co., Ltd., Beijing, China; SP-0806ASI). Argon (99.9% purity) was used as the working gas. Polished stainless steel sheets (20 mm × 20 mm × 2 mm) and single-crystal silicon wafer sheets (100) were used as substrates. These substrates were separately cleaned in acetone (purity  ≥  99.5%; Zhejiang Hannuo Chemical Technology Co., Ltd., Taizhou, China) and anhydrous ethanol (purity  ≥  99.5%; Shanghai Chemical Reagent General Factory, Shanghai, China) for 20 min using an ultrasonic cleaner. Before deposition, the background vacuum was pumped to 5 × 10−3 Pa, and the chamber temperature was increased to 100 °C. Thereafter, argon was introduced in the chamber to achieve a pressure of 0.8 Pa.



Afterward, an ion source was employed to further clean the substrate surface with a bias voltage of 400 V. The glow plasma cleaning time was 30 min. Before depositing the TiB2 thin film, a layer of the Ti film was pre-deposited to increase adhesion between the film and substrate. During Ti layer deposition, the power source voltage, current, pulse frequency, and pulse width of HiPIMS were 460 V, 25 A, 1000 Hz, and 100 µs, respectively. The substrate pulse bias, pulse width, and frequency were 50 V, 10 µs, and 75 kHz, respectively. The deposition time was 5 min. Subsequently, the TiB2 layer was deposited. The power voltage, current, pulse frequency, and pulse width of HiPIMS during TiB2 deposition were 580 V, 85 A, 1000 Hz, and 60 µs, respectively. The substrate pulse bias, pulse width, and frequency were 60 V, 10 µs, and 75 kHz, respectively. The deposition time was 60 min.




2.2. Structural, Compositional Characterization and Mechanical Properties of the Thin Film


SEM (Hitachi, Ltd., Tokyo, Japan, S-4800) was used to analyze the surface and cross-sectional morphologies of the TiB2 thin film deposited on silicon wafers. The silicon wafer coated with a thin film was divided into two halves with tweezers, and then the cross-sectional morphology was observed under SEM. The crystal structure of TiB2 was tested and analyzed by an X-ray diffractometer (Bruker Corporation, Bremen, Germany, D8 Advance), and the scanning speed was 5°/min, and the scanning range was 20°~85°. A NanoTest Vantage instrument (Micro Materials, Wrexham, UK, MML31CN) was employed to test the hardness (H) and elastic modulus (E) of the TiB2 thin film. During testing, the indentation load was set to 15 mN. The indentation depth was ensured to be less than one-tenth of the thickness of the thin film. Sixteen points were measured on the sample, and the average value was calculated.



Experiments were conducted to characterize the bonding strength between the TiB2 thin film and substrate using an automatic thin-film adhesion scratcher (Lanzhou Zhongke Kaihua Technology Development Co., Ltd., Lanzhou, China, WS-2005) and an optical microscope. Acoustic emission, dynamic load, and single reciprocation were adopted as the measurement method, operation mode, and reciprocation mode, respectively. The test load, loading rate, and scratch length were 40 N, 40 N/m, and 4 mm, respectively. Thereafter, optical microscopy was adopted to observe the scratch morphology to determine the critical loads of the three phases (LC1 and LC2) [22,23].




2.3. Tribological Properties of the Thin Film


The tribological properties of the TiB2 thin film were tested at room temperature using a multifunction tribometer (RTEC-Instruments Inc., Nanjing, China, MFT-5000) at different loads and sliding frequencies. A 6-mm-diameter SiC ball was employed as a frictional pair, and a linear reciprocating mode was adopted. The trace length and test time were 5 mm and 30 min, respectively.



COF can be obtained after the friction test using the software “MFT V22.3.28”. The morphologies of the wear traces were obtained using an In-line Lambda 3D optical profilometer mounted on an MFT-5000 multifunction tribometer. The wear volume   V   can be obtained by using the software “MountainsMap Imaging Topography V9.2”. The wear rate  W  was calculated using the following equation:


  W = V /   F × L   ,  



(1)




where  W  is the wear rate (mm3/(N·m));  V  is the wear volume (mm3);  F  is the applied load (N); and  L  is the total sliding length (m).



Additionally, to analyze the wear mechanism, SEM and energy dispersive spectrometry (EDS) were used to characterize the morphology and residual component of the wear traces. Figure 1 illustrates a flow chart for TiB2 thin-film friction testing.





