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Abstract

:

The present study aims to investigate the advantages of diamond-like carbon (DLC) films in reducing friction and lubrication to address issues such as the low surface hardness, high friction coefficients, and poor wear resistance of titanium alloys. Cr-doped DLC films were deposited by high-power impulse magnetron sputtering (HiPIMS) in an atmosphere of a gas mixture of Ar and C2H2. The energy of the deposited particles was controlled by adjusting the target powers, and four sets of film samples with different powers (4 kW, 8 kW, 12 kW, and 16 kW) were fabricated. The results showed that with an increase in target power, the Cr content increased from 3.73 at. % to 22.65 at. %; meanwhile, the microstructure of the film evolved from an amorphous feature to a nanocomposite structure, with carbide embedded in an amorphous carbon matrix. The sp2-C bond content was also increased in films, suggesting an intensification of the film’s graphitization. The hardness of films exhibited a trend of initially increasing and then decreasing, reaching the maximum value at 12 kW. The friction coefficient and wear rate of films showed a reverse trend compared to hardness variation, namely initially decreasing and then increasing. The friction coefficient reached a minimum value of 0.14, and the wear rate was 2.50 × 10−7 (mm3)/(N·m), at 8 kW. The abrasive wear was the primary wear mechanism for films deposited at a higher target power. Therefore, by adjusting the target power parameter, it is possible to control the content of the metal and sp2/sp3 bonds in metal-doped DLC films, thereby regulating the mechanical and tribological properties of the films and providing an effective approach for addressing surface issues in titanium alloys.
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1. Introduction


Titanium alloy materials, as lightweight materials with high strength and a strong corrosion resistance, have broad application prospects [1,2]. For example, in the aerospace field, titanium alloys are used for manufacturing the structural components of aircraft, engine parts, etc., due to their high strength and low density, which can reduce the aircraft weight and improve fuel efficiency [3,4,5]. In the automotive field, titanium alloys can be used to manufacture high-performance automotive components, enhancing the performance and safety of vehicles. In the medical device field, titanium alloys are widely used in the production of artificial joints, dental implants, etc., due to their excellent biocompatibility and corrosion resistance, reducing the harmful impact on the human body [6]. However, titanium alloys still face challenges regarding their surface hardness and wear resistance, limiting their use in certain applications. To overcome the shortcomings of the low surface hardness and insufficient wear resistance of titanium alloys [7,8,9], Physical Vapor Deposition (PVD) technology, with its low temperature and environmentally friendly advantages, can be an effective surface modification method. By depositing PVD films on the surface of titanium alloys without affecting their overall excellent performance, a surface modification treatment can impart high hardness, a low friction coefficient, and excellent wear resistance to titanium alloys, effectively addressing their performance deficiencies [10].



Diamond-like carbon (DLC) films, commonly fabricated by the PVD method, are mainly composed of a metastable structure consisting of sp3 and sp2 hybrid carbon bonds, exhibiting good mechanical properties and anti-friction and wear characteristics [11,12]; they are widely applied in the aerospace, hydrogen energy, and biomedical fields [13,14,15,16,17]. Regardless of the type of DLC film, the effective control of process parameters and modifications to the film structure can significantly enhance its anti-friction lubrication properties. This approach effectively addresses the issues of low hardness and severe wear on the surface of titanium alloys. However, pure DLC films have significant internal stress, making them prone to delamination from the substrate. Doping films with metal elements can not only reduce residual stress and improve film/substrate adhesion but also enhance their hardness and frictional properties [18]. Moreover, doping DLC films with metal atoms can create a special nanostructure, endowing the film with the exceptional mechanical and tribological properties that pure DLC films lack. Researchers such as Ding et al. [19] have prepared DLC films with different Nb contents using hybrid magnetron sputtering technology, finding that the addition of metal Nb significantly reduces the internal stress of the film. By adjusting the Nb content, the proportion of sp2/sp3 bonds in the film can be altered, thereby regulating the film’s mechanical properties. Guo et al. [20] used HiPIMS technology to prepare hydrogen-free Al-DLC films using AlC composite targets at different bias voltages. The results showed that the hardness of the film was significantly varied by changing the sp3-C bond content through bias voltage adjustments. Santiago et al. [21] found that doping DLC films with 3 at. % Cr made it easier to form a carbon-containing layer on the friction contact surface, leading to a superior high-temperature wear performance during the friction process.



