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The tribomechanical characteristics of diamond-like carbon (DLC) coatings are notably superior to other hard coatings, making them highly desirable for industrial applications. This study focuses on the synthesis of nitrogen-doped DLC (N-DLC) films through chemical vapor deposition (CVD) methods, with an emphasis on varying the deposition temperature. Comprehensive characterization techniques such as atomic force microscopy (AFM), scanning electron microscopy (SEM), and nanoindentation were employed to investigate the morphological and mechanical attributes of these coatings. The thickness of the films, measured using a Dektak profilometer, demonstrated an increase from 1.9 to 2.8 µm as the deposition temperature rose. Nanoindentation testing revealed that the film deposited at 900°C exhibited the highest hardness (H) and modulus of elasticity (E), measuring 21.95 and 208.3 GPa, respectively. Conversely, the film deposited at 1,000°C showed the lowest values, with H and E at 14.23a and 141.9 GPa, respectively. The H/E ratio of the coatings initially rose from 0.096 to 0.106 as the deposition temperature increased from 800°C to 900°C. However, for deposition temperatures exceeding 900°C the H/E ratio began to decline.
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INTRODUCTION
The development of hard and highly wear-resistant materials is crucial for enhancing the longevity of mechanical components operating in demanding environments (Kalita et al., 2022; Ghadai et al., 2021a). To address this industrial requirement, coatings with superior hardness are often employed for their wear resistance capabilities (Vikram et al., 2020; Ghadai et al., 2021b). Carbon-based coatings, known for their exceptional performance in tribological applications, are increasingly adopted for mechanical parts such as bearings, gears, and various drivetrain components (Vikram et al., 2021). These coatings are primarily categorized into two types: diamond-like carbon (DLC) and ceramic coatings. Ceramic coatings, characterized by their high hardness and modulus, are extensively applied to steel components to provide protection against abrasive wear. Conversely, DLC coatings, typically amorphous and composed of a mixture of sp2 and sp3 hybridized carbon-carbon (C–C) and carbon-hydrogen (C–H) bonds (Kashyap and Ramkumar, 2022; Ghadai et al., 2023), are known for their low friction coefficients and enhanced wear resistance, especially when used in conjunction with steel counterfaces. The frictional heat generated during sliding contacts can cause the sp2 hybridized carbon in DLC to form a graphite-like tribolayer, which helps in reducing or stabilizing friction via a velocity accommodation mechanism. However, without meticulous deposition techniques, DLC coatings are prone to significant spalling and delamination, primarily due to the high internal compressive residual stress.
The properties of the DLC films can be improved by incorporating various metals, semiconductors like Co, Fe, Ti, W, Al, Si, etc., and this kind of coating can find more suitable for the industrial application (Ghadai et al., 2019; Ghadai et al., 2018; Kumar et al., 2010). However, from the available literature it is observed that nitrogen (N2) can significantly enhance the adhesion between the substrate and film by decreasing the internal stress. The doping of nitrogen can also improve the tribomechanical characteristics of the coatings. Moreover, N2 doped coatings enhances the bond strength due to the possible creation of C–N, C–N–C, bonds (Kalita and Ghadai, 2022). The potential industrial application of the N-DLC film are the coating used in critical engine parts, mechanical face seals, magnetic hard discs, surgical tools, etc. (Prabhukumar et al., 2023). Zeng et al. (2017) reported the enhancement of the tribomechanical properties of N-DLC coating by incorporating N2 gas into the chamber. Ghadai et al. (2021c) synthesized nitrogen incorporated diamond-like carbon (N-DLC) films using atmospheric pressure chemical vapor deposition (APCVD) method by altering the N2 flow rates. The results showed an improvement in the tribomechanical properties of CVD deposited coating compared to other PVD deposited coatings. Chen et al. (2017) carried out research experiments for achieving low wear and low Friction under different humidity conditions by incorporating silicon (Si) and nitrogen (N2) in to the carbon coating by using RFCVD method. The film then characterised by nanoindentation, Raman Spectroscopy, XPS, and FTIR methods. The results showed that by the incorporating N2 and Si the friction coefficient and wear rate decreased. Lukaszkowicz et al. studied the characteristics of DLC coating synthesized by PACVD process on the hot work tool steel. It tribological and mechanical characteristics by methods like Raman Spectroscopy, HRTEM, SEM, Scratch test, Ball-on disc methods and the results showed that the mechanical properties of the coating synthesized using PACVD enhanced as compared to other synthesis methods (Lukaszkowicz and Paradecka, 2016). Khatir et al. (2015) observed the excellent biocompatibility and tribological properties of N-DLC coating. Lee et al. (2016) reported the hardness and young’s modulus of N-DLC film synthesized using unbalanced magnetron sputtering and found that both hardness and young’s modulus of the film increased with the increase of N2 flow rate. Das et al. (2020) deposited TiCN coatings using thermal CVD at high temperature by varying the N2 flow rate and observed that N2 flowrate has a significant effect over the tribomechanical properties of TICN coatings at high temperature.
