

  coatings-13-00092




coatings-13-00092







Coatings 2023, 13(1), 92; doi:10.3390/coatings13010092




Article



The Influence of H Content on the Properties of a-C(W):H Coatings



Manuel Evaristo 1,*[image: Orcid], Filipe Fernandes 1,2[image: Orcid], Chris Jeynes 3[image: Orcid] and Albano Cavaleiro 1,4[image: Orcid]





1



CEMMPRE—Centre for Mechanical Engineering Materials and Processes, Department of Mechanical Engineering, University of Coimbra, Rua Luís Reis Santos, 3030-788 Coimbra, Portugal






2



ISEP—School of Engineering, Polytechnic of Porto, Rua Dr. António Bernardino de Almeida 431, 4200-072 Porto, Portugal






3



Ion Beam Centre, Advanced Technology Institute, University of Surrey, Guildford GU2 7XH, UK






4



IPN-LED&MAT—Instituto Pedro Nunes, Laboratório de Ensaios, Desgaste e Materiais, Rua Pedro Nunes, 3030-199 Coimbra, Portugal









*



Correspondence: manuel.evaristo@dem.uc.pt; Tel.: +351-239793745







Academic Editor: Sigitas Tamulevičius



Received: 12 October 2022 / Revised: 23 December 2022 / Accepted: 28 December 2022 / Published: 3 January 2023



Abstract

:

Diamond-like-carbon “DLC” coatings can be deposited in many different ways, giving a large range of material properties suitable for many different types of applications. Hydrogen content significantly influences the mechanical properties and the tribological behavior of DLC coatings, but its determination requires techniques that are not available in many research centers. Thus, it is important to find alternative indirect techniques, such as Raman spectroscopy or nanoindentation (hardness measurements), which can give comparative and indicative values of the H contents in the coatings, particularly when depositions with a reactive gas flow are being studied. In this work, “DLC” composite coatings with varying H content were deposited via Physical Vapor Deposition (PVD) magnetron sputtering in a reactive atmosphere (Ar + CH4). An Ion Beam Analysis was used to determine the elemental depth profile across the coating thickness (giving both average C:W:H ratios and film density when combined with profilometer measurements of film thickness). The hardness was evaluated with nanoindentation, and a decrease from 16 to 6 GPa (and a decrease in the film density by a factor of two) with an increasing CH4 flow was observed. Then, the hardness and Raman results were correlated with the H content in the coatings, showing that these indirect methods can be used to find if there are variations in the H content with the increase in the CH4 flow. Finally, the adhesion and tribological performance of the coatings were evaluated. No significant differences were found in the adhesion as a function of the H content. The tribological properties presented a slight improving trend with the increase in the H content with a decrease in the wear rate and friction.
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1. Introduction


Diamond-like carbon (DLC) coatings are used today in a wide range of applications where low friction and wear are required [1]. Composite DLC coatings can have greatly improved tribological properties, and tungsten-doped DLC coatings have been well reviewed by Andrzej Czyzniewski [2,3]. DLC is an amorphous carbon (a-C) where the bonding is pure sp3 (valence 4, as diamond). Hydrogen is added (a-C:H) to relieve strain, and usually this results in some sp2 (polymer) bonding, which also modifies the hardness. Strictly speaking, this modified material is no longer entirely “diamond-like”, and the more it is modified the less diamond-like it is, but it is still normally referred to as “DLC”. Here, we study the effects of increasing the H-content of W-doped DLC (“a-C(W):H”).



In addition to the different manufacturing techniques and various doping elements (which can have a major influence on the behavior of DLC coatings [4,5,6,7]), hydrogen has a great impact on the film’s character, stabilizing the covalent bonding network (sp3) and controlling the optical and electrical properties. Moreover, hydrogen plays a key role in the mechanical and tribological behavior of the coatings. The influence on the coating’s hardness is significant, but this is a complex phenomenon depending on many factors including the precursor gases used, the selected deposition process and the processing conditions [8]. Some authors found a direct correlation between the H content and the mechanical properties, hardness and Young’s modulus, showing a decrease in the hardness as the H content in the coatings increases. Casiraghi et al. [9] found an increase in the Young’s modulus with the increase in the value of one Raman parameter related with the type of bonds and the clustering in the coating.



However, there are other factors that must also be considered. The deposition method influences the mechanical properties of the coatings; coatings with identical H content can have different hardness values [10,11]. Additionally, the precursor gas used influences the coating’s main characteristics, and coatings deposited with different precursor gases can have different mechanical properties [12,13]. Thus, the use of different deposition methods or precursor gases can significantly influence the type of bonding in the coatings as well as the structure and morphology; as a consequence, different mechanical properties can be achieved [14]. In general, if all the deposition conditions are kept constant, with the exception of the one determining the H content, one expects a decrease in the hardness as the H content increases.