3. Results and Discussion


3.1. Morphological and Phase Analysis of the TiB2 Thin Film


Figure 2a,b presents the surface topographies of the Ti transition layer and TiB2 thin film deposited on a silicon substrate. As shown in the Figure, Ti thin film has a dense structure with very small and uniform grains. The TiB2 thin film surface exhibits a dense structure and satisfactory surface quality with no obvious defects; however, the grain size is not uniform. Figure 3a,b depicts the cross-sectional topography of the TiB2 thin film. The thin film exhibits layered deposition with a highly dense structure. HiPIMS has high deposition energy, so the deposited films always show layer growth and exhibit dense structures. The thicknesses of the TiB2 thin film and transition Ti layer are ~1.4 and 0.4 μm, respectively.



Figure 4 shows the XRD patterns of TiB2 thin film prepared using HiPIMS. It can be seen that the deposited film exhibits a crystal phase near 27°. This crystal orientation often appears in TiB2 thin films prepared using HiPIMS [21,24]. Meanwhile, strong diffraction peaks were also observed near 44°, corresponding to the (101) crystal phase of TiB2. In addition, as shown in the Figure, many diffraction peaks with low intensity also appeared. From the XRD result, it can be seen that the prepared TiB2 film is mainly composed of (001) and (101) crystal phases.




3.2. Mechanical Properties of the TiB2 Thin Film


The hardness (H) and approximate modulus of elasticity (E) of the TiB2 thin film were obtained using the NanoTest Vantage system (Table 1). The deposited film possesses a high hardness of 24.17 GPa. The approximate modulus of elasticity was 256.80 GPa, and H/E and H3/E2 values were calculated as 0.0941 and 0.2141, respectively. The results indicate that the deposited film exhibits a satisfactory ability to resist crack formation and propagation [25]. These findings imply that TiB2 thin films with high hardness and satisfactory mechanical properties can be prepared via HiPIMS at low temperatures.




3.3. Analysis of the Bonding Force between the TiB2 Thin Film and Substrate


Figure 5 depicts the acoustic emission spectrum obtained during the scratch test of the TiB2 thin film. The acoustic emission peaks begin to appear at loads of approximately 13 and 17 N. However, the peaks at 13 and 17 N are substantially low, and the number of surrounding peaks is small. When the load exceeds 19.8 N, dense and high peaks begin to appear.



Figure 6 presents the scratch morphology and a partially enlarged view of the scratch morphology obtained using an optical microscope. The three stages (I, II, and III) of coating failure and the values of critical loads (LC1 and LC2) are clearly marked in the Figure. In stage I, the scratch is shallow, and only slight plastic deformation is present. In stage II, cracks appear in the scratch, and micro-cracks emerge on the surface of the film around the scratch. As the loading force increases, the scratch enters stage III, and more cracks form on the scratch. Simultaneously, long cracks appear on the surface of the film around the scratch, which is accompanied by the peeling off the film. Initially, some cracks were exhibited in stage II, and as the loading force increased, conformal cracking appeared in stage III. As the scratch load increases, buckling spallation initiates and intensifies [26,27]. When the loading force reaches near LC1, a long crack is observed on the thin-film surface, and a piece of the thin film peels off in stage I. The crack formation and the peeling of the surface layer of the film led to the appearance of sporadic peaks at approximately 13 and 17 N in the acoustic emission spectrum. However, the interior of the scratch remains flat, so the loading force has not yet reached the critical load at this point.



Based on Figure 5 and Figure 6, the critical load of the thin film, LC, can be concluded to be 19.8 N [28,29].




3.4. Tribological Properties of the TiB2 Thin Film


3.4.1. Tribological Properties of the TiB2 Thin Film under Different Loads


The tribological properties of the TiB2 thin film under different friction loads (5, 10, 15, and 20 N) were tested using a tribometer in the linear reciprocating mode. Figure 7 depicts the friction coefficient of the TiB2 thin film under different loads. Initially, significant fluctuations are observed in the friction coefficient, corresponding to the running stage of frictional wear. In the stable wear stage, the wear is slight, and the wear rate is stable. Overall, the friction coefficient of the thin film under different friction loads is approximately equivalent to 0.8. As a hard phase, the hardness of the TiB2 particles is very large. So, the particles are not easy to be smoothed out during the friction process and cause a large frictional resistance. Resulting in a high COF with zigzagging unevenness. When the load is 5 N, the friction coefficient decreases to ~0.6 after ~700 s. When the load is 10 N, the friction coefficient gradually increases from approximately 0.7. The friction coefficient is more stable under the loads of 15 and 20 N.



Table 2 and Figure 8 present the wear rates of the TiB2 thin film under different loads at a sliding frequency of 2 Hz. The wear volume and wear rate correspondingly increase with an increase in the friction load. At a load of 5 N, the minimum wear rate is 3.66 × 10−6 mm3/(N·m). The increase in the wear and wear rate may be related to the wear through the TiB2 thin film.