Shu et al. (2024) contributed to this field by enhancing the performance of Ni–P molds used in precision glass molding. By depositing Ti/Ti-DLC layers using Filtered Cathodic Vacuum Arc (FCVA), they significantly improved the wear resistance and stability of these molds. Similarly, Ren et al. (2024) utilized FCVA for depositing hydrogen-free DLC on magnesium alloys, discovering that certain bias voltages yielded optimal anti-corrosion properties. The tribological behavior of DLC coatings was further explored by Milewski et al. (2024), who applied these coatings on steel in the lime industry using Plasma Enhanced Chemical Vapor Deposition (PECVD). Their study focused on evaluating the coatings’ performance under harsh conditions. Tian et al. (2024) also employed PECVD, but their work was directed towards enhancing DLC film properties on carbide substrates for cutting tools, varying enhancement modes and bias voltages.
In terms of specific applications, Sawka et al. (2024) used 3D-printed models and Particle Image Velocimetry (PIV) to study the fluid flow in Extracorporeal Membrane Oxygenation (ECMO) cannulas. They found that bicaval 13 Fr DLCs caused the most hemolysis, providing valuable insights into medical device design. On the other hand, Yang et al. (2024) focused on improving rubber wear resistance by depositing N-DLC films, demonstrating superior tribological performance at certain nitrogen flow rates. Ghadai et al. synthesized N-DLC coating using thermal CVD techniques and observed that the mechanical and tribological properties of the DLC coating by the incorporation nitrogen (Ghadai et al., 2021c). Guo et al. developed multilayer DLC coatings [(Cr, N)-DLC/DLC] with different sp3 contents on YG8 (WC-Co) substrates by FCVA combined with DCVA technique. The results showed that the multilayer coatings possess excellent wear resistance and very good adhesion to YG8 Guo et al. (2015); Stojanovic and Glisovic, 2021).
Furthering the scope of DLC coatings, Song et al. (2024) compared coatings with methane and acetylene pre-gases on steel. They reported that DLC coatings with methane (DLC-CH4) showed superior corrosion resistance and a smoother surface. Similarly, Ramírez-Reyna et al. (2024) assessed various coatings including DLC, WC, and WCN on steel for bearings. Their findings suggested that the DLC/WC/WCN/W system offered the best wear resistance. In a different vein, Kim et al. (2024) optimized N-DLC coatings on glass for improved transmittance and electrical properties, altering the carbon bonding through pulsed-DC bias. This study exemplifies the versatility of DLC coatings beyond traditional mechanical applications.
Dai et al. (2024) took a unique approach by studying DLC films deposited at varying angles, revealing that certain angles led to optimal tribological performance and lower surface roughness. This finding opens new avenues for customizing DLC coatings for specific applications. Additionally, Guo et al. (2024) highlighted the importance of Coulomb interactions in the adsorption and structure of potassium salt molecules on DLC surfaces, a crucial aspect in chemical applications of DLC coatings. Wu et al. (2024), through extensive testing, demonstrated the enhanced loading capacity and wear resistance of 18CrNiMo7-6 gears with DLC coatings, reaffirming the material’s utility in heavy machinery. Ghadai et al. studied the effect of deposition temperature over the mechanical properties of thermal CVD deposited Al-DLC thin film coating. Their results showed that deposition temperature has a significant effect of the structural and mechanical properties of the coatings (Ghadai et al., 2023).
From the above literature it is observed that nitrogen doped DLC coatings have a wide industrial application in the field of protective coatings. By the incorporation nitrogen into DLC film the mechanical and tribological properties can significantly enhanced. Many authors have developed the coating by using various physical vapour deposition techniques particularly magnetron sputtering. Few papers were found where APCVD is used for the development of the coating. Also, in APCVD different process parameters can affect the properties of the coating. Among the process parameters deposition temperature can be considered as a vital one and the variation of deposition temperature for the development of N-DLC coating using APCVD are not extensively studied by the researchers. So present work aimed on the development and testing of N-DLC coating with the variation of deposition temperature.