There are various PVD methods for preparing DLC films; among them, direct current magnetron sputtering (DCMS) and arc ion plating (AIP) are the most common PVD sputtering technologies. However, due to its low ionization rate during deposition, DCMS technology may lead to poor film–substrate adhesion [22]. AIP technology tends to produce large particles on a surface, resulting in poor surface qualities and tribological properties. Compared to DC magnetron sputtering and arc ion plating, high-power impulse magnetron sputtering (HiPIMS) technology exhibits higher ionization rates due to the application of very high peak power densities for extremely short periods within a single pulse cycle, significantly enhancing the bombardment and etching effects of deposited ions [23,24]. The energy and density of the participating film-forming ions are higher, which results in a higher film–substrate bonding strength and smoother, denser films with fewer defects and large metal particles [25]. Meanwhile, the energy, flux, performance, and incident angle of the bombarding ions also play a significant role in regulating the film’s microstructure and mechanical properties during film growth. Kouznetsov et al. [26] also proposed an enhancement of the target atom ionization rates by increasing the target power density, thus improving the comprehensive performance of deposited films.



In this work, DLC films with different Cr contents, obtained by adjusting the target power, were deposited using HiPIMS technology. The effects of power parameters on the doping content, microstructure, and mechanical and tribological properties of the films were investigated in detail. The relationship between the process parameters and film structure properties was established, achieving a controllable film structure and providing a new method for the surface modification of titanium alloys.




2. Experiment Details


DLC films were deposited using an industrial-scale sputtering system with Q-Plex coating equipment with the scale of 700 mm × 700 mm × 180 mm. The cylindrical Cr target (ϕ 155 mm × 660 mm, 99.99% purity) was powered by an HiPIMS unit. Titanium alloy (TC4) single-sided polished samples (ϕ 32 mm × 3 mm) and single-crystalline Si (100) wafers were used as experimental substrates. To further remove some contamination on the substrate, prior to deposition, the substrates underwent ultrasonic cleaning in acetone and alcohol for 30 min. Initially, a Cr/CrN transition layer was deposited, followed by the deposition of the Cr-DLC layer. The purpose of the transition layer is to enhance the adhesion between the film and the substrate. The DLC layer deposition temperature was 180 °C, with a substrate bias voltage of −100 V, maintaining a deposition pressure of 0.5 Pa and a deposition time of 90 min. The films were prepared under uniform conditions with an Ar/C2H2 ratio of 1:2, and the HiPIMS power frequency was fixed at 4000 Hz. The film structure was adjusted by varying the target power from 4 kW to 16 kW. The specific deposition process parameters for the DLC layer and the transition layer are shown in Table 1.



A field emission scanning electron microscope (FE-SEM, FEI Nano430, Amsterdam, The Netherlands) was used to observe the surface and cross-sectional morphologies of films, measuring thickness and calculating the deposition rate of films. The X-ray energy-dispersive spectrometer (EDS) attached to the FE-SEM was used to measure the elemental content in Cr-DLC films. A surface profilometer was used to detect film surface roughness (Sa), with a measurement range of 500 μm × 500 μm. A Raman spectrometer was used to analyze the film bonding characteristics. For Raman testing, a wavelength of 532 nm was selected, with wavenumbers ranging from 800 to 2200 cm−1 and a minimum spot diameter of 1 µm.