Raman spectroscopy is one of the easiest ways to obtain structural information for different forms of carbon materials, from crystalline to amorphous [15]. In most cases of DLC coatings deposited by sputtering, the spectra of carbon-based coatings show two prominent features, the D band around 1300–1400 cm−1 and the G band around 1500–1600 cm−1, and with UV radiation, a T peak can also be observed around 980–1060 cm−1 [16]. The D band is due to the “breathing modes” of sp2 atoms in distorted rings and the G band is related to the stretching of pairs of sp2 atoms in rings and chains [17]. Raman provides information (i) about the coating’s structure through the G peak position, (ii) the intensity ratio between the D and G bands (ID/IG ratio) and (iii) the full width at a half maximum of the G band (FWHM (G)).



The photoluminescence background in visible Raman spectroscopy is associated with the H presence in DLC coatings and can be used to quantify the H content [9]. However, this is not straightforward, since many other factors also influence the photoluminescence background, such as the metal content or the presence of oxygen in the coatings [18].



In this study a set of a-C(W):H coatings was deposited with constant conditions, only varying the CH4 flow between 10 and 40 sccm. First, the H content of the films is correlated with Raman and hardness. Then, the adhesion and tribological properties of the coatings are studied. The elemental depth profiles (including H) were obtained absolutely using a detailed Ion Beam Analysis [19].




2. Materials and Methods


The coatings were deposited with a four magnetrons UDP-650-4 Teer Coatings, Worcestershire, UK equipment with DC power supplied to the targets and pulsed-DC for biasing the substrates. Four targets were used: one pure chromium, one graphite with 14 pellets of W (20 mm diameter) placed in the preferential erosion zone and two pure graphite targets. The targets were supplied by Testbourne Ltd., Basingstoke, UK with a purity of 99.5 %. Before the depositions, the targets and the substrates were sputtered cleaned during 40 min with shutters interposed between them to avoid cross-contamination. To improve the adhesion of the coatings, a Cr-based interlayer of approximately 300 nm was deposited. In the first 10 min, only the Cr target sputtered, followed by 10 min of transition for the deposition of the coating. In this step, the power on the C targets gradually increased as the Cr target power decreased. The coatings were deposited with a rotation speed of the substrates high enough to avoid the formation of a multilayer structure. A power of 1750 W was applied to both carbon targets whereas the target with W pellets was sputtered with 400 W, and a −50 V bias voltage was applied to the substrates. The gas was introduced with mass flow controllers Aera ROD-4. The Ar flow was set to 46 sccm, giving rise to 3.3 × 10−3 mbar while CH4 was varied between 10 and 40 sccm, corresponding to partial pressures of 1 × 10−4 and 9 × 10−4 mbar, respectively. The total time, including the deposition of the Cr interlayer, was set to 150 min. In all depositions, the chamber was evacuated down to a base pressure better than ≤6 × 10−6 mbar.



The coatings were deposited on heat-treated AISI M2 steel with a hardness of ~9 GPa, a diameter of 50 mm and a thickness of 5 mm, to achieve the mirror finishing of the surfaces to be coated, and the steel samples were polished with SiC papers (from P120 grit size) followed by an adequate diamond suspension of particles that were 3 µm. Silicon wafers that were polished one side were also used as substrates for the hardness and IBA measurements. The Si and steel substrates were deposited simultaneously. The linear film thicknesses were obtained with a mechanical profilometer of a step in a silicon-coated sample by removing a small drop of boron nitride to have a step corresponding to the total coating thickness. The equipment used to measure the step was the Perthometer S4P, Mahr Perthen GmbH, Hannover, Germany.



A Raman microspectrometer (Xplora, HORIBA Jobin-Yvon, Edison, NJ, USA) with a laser wavelength of 532 nm was used to characterize the structure of the coatings. The laser power was kept below 0.25 mW to avoid any damage to the coatings surface due to heating, which can lead to the graphitization of the coating. For each sample, two spectra were acquired. The Raman spectra were fitted with symmetric Gaussian functions with a linear background in the range 800 to 2000 cm−1.