Figure 9 presents the morphology of the wear traces on the surface of the TiB2 thin film under different loads. At a load of 5 N, the wear trace was without any obvious defects except for two cracks. When the load is increased to 10 N, the wear marks become pronounced, and several micro-cracks appear. With increasing load, wear becomes more severe. Compared to the case under a load of 5 N, when the load is 20 N, the width of the wear scar increases by approximately two times, and the coating falls off, which is clearly observed using an optical microscope.



Figure 10 depicts the SEM images and EDS surface scanning analysis results of the local wear traces under different loads. Under a load of 5 N, a large amount of Ti remains on the surface of the wear trace. However, except in the crack, Fe was not detected. These results imply that the coating has not been worn thoroughly. When the load increases to 10, 15, and 20 N, the amount of Ti on the worn surface decreases, whereas the Fe content increases. These findings are consistent with the characterization results of the worn cross-section.



From the SEM images in Figure 10, with an increase in load, a significant increase in detachment is observed around the edge of the wear trace, and the detachment area increases. Based on the EDS results, TiB2 and Ti layers have peeled off together. This indicates that the wear failure of the thin film may be related to the poor adhesion of the Ti layer to the substrate. Figure 11 depicts a local magnification of the TiB2 thin-film abrasion at 500× obtained using SEM. Figure 11a demonstrates a structure in which the plow-shaped grooves produced by abrasive wear are present in the wear marks. Granular-like debris repeatedly scratches the surface during friction, leaving abrasion marks on the surface [30]. Figure 11d presents a local magnification of the edge of the wear traces with obvious peeling off the thin film, with the Ti layer and TiB2 thin film depicted in white and gray, respectively.




3.4.2. Tribological Properties of the TiB2 Thin Film at Different Sliding Frequencies


The tribological properties of the TiB2 thin film at different sliding frequencies (2, 4, 6, and 8 Hz) were studied. Figure 12 illustrates the friction coefficient of the TiB2 thin film at different sliding frequencies. At the beginning of the test, the friction coefficient fluctuated significantly. As mentioned earlier, at a sliding frequency of 2 Hz and a load of 5 N, the friction coefficient tends to be 0.6 after approximately 700 s. When the sliding frequency is 4 Hz, the friction coefficient fluctuates up and down at 0.7 throughout the experiment. At a sliding frequency of 6 Hz, the friction coefficient fluctuated at approximately 0.7 in the initial 400 s and subsequently stabilized at ~0.7. At a sliding frequency of 8 Hz, the friction coefficient first gradually increased and then stabilized at ~0.95 after 400 s. This may be because of the falling of the debris shed by the thin film inside the scratch during the friction experiment, which increases the frictional resistance and consequently causes the final measured friction coefficient to be high.



Table 3 and Figure 13 present the wear rates of the TiB2 thin film at different sliding frequencies under a load of 5 N. As the sliding frequency increases, the sliding length increases, and the volume of the wear trace also increases accordingly. According to the results, a wear rate of 1.96 × 10−6 mm3/(N∗m) was obtained at the sliding frequency of 4 Hz. However, under different sliding frequencies, the wear rate does not differ significantly, all within a small coefficient of 10−6 mm3/(N·m) level.



Figure 14 depicts the wear morphology of the TiB2 thin film at the sliding frequencies of 2, 4, 6, and 8 Hz. The wear is least severe at the sliding frequency of 2 Hz. At the sliding frequency of 4 Hz, the wear is more severe, and certain fragmentations are observed at the center of the wear trace. This indicates that the thin film is about to wear out. At the sliding frequencies of 6 and 8 Hz, numerous dark areas appear in the images depicting the abrasion morphology. Subsequent SEM observations have confirmed that the thin film in these areas is worn through. As the sliding frequency increases, the wear becomes more severe, accompanied by the appearance of several cracks. Furthermore, the thin-film peeling phenomenon is observed.



Figure 15 presents the SEM images and EDS surface scanning analysis results of the local wear traces at different sliding frequencies. At the sliding frequency of 2 Hz, negligible wear-through was observed inside the abrasion marks. Moreover, the Fe element was observed in the crack. However, the Fe element was not detected elsewhere in the abrasion marks. This indicates that the film has not worn through. As the sliding frequency increases, the content of the Ti element progressively decreases in the middle of the wear marks, whereas that of the Fe element correspondingly increases.



Figure 16 presents a partial enlargement of the abrasion marks on the TiB2 thin film at different sliding frequencies. Figure 16b–d depicts grooves formed by obvious plow wrinkles, which are typical of abrasive wear [31,32]. Herein, the plowing effect of abrasive wear causes damage to the trace surfaces, resulting in the wearing down of the film to the stainless steel substrate. Furthermore, pockmarks and cavities caused by the peeling off of the particles from the surface of the wear traces are observed. A large number of peeling pits are distributed on the surface, which is a characteristic of fatigue wear [33]. Accordingly, the wear of the TiB2 thin film is mainly due to fatigue and abrasion.