The chemical bonding state was determined using X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Waltham, MA, USA) using mono Al Kα (hv = 1486.6 eV) at 15 kV and 15 mA. Prior to XPS signal acquisition, the surfaces of films were cleaned with Ar+ for 120 s. The C 1s binding energy of 284.88 ± 0.14 eV was used for the calibration. The hardness (H) and elastic modulus (E) of films were tested using a nanoindenter. To ensure reliable testing results were obtained, measurements were taken at ten areas on the film surface, and the average value was recorded. The wear performance of films was evaluated using a ball on disk tribometer. The test conditions included a 9Cr18 steel ball with a diameter of 6.35 mm, a load of 5 N, a linear velocity of 30 cm/s, a rotation radius of 5 mm, and a relative humidity of 40%~60%. After the wearing test, the films were observed using a step profiler and an optical microscopy. Finally, the wear rate (W) was calculated based on the Archard equation:


W = V/(N × L)








where V is volume loss, N is the normal load, and L is the total sliding distance.




3. Results and Discussion


The composition of Cr-DLC films prepared at different powers is illustrated in Figure 1. It can be observed that, as the target power increases from 4 kW to 16 kW, the Cr content rises from 3.73 at. % to 22.65 at. %, while the C content exhibits the opposite trend, decreasing from 94.28 at. % to 75.44 at. %. As the target power increases, the HiPIMS peak power density also rises, enabling secondary electrons on the target surface to acquire higher energy and speed. This increases the probability of collisions with the target material, thereby enhancing the Cr ionization rate [27]. Throughout the whole deposition process, the deposition state remains stable, with no apparent arcing on the target surface. This is a significant advantage of the HiPIMS power source, effectively suppressing/delaying arcing compared to traditional DC power sources. Therefore, by adjusting the target power, it is possible to control the Cr doping content to range from trace amounts to high levels. Additionally, an O content below 5 at. % was detected in all films; this could be ascribed to the residual air in the vacuum chamber. The relationship between the film thickness and deposition rate of the films with power variations is shown in Figure 2. As the power increases, the film thickness grows from 1.40 μm to 2.06 μm, and the corresponding deposition rate rises from 15.56 nm/min to 22.90 nm/min. This is due to the increased power leading to higher ion sputtering rates on the target material [28], thereby increasing the probability of collisions with C2H2 molecules and subsequently improving the deposition rate of the film. Further increases in power do not significantly alter the deposition rate. Although an excessive target power can improve the ionization rate, increasing the negative potential of the target will attract the ionized target ions back to the target material, which is the self-sputtering effect [29], meaning that there is little change in the deposition rate after the power increases beyond 12 kW.



The surface and cross-sectional morphologies of the films with various target powers were characterized using SEM, as shown in Figure 3 and Figure 4. At 4 kW, the film surface appears smooth and dense, with no significant defects except some particles. As for 8 kW, spherical precipitates are visible on the film surface and these small precipitates are uniformly distributed. At 12 kW, a notable change in morphology occurs, with a transition from cluster formations to fine scale-like structures. At the same time, the film’s surface becomes denser, the solid solubility of Cr in the film reaches its limit, and the Cr-rich phase begins to precipitate on the surface. Upon reaching 16 kW, the scale-like structures merge into larger tissues, and the Cr content in the film also reaches the maximum. The corresponding cross-sectional morphologies of films are depicted in Figure 4, showing the films have a uniform growth distribution at all powers and good adhesion with the substrate interface. The transition layer and DLC layer exhibit an obvious layered structure. As seen in Figure 4a–d, a prominent columnar crystal growth is observed in the transition layer, which is adherent with the DLC layers. With the increase in target power, the thickness of DLC layer increases and the structure shows no obvious changes. The three-dimensional surface morphologies of films with different target powers are shown in Figure 5. As the target power increases, the surface roughness (Sa) of the film decreases from 312.0 nm at 4 kW to 48.3 nm at 8 kW, followed by a slight increase, but stabilizes thereafter. This is attributed to the lower ion energy at lower target powers, which affects the Cr atoms that are uniformly doped in films, leading to an uneven film growth and increasing the probability of the formation of large particles [30]. At a relatively high target power, Cr atoms can achieve sufficient energy for diffusion and migration on the surface of the film, resulting in a smoother and denser film surface. However, with further increases in the target powers, the Cr content in films reaches its solid solution limit, and thus the precipitation of the Cr-rich phases increases the surface roughness. When the number of precipitates increases and they aggregate together, the surface roughness is reduced. Consequently, the Sa value decreases from 147.4 nm at 12 kW to 84.9 nm at 16 kW.