The nanoindentation measurements were performed on a Nano Test Platform 1 (Micro Materials, Wrexham, UK) with a Berkovich indenter with a load of 5 mN and 30 s to increase and decrease the load and to also maintain the maximum load. The 5 mN maximum load was selected to prevent a maximum penetration depth higher than 10% of the total coating thickness in order to avoid the influence of the Si substrate on the measurements [20]. The Young’s modulus (E) of the coatings was determined from the reduced value assumed for the diamond indenter Ei = 1140 GPa and a Poisson ratio, νI = 0.07, and νs = 0.2 for the coating.



The adhesion of the coatings was evaluated with a conventional scratch tester (CSEM Revetest, Neuchâtel, Switzerland) with a diamond tip (Rockwell, Milwaukee, WI, 200 µm radius) with a loading rate of 10 N/mm to a maximum load of 50 N. For each sample, at least two tests were performed, and the scratch tracks were observed with an optical microscope to determine the load for the first adhesive failure (LC2).



The elemental depth profiles (composition) of the coatings in units of areal mass density (mass/area) were obtained explicitly using Ion Beam Analysis (IBA) at the Surrey Ion Beam Centre: the Cr signal (and the Si substrate signal) terminated the profile, which could therefore be integrated to obtain the total film thickness (as mass/area). Therefore, if the linear film thickness is known (in μm), the film density (mass/volume) can be obtained. Further details about the procedures used are described in the Supplementary Materials.



Two ion beams (3045 keV 4He+ and 4315 keV 4He++), four detectors (three particle detectors at scattering angles of 172.8°, 148.6° and 30.75° where the forward recoil detector had a 32 μm Kapton range foil and an X-ray detector with a 146 μm Be filter at 60° to the beam) and two beam incidence angles (normal incidence and glancing incidence) were used. The recoiled H was only observed in the forward recoil detector at the glancing beam incidence.



The IBA therefore included elastic scattering (both Rutherford backscattering, RBS, and non-Rutherford elastic backscattering, EBS, where the EBS scattering cross-sections were obtained from SigmaCalc [21]) elastic recoil detection analysis (ERD) and PIXE. All these data were fitted self-consistently using the DataFurnace code [22] (with NDFv9.4e [23] as the computation engine). The particle-induced X-ray emission (PIXE) spectra had significant signals for W, Ar, Cr and Si, and the thickness of the Cr interlayer was determined from the PIXE, where the signal from the graded interfaces was also fitted by the code. The H content of the films was directly observed with ERD in the forward recoil particle detector. The EBS signals for O and C were greatly enhanced at the resonances at 3038 keV (for O) and 4315 keV (for C). Therefore, this IBA had good sensitivity for all the signals reported.



The tribological behavior was evaluated using a pin-on-disc tribometer (High Temperature tribometer, CSM Instruments, Peseux, Switzerland) in room conditions. The sliding partner was a 6 mm AISI 52110 steel ball. The selection of a steel counterpart is related to the types of applications to which this type of coating is applied. The linear speed, normal load and number of cycles were identical for all samples at 0.1 m s−1, 10 N and 10.000, respectively. The friction coefficients are the mean values of the entire friction curve, and the ‘running-in’ phase was not considered. The wear rates were calculated as the worn volume per sliding distance per normal load. The worn volumes were measured with an optical 3D profilometer white light interferometer (NewView 7200, Zygo, Middlefield, CT, USA).




3. Results and Discussion


Table 1 shows the average elemental composition of the films integrated from the IBA depth profiles, including samples with six different CH4 flow rates (one sample with excessive O content was excluded). Additionally shown is the deposition rate (in nm/s) and the film density (in g/cm3) obtained by combining the IBA thickness (in μg/cm2) and the thickness (in μm) measured with the profilometer. The a-C(W):H film signals were easily separated from the substrate by the Cr interlayer, whose thickness was determined by PIXE. These IBA spectra were complicated, and for a good fit, it was also necessary to fit the graded Cr interlayer with an equivalent Cr thickness (around 0.3 μm for all the samples). Note that reliable results require good fitting of all the signals from all four detectors. A full uncertainty analysis was not carried out, but the uncertainty was conservatively estimated at about 10% (±5%).



The decrease in the W content with the increase in the CH4 flow could be mainly attributed to two main factors: (i) for similar sputtering conditions, the number of C atoms reaching the substrate increased (from the reactive gas CH4) and thus the relative number of W atoms decreased; and (ii) depositing in reactive conditions may promote poisoning of the W pellets of the target with the consequent decrease in the sputtering rate of W. The same trend was observed for the Ar content in the coatings which, in this case, was probably due to the lower strain in the films, which provided a lower sticking probability of the noble atoms with almost zero incorporation for the least-dense films. The oxygen content in the coatings was rather low (<2 at%) and appeared independent of the CH4 flow. It originated from the residual oxygen in the vacuum chamber and/or from atmospheric contamination after deposition. Since the samples were stored in the same conditions, it was expected that the contamination from air exposure would be the same for all samples. Thus, the small differences in the O content in the coatings were probably related to the base vacuum before deposition.