EXPERIMENTAL DETAILS
In this study, nitrogen-doped diamond-like carbon (DLC) thin films were synthesized on Si (100) substrates using the Atmospheric Pressure Chemical Vapor Deposition (APCVD) process. The preparation of Si substrates involved a 2-min immersion in 2% hydrofluoric (HF) acid solution, followed by a 15-min ultrasonic cleaning in deionized water to eliminate the oxide layer. Subsequently, the substrates were removed from the solution and gently dried with clean, soft cloths. For the DLC film deposition on Si substrates, the nitrogen (N2) flow rate was set at 20 standard cubic centimeters per minute (sccm). The experiment produced five distinct samples by varying the deposition temperature between 800°C and 1,000°C, while keeping the acetylene (C2H2) flow rate and deposition time constant at 5 sccm and 120 min, respectively. The heating rate during the experiment was maintained at 5°C per minute, and the cooling rate at 3°C per minute. The base pressure for the process was kept at 5 × 10−6 Torr, and the process pressure at 500 mTorr. Morphological analysis of the DLC coatings was conducted using a Scanning Electron Microscopy (SEM) (JEOL, JSM 5510) with a magnification capability of up to ×100,000. A Dektak profilometer, equipped with a 2.5 μm radius stylus, was utilized to measure the film thickness. During this measurement, the profilometer’s stylus traversed each sample at four different points at a consistent speed, and the average step height was recorded for each pass. Nanoindentation tests were performed using a CSM instrument (model NHTX 55–0019) with a Berkovich indenter tip of 20 μm radius, applying a constant load of 10 mN.
RESULTS AND DISCUSSION
Morphological analysis using atomic force microscopy (AFM)
Figure 1 show the 3-D and 2-D images of DLC thin film with respect to various deposition temperature. From the figure it is noticed that the roughness of the film increases with the increase of synthesis temperature. It is also observed that the roughness of the film deposited at 800°C is 46.7 nm and it decreased to 41.3 nm for the film deposited at 850°C. However further increase in temperature tends to increase the roughness of the film and the film deposited at 1,000°C becomes rougher as compared to all the samples. The increase in roughness may be due to the increase of randomness of gas particles within the chamber at high temperature (Das et al., 2023a). The film thickness of the coating increased from 1.9 to 2.8 µm with increase of deposition temperature (Mwema et al., 2018). The increase of coating thickness with increase of the deposition temperature may be due to the higher deposition rate of carbon at elevated temperature. The details of the film thickness and roughness of all five samples are presented in Table 1.
[image: Figure 1]FIGURE 1 | 2-D and 3-D AFM images of DLC thin film with respect to various deposition temperature.
TABLE 1 | Variation of film thick ness and roughness of the film with respect to various deposition temperature.
[image: Table 1]To support the AFM images Figure 2 shows the SEM images of DLC thin film coating with respect to various deposition temperature. The SEM images presented in Figure 2 have been taken at a magnification rage of ×1105. From the figure it is observed that the film is even enough and there are no unwanted pores throughout the substrate. Overall, it is noticed that the pattern of the surface is even, and the deposited film is equally developed throughout the surface. The film deposited at higher deposition temperature (particularly at 950 and 1,000°C) seems to be rougher as compared to other samples and similar results were also observed from AFM (Das et al., 2023a). It is also observed that at high temperature some agglomerated particles are form over the substrate. This agglomeration over the surface may be due to the irregularities in nucleation and growth of the coatings (Mwema et al., 2018).
[image: Figure 2]FIGURE 2 | SEM images of DLC thin film with respect to different deposition temperature.
Nano-indentation
Figure 3 shows the load–displacement curve of the DLC thin film synthesized at various deposition temperature with a maximum indentation load of 10 mN. The area under the load displacement curve shows the energy lost during plastic deformation. From the figure it has been observed that DLC thin film deposited at a deposition temperature of 900°C has lowest depth of indentation whereas the film deposited at 1,000°C has highest depth of indentation. The Hardness (H) and young’s modulus (E) of the films can be predicted from the load displacement curve. From the indentation depth in can be predicted that DLC film deposited at 900°C will have highest H and E whereas film deposited at 1,000°C will have lowest hardness. However, the H and E of the coatings have been calculated by examining the unloading part of the loading - unloading curve. The H and E can be evaluated by using Eqs. 1–3 (Das et al., 2023b).