The Raman spectra of films with different target powers are shown in Figure 6. As the power increases, the Raman spectrum signal intensity gradually diminishes, with smaller and weaker peaks. This effect was also observed in previous studies when doping DLC with other metals, such as V and Zr [21,31]. This can be ascribed to the reduction in the light absorption capability of the DLC films when introducing metal dopants. Meanwhile, the intensity of the decrease in the Raman spectra also suggests that the C content decreased in films, which is consistent with the results of Figure 1. The common feature among the four film groups is the appearance of an asymmetric broad peak in the range of 1000–1800 cm−1, with a minor shoulder peak in the low-wave-number region, typical of amorphous DLC film Raman spectra. To further analyze the amorphous carbon bonding structure in the films, Gaussian fitting was employed to fit the Raman spectra into two Gaussian peaks: the D−peak at around 1360 cm−1 due to the breathing vibration of sp2 atoms, which occurs only in rings, and the G−peak at around 1580 cm−1 due to the vibrations of sp2 atoms in both rings and chains, as shown in Figure 6b,c. A high degree of overlap between the fitting curve and the Raman spectrum curve was obtained, indicating accurate and reliable fitting results. With an increase in target power, the Cr doping level rises, leading to a larger D peak area relative to the G peak area. This signifies an increase in the sp2/sp3 bond ratio [32]. This is due to Cr doping promoting an increase in the sp2−C bond content and the degree of graphitization. Figure 6d presents the ID/IG ratios with respect to the target power, where the ID/IG increases from 0.50 to 0.93. This indicates a trend of an increase in the content of the sp2−C bond with an increase in power. The higher Cr doping enhances the film’s disorderliness. Moreover, increasing the power enhances the frequency of sputtering particle bombardment on the substrate surface, increasing the film surface temperature and promoting the transition of metastable sp3−C bonds to sp2−C bonds.



To investigate the influence of target power on the chemical bonding status of carbon atoms in the films, C1s’ high-resolution fitting analyses were conducted for several film groups, as shown in Figure 7. All films exhibit a main peak at around 284.6 eV and the shoulder peaks at around 283.5 eV can be observed in films deposited at 8, 12, and 16 kW. Especially, the film deposited at 16 kW shows that the intensity of the shoulder peak is comparable to that of the main peak. The C1s peak could be deconvoluted into four peaks at around 287.4 eV, 285.6 eV, 284.7 eV, and 283.1 eV, corresponding to C−O, sp3−C, sp2−C, and Cr−C bonds, respectively. The absence of a Cr−C peak in the film deposited at 4 kW is due to the low Cr content, as it primarily exists in a dispersed solid solution form within the amorphous carbon network. Additionally, in Figure 7d, the film displays a low binding energy peak at 282.8 eV, which was attributed to the Cr−C bond. According to previous works, the Cr−C bonds at the binding energy peaks of 282.8 eV and 283.1 eV belong to Cr7C3 and Cr2C3, respectively [21,33]. As the target power increases, the intensity of the Cr2C3 peaks gradually rises, indicating that the Cr content increases in films. At the highest Cr content, as shown in Figure 7d, the Cr7C3 phase appears. As a carbide-forming element, the Cr doped into the film forms carbides with C. Following an increase in Cr content due to the higher Cr target power, the formation of carbides also increases. The presence of C−O bonds may be attributed to the oxygen adsorption on the sample surface in ambient air before XPS detection.