The H in the coatings was from the CH4 gas; therefore, the IBA showed that the H content increased from about 26 at% to 31 at% with the CH4 flow rate. The corresponding decrease in the coating density was from 3.9 to 2.1 g/cm3. This decrease must be understood not only by the decreasing average atomic weight of the coating, but also by the increasing average bond length. Both the composition and the structure of the coatings significantly influenced the density.



The influence of the H content on the bonding structure of the coatings was analyzed with Raman spectroscopy. Figure 1 presents the Raman spectra from 200 to 2000 cm−1 for all the coatings. Three main parameters were considered in the analysis: the G peak position; the D over G intensities ratio, ID/IG; and the FWHM (G). Moreover, the photoluminescence background (PL) was also analyzed, which can give a signature for the H content. For higher H contents (<~40 at%), the literature shows that the background overshadows the Raman signal of the coatings [9,15,16,24]. To determine the H content in DLC coatings, Casiraghi et al. [9] established a simple formula that relates the H content with the photoluminescence (PL) signal. The values of PL (m/I(G)) were calculated from the ratio between the slope (m)(background of the spectra in the range 1050 to 1800 cm−1) and the intensity of the G peak IG.



Figure 2 presents the evolution of the m/IG values with the methane flow rate. In addition to the H content, there are other factors that can influence the values of m/IG, including the type of structure of the coatings [25], contamination due to poor vacuum conditions during the deposition or water absorbed after exposure to air [26,27] and alloying coatings with a metal [28]. With an increasing CH4 flow rate, m/IG also increased (see Figure 2), suggesting an increase in the H content in the films. The slightly different evolution from the one derived by Casiraghi et al. [9] can be attributed either to the presence of W in the coatings or the differences in the structure related to the conditions in the deposition process. For chromium-alloyed DLC coatings (with a similar H content), it was observed that the decrease in the metal content gave an increase in the slope of the Raman background [29]. The coatings deposited in this work presented two features that contributed to the increase in the m/I(G) with the increase in the CH4 flow, which were (i) the increase in the H content and (ii) the decrease in the W content as the CH4 flow increased.



Figure 3a presents the G position and FWHM (G), and Figure 3b presents the ID/IG ratio as functions of the CH4 flow. The G peak position shifted to a lower wave number with the increasing H content, reaching a minimum value of 25 sccm of CH4; at this value, an inversion in the trend was observed. The FWHM (G) and ID/IG ratio decreased from 148 to 138 cm−1 and from 1.05 to 0.7, respectively, as the CH4 flow increased. Casiraghi et al. [24] showed that the evolution of the Raman parameters was different for H content higher or lower than a particular value: in their case, it was 20 at%, and in our case, it was a little higher. For amorphous carbon coatings, ID/IG is related to the size of the sp2 phase organized in rings [15]; thus, a low ID/IG means that the molecular structure is mainly organized in chains even though rings can also be present, but with the π bonds not fully delocalized. FWHM(G) is a measure of the disorder, particularly that arising from bond angle and bond length distortions. A structure organized more in chains (with a polymer-like character) should give rise to a narrowing of the G band, as seen in Figure 3a.



In relation to the G peak position, according to Ferrari and Robertson [16], a shift in the G peak to lower wave numbers is related to bond disorder while the inverse is related to chain formation or clustering. These factors act as competing forces on the shape of the Raman spectra.



The adhesion of the coatings was evaluated using a conventional scratch test. The lowest value for the adhesive failure of the coatings was 42 N, and from the six coatings deposited, only two showed adhesive failures with similar values. Those failures were in the end of the scratch, and no extensive failures covering all areas of the scratch were observed. Figure 4 presents the two type of behaviors observed for all coatings. No clear relations of the adhesive failures to the increase in the CH4 flow was found. The coatings were deposited with increasing flows from 10 to 40 sccm of CH4, and only the ones with 15 and 20 sccm of CH4 flows presented adhesive failures.



The mechanical properties of the coatings were evaluated with nanoindentation. The hardness and Young’s modulus had similar behavior with the increase in theCH4 flow, as both showed a decreasing trend, as shown in Figure 5. Although there was a decrease in the W content from 5 to 2.9 at% (Table 1), this behavior was mainly related to the incorporation of H in the coating due to the changes that it caused to the bonding network and structure. With the increasing H content, the mechanical properties of the coatings tended to be determined by the polymer-like structure due to more C-H sp3 hybridized bonds.