[image: image]
[image: Figure 3]FIGURE 3 | Load-displacement curve of DLC thin film with respect to various deposition temperature.
Where Fmax and A are the maximum load applied over the work piece and contact area of the tip of the indenter over the substrate, respectively.
The stiffness (S) can be computed, by using Eq. 2 and it is presented below.
[image: image]
The elastic modulus of the film (Ew) can be calculated by the help of Equation 3
[image: image]
Where “S” defines the stiffness, and it can be calculated from the upper portion of the load-displacement curve and it gives the geometry independent eq. ([image: image]) developed by Oliver (Oliver and Pharr, 1992). For Berkovich indenter β value is constant as 1.034 and the reduced elastic modulus has been stated by Er. The subscripts i and c denote the indenter and work piece, respectively. The H and E of the film with respect to various temperatures is shown in Figure 4. From the figure it is observed that the film deposited at 900°C has the highest H and E of 21.95 and 208.3 GPa, respectively. Similarly, the film deposited at a deposition temperature of 1,000°C has the lowest H and E of 14.23 and 141.9 GPa, respectively. The H and E of the coating initially increased with the increase of deposition temperature from 800 to 900°C. However, the H and E of the film decreased with further increase of deposition temperature above 900°C. This increase of H and E may be due to formation of more sp3 bond at higher deposition temperature (up to 900°C) (Ghadai and Kalita, 2020).
[image: Figure 4]FIGURE 4 | H and E variation of DLC thin film with respect to deposition temperature.
Figure 5 illustrates the changes in H/E and H3/E2 ratios of N-DLC thin films in relation to deposition temperatures ranging from 800°C to 1,000°C. These ratios are indicative of the films’ elastic-plastic characteristics (Charitidis and Logothetidis, 2005), as well as their wear properties. For instance, a typical diamond has H/E around 0.1, with hardness (H) and modulus of elasticity (E) values approximately 100 GPa and 1,000 GPa, respectively. The analysis of the figure reveals that the H/E ratio of the coatings initially rose from 0.096 to 0.106 as the deposition temperature increased from 800°C to 900°C. However, the H/E ratio began to decline for deposition temperatures exceeding 900°C. The H/E ratio reached a peak of 0.106 for films deposited at a C2H2 flow rate above 8 sccm. In a similar pattern, the H3/E2 ratio mirrored the H/E trend. Musil (Musil, 2012) has noted that films with H/E ratios greater than or equal to 0.1 are more resistant to cracking. A higher H3/E2 value indicates greater elasticity in the film, while a lower value suggests more pronounced plasticity. The observed variations in H/E and H3/E2 could be attributed to grain boundary sliding phenomena.
[image: Figure 5]FIGURE 5 | H/E and H3/E2 variation of DLC thin film with respect to deposition temperature.
Figure 6 shows the variation of residual stress (σ) of N-DLC coatings with respect to the deposition temperature. The σ of the coatings has been computed by using the Stoney equation given in Eq. 4
[image: image]
[image: Figure 6]FIGURE 6 | Variation of residual stress of DLC thin film with respect to deposition temperature.
From the results, it is observed that σ of the DLC films is compressive in nature and the σ increases from 1.98 to 3.06 GPa with the increase of the deposition temperature from 800°C to 900°C. However, σ of the DLC film decreased while the deposition temperature increased above 900°C. Due to the increase of the deposition temperature above 900°C the soft graphite-like sp2 increases in the DLC films which tends reduces the σ (Kumar et al., 2010).
CONCLUSION
The present work reports the effects of deposition temperature over the morphological and tribomechanical properties of CVD deposited N-DLC coatings. From the results it is observed that the variation of deposition temperature can significantly affect the properties of the coatings. AFM results showed that the surface roughness of the film increases with the increase in temperature from 850°C to 1,000°C. The hardness and young’s modulus of the coating initially increased with the increase of deposition temperature from 800 to 900°C. However, the H and E of the film decreased with further increase of deposition temperature above 900°C. The residual stress of the DLC films is compressive in nature and the σ increases from 1.98 to 3.06 GPa with the increase of the deposition temperature from 800 to 900°C. However, σ of the DLC film decreased while the deposition temperature increased above 900°C.
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