The hardness and elastic modulus of films deposited with different powers are shown in Figure 8a. With an increase in power, the film’s hardness and elastic modulus exhibit a trend of an initial increase followed by a decrease, reaching the maximum values at 12 kW, measuring at 11.44 GPa and 137.25 GPa, respectively. This is because, in cases with a small amount of doping, the metal Cr is embedded in the three-dimensional network film with different sizes of atomic clusters, which improves the hardness of the film and maintains the toughness of the film. When the Cr doping content is excessive, the strong plasticity becomes dominant, and the hardness and elastic modulus of the film decrease significantly [34]. Throughout the doping process, the elastic modulus and hardness of films demonstrate a trend of an initial increase followed by a decrease. In addition, increasing the power enhances the Cr ionization rate, elevating the Cr content in the film, and the formation of carbides reinforces the film hardness. The surface roughness (Sa) of the film exhibited a decreasing trend, corresponding to the denser structure. This also contributed to the hardness enhancement. With further increases in power, the Cr content stabilizes, but the film’s surface temperature rises due to ion bombardment. This leads to graphitization, an increase in sp2−C bonds, and a slight decrease in film hardness [35]. The characteristic coefficient H3/E2, representing the resistance to plastic deformation of the film, decreases with increasing power, as shown in Figure 8b. Typically, a lower H3/E2 value indicates a poorer wear resistance of the film [36]. At 4 kw, the plastic factor value is the highest, indicating better resistance to plastic deformation, while at a 16 kW deposition power, the plastic factor value is lowest, indicating poorer resistance to plastic deformation.



The variation in the friction coefficient of films under different target powers is depicted in Figure 9a. The films deposited at relatively low target powers (4 kW and 8 kW) enter a stable friction coefficient (COF) stage after a brief running-in period. At the stable stage, the film deposited at 4 kW showed a COF at around 0.17 and that of the film deposited at 8 kW remained around 0.14. The COFs of the films deposited at high target powers exhibit significant fluctuations, with higher values at the onset of friction. The COF of the film deposited at 16 kW reached 0.5. This is because when the ball and film first come into contact, the ball surface does not form a lubricating transfer film, resulting in higher friction coefficient values within the initial 10,000 cycles. As the number of friction cycles increases, the films gradually enter a stable running-in period, and after 15,000 cycles, the friction coefficients stabilize at around 0.25 and 0.31, respectively. The corresponding wear rates of films are shown in Figure 9c. As the power increases from 4 kW to 16 kW, the wear rate of the film rises from 1.28 × 10−7 mm3/N·m to 2.48 × 10−6 mm3/N·m. This is attributed to the presence of hard carbide phases in the film at high doping levels, which cause abrasive wear and result in greater wear depths, leading to an increase in the wear rate [37]. The changing trend of wear rate described above is also consistent with the result of H3/E2, shown in Figure 8b.



Figure 10 displays the 2D profile curves of films after the wearing test. At 4 kW power, the film exhibits the shallowest wear scar, less than 0.4 μm deep, and the wear width is around 220 μm. The corresponding wear rate is the lowest, as shown in Figure 9c, indicating superior wear resistance. As the target power increases from 8 kW to 16 kW, the width of the wear scar increases from 188 μm to 430 μm, and the depth increases from 0.5 μm to 2 μm. This is attributed to the higher Cr content resulting in the formation of a large quantity of hard carbides, which act as wear debris, leading to an increase in the friction coefficient. To investigate the reasons for the different performance of films prepared at different powers under the same friction experiment conditions, the wear scars were analyzed using Raman spectroscopy after the friction experiment. The results, as shown in Figure 11, indicate that the ID/IG values of the wear scars for all films are higher than the ID/IG values of the films themselves, suggesting the graphitization of the transfer film during friction. This indicates that during high-speed friction between the ball and the film, the generated heat and the interaction forces cause the sp3 bonds within the film to transition to sp2 bonds. Previous work also proved that the sp3−C atoms could only be short-lived and gradually transform into sp2−C atoms with the graphitization generated on the wear surface of the films [38]. A graphite transfer film forms on the surface of the ball, providing lubrication during the friction process. Therefore, with an increase in friction time, the friction coefficients of the films decrease.