4. Conclusions


In this study, a hard TiB2 thin film possessing a uniform and dense structure was prepared at a low temperature using HiPIMS. And the film has preferred (001) and (101) crystal phases. The tribological properties of the deposited film at different friction loads and sliding frequencies were studied. The results indicate that the TiB2 thin film possesses satisfactory tribological properties with a low friction coefficient of 0.6 and a low wear rate of 3.66 × 10−6 mm3/(N·m) under a friction load of 5 N. Under high loads, the tribological performance of the TiB2 thin film was poor. The wear rates are small and do not differ significantly at different sliding frequencies, reaching a small coefficient of 10−6 mm3/(N·m) level. Based on the morphology and composition analyses of the wear marks, the wear of the TiB2 thin film was mainly dominated by fatigue wear and abrasive wear.
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Figure 1. Flow chart of TiB2 thin-film friction test process. 






Figure 1. Flow chart of TiB2 thin-film friction test process.



[image: Coatings 14 00492 g001]







[image: Coatings 14 00492 g002] 





Figure 2. SEM images of the surface morphology of (a) the Ti transition layer and (b) the TiB2 thin film at ×100 k. 
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Figure 3. SEM images of the cross-sectional morphology of the TiB2 thin film at (a) ×50 k and (b) ×100 k. 






Figure 3. SEM images of the cross-sectional morphology of the TiB2 thin film at (a) ×50 k and (b) ×100 k.



[image: Coatings 14 00492 g003]







[image: Coatings 14 00492 g004] 





Figure 4. XRD patterns of deposited TiB2 thin film. 
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Figure 5. Acoustic emission folding diagram of the TiB2 thin film. 






Figure 5. Acoustic emission folding diagram of the TiB2 thin film.



[image: Coatings 14 00492 g005]







[image: Coatings 14 00492 g006] 





Figure 6. Optical map of a scratch of the TiB2 thin film. 
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Figure 7. Friction coefficient of the TiB2 thin film under different friction loads. 
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Figure 8. Histogram of the wear rate of the TiB2 thin film under different loads. 
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Figure 9. Morphological images of abrasion marks on the TiB2 thin film under the friction loads of (a) 5, (b) 10, (c) 15, and (d) 20 N. 
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Figure 10. SEM images and EDS surface scanning analysis results of local wear traces under the loads of (a) 5, (b) 10, (c) 15, and (d) 20 N. 
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Figure 11. Local magnification of the abrasion marks on the TiB2 thin film under the friction loads of (a) 5, (b) 10, (c) 15, and (d) 20 N. 
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Figure 12. Friction coefficient of the TiB2 thin film at different sliding frequencies. 
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Figure 13. Histogram of the wear rate of the TiB2 thin film at different sliding frequencies. 
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Figure 14. Wear morphology of the TiB2 thin film at the sliding frequencies of (a) 2, (b) 4, (c) 6, and (d) 8 Hz. 
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Figure 15. EDS patterns of TiB2-coated abrasion marks at the sliding frequencies of (a) 2, (b) 4, (c) 6, and (d) 8 Hz. 
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Figure 16. SEM images of the abrasion marks of the TiB2 thin film at (a) 2 Hz, 500×; (b) 4 Hz, 500×; (c) 6 Hz, 600×; and (d) 8 Hz, 500×. 
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Table 1. Hardness and approximate modulus of elasticity of the TiB2 thin film.
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	Sample
	H (GPa)
	E (GPa)
	H/E
	H3/E2





	TiB2
	24.17
	256.80
	0.0941
	0.2141










 





Table 2. Wear rate of the TiB2 thin film under different loads at a sliding frequency of 2 Hz.
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	Friction Load (N)
	Total Sliding Length (m)
	Wear Volume (μm3)
	Wear Rate (10−6 mm3/(N·m))





	5
	36
	658,448
	3.66



	10
	36
	4,089,657
	11.36



	15
	36
	7,263,526
	13.45



	20
	36
	11,716,428
	16.27










 





Table 3. Wear rate of the TiB2 thin film at different sliding frequencies under a load of 5 N.
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	Sliding Frequency (Hz)
	Total Sliding Length (m)
	Wear Volume (μm3)
	Wear Rate (×10−6 mm3/(N·m))





	2
	36
	658,448
	3.66



	4
	72
	706,489
	1.96



	6
	108
	1,994,995
	3.69



	8
	144
	2,895,787
	4.02
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