4. Conclusions


In this work, to improve the comprehensive properties of titanium alloys, diamond-like carbon films with Cr doping on the surfaces of titanium alloys were deposited via high-power pulsed magnetron sputtering technology. The considerable properties of titanium alloy substrates, including mechanical and tribological properties, were achieved. The effect of target power on the microstructure and the mechanical and tribological properties of the films was studied in detail. It was found that the Cr content in films could be adjusted by varying the Cr target power, increasing from 3.73 at. % to 22.65 at. % with an increase in target power. The microstructure of the film evolved from an amorphous structure to the nanocomposite structure consisting of carbides embedded in an amorphous carbon matrix. The ID/IG ratios linearly increased, implying that the sp2−C content in the film could be governed by changing the target power. The hardness of the films increased with an increase in power from 4 to 12 kW, and decreased slightly with a power of 16 kW. The formed hard carbides were responsible for the hardness enhancement. Serious abrasive wear occurred in the films deposited at a higher target power due to the excessive hard particles. The wear rates showed the same changing trend as H3/E2 as the target power rose from 4 kW to 16 kW. The lowest wear rate of 1.28 × 10−7 mm3/N·m was obtained for the film deposited at 4 kW.
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Figure 1. The chemical composition of the films as a function of power. 
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Figure 2. Deposition rate and thickness of the films under different target powers. 
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Figure 3. Surface images of films with various target powers: (a) 4 kW; (b) 8 kW; (c) 12 kW; and (d) 16 kW. 
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Figure 4. Cross-sectional images of films with various target powers: (a) 4 kW; (b) 8 kW; (c) 12 kW; and (d) 16 kW. 
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Figure 5. Surface roughness of films with different target powers: (a) 4 kW; (b) 8 kW; (c) 12 kW; and (d) 16 kW. 
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Figure 6. Representative Raman spectra of films under different target powers: (a) full Raman spectra, (b) 8 kW Raman spectrum, (c) 16 kW Raman spectrum, and (d) the corresponding ID/IG ratio. 
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Figure 7. Typical C1s high-resolution XPS spectra of films with various target powers: (a) 4 kW, (b) 8 kW, (c) 12 kW, and (d) 16 kW. 
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Figure 8. Mechanical properties of films at different target powers: (a) hardness and elastic modulus; (b) the ratio of H3/E2. 
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Figure 9. (a) Friction coefficient curves, (b) average friction coefficient, and (c) wear rates of films with various target powers. 
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Figure 10. Wear profile curves of films with various target powers: (a) 4 kW, (b) 8 kW, (c) 12 kW, and (d) 16 kW. 
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Figure 11. ID/IG values of films and wear scars. 
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Table 1. Deposition parameters of Cr-DLC films.
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	Parameters
	Cr
	CrN
	Cr-DLC





	Base pressure (Pa)
	5.0 × 10−5
	5.0 × 10−5
	5.0 × 10−5



	Working pressure (Pa)
	0.5
	0.5
	0.5



	Bias voltage (V)
	−50
	−50
	−100



	HiPIMS power (kW)
	15
	15
	4, 8, 12, 16



	Pulse length (μs)
	100
	100
	70



	Flow rate (sccm)
	Ar: 300
	Ar/N2: 200/100
	Ar/C2H2: 150/300



	Deposition time (min)
	15
	60
	90
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