Figure 6 presents the typical nanoindentations curves of three coatings deposited with increasing CH4 flow rates. The mechanical work is divided into two parts: the plastic deformation Wp and the elastic recovery We. From the indentation curves, it can be observed that with the increase in the H content, the hardness decreased as expected and the elastic recovery increased. This behavior was also observed by other authors [18] and might be related to the continuous increase in the number of sp3 hybridized bonds in the film, as corroborated by the Raman analysis.



The tribological characterization of the coatings was performed via a pin-on-disc at room conditions with a normal load of 10 N against a 100Cr6 6 mm steel ball. Figure 7a presents the evolution of the friction during the test for the different compositions studied in this work. Two distinct behaviors of the friction can be observed; coatings deposited with up to 20 sccm of CH4 presented significant fluctuations of the friction during the whole test, while coatings deposited with 25 sccm of CH4 or higher flows presented a more stable friction during the test.



This behavior can be associated with the formation of a well-adherent homogeneous transfer layer on the sliding ball, as was observed (Figure 8b). For the coatings with lower H content (10 sccm of CH4), such a transfer layer was not observed (Figure 8a). The increase in the H content promoted a decrease in the average friction (Figure 7b), a behavior usually observed for DLC coatings deposited with increasing H content [30]. The formation of the transfer layer, usually attributed to the graphitization of the coating, can explain the decrease in the friction. Concerning the wear rate for the coating and the sliding partner (100Cr6 steel ball), a gradual decrease was observed with the increase in the H content in spite of their lower hardness. There were several factors that could have influenced the tribological behavior for this set of coatings. One that could have had a major role in the tribological performance was the H content in the coatings. Additionally, the mechanical properties could have influenced the results. Finally, the types of bonds in the coating also contributed to the performance observed for the different coatings tested.




4. Conclusions


A set of coatings with an increasing CH4 flow were successfully deposited on steel and silicon substrates. The IBA analysis showed that the coatings deposited with increasing CH4 flow rates had markedly lower W and Ar content, whereas the H content increased somewhat. However, the film density reduced markedly with the higher H content. For the same CH4 variation, Raman spectroscopy showed that the structure of the coatings had a more polymer-like character. This evolution of the structure gave rise both to the decrease in both the hardness and Young’s modulus and also to the decrease in the film density. Therefore, it is possible to have a qualitative estimation of the H content and the mechanical properties of the coatings when one knows the flows of CH4 and uses Raman spectroscopy.



The increase in the H content in the coatings did not significantly influence the coating adhesion. However, the tribological behavior was influenced by the increase in the H content, with a decrease in the friction and wear of both the coating and the sliding partner due to the formation of a well-adherent transfer layer on the latter. The formation of the adherent transfer layer was facilitated with the increase in the H content, mainly due to the fact that there was a decrease in the hardness and Young‘s modulus as the H content in the coating increased. Thus, this will contribute to the decrease in the wear and friction by the formation of a transfer layer that protects both of the sliding partners.
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Figure 1. Raman spectra for all samples. For each sample, two measurements were acquired, and the results in the figure are the average of both. 
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Figure 2. Evolution of m/IG with methane flow rate for the a-C(W):H coatings. 
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Figure 3. Raman analysis of the coatings deposited with different CH4 flows: (a) G position and FWHM (G) and (b) ID/IG. 






Figure 3. Raman analysis of the coatings deposited with different CH4 flows: (a) G position and FWHM (G) and (b) ID/IG.



[image: Coatings 13 00092 g003]







[image: Coatings 13 00092 g004 550] 





Figure 4. Optical micrographs of the scratch test: (a) coating deposited on steel substrates with 40 sccm of CH4, (b) coating deposited with 20 sccm of CH4. 
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Figure 5. Evolution of the hardness and Young’s modulus with the increase of the CH4 flow. 
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Figure 6. Typical indentation curves for coatings deposited with three different flows of CH4. 
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Figure 7. Tribological characterization of the coatings: (a) coefficient of friction (COF) plots for all coatings, (b) evolution of the average COF with the increase in the CH4 flow, (c) coating and ball-wear rate with the increase in the CH4 flow. 
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Figure 8. Optical micrograph of the sliding ball after the test with coating deposited with (a) 10 sccm of CH4, (b) 40 sccm of CH4. 
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Table 1. Coating composition (by IBA) and density (by IBA and profilometer) together with deposition rate, all as a function of methane flow rate.
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	CH4

(sccm)
	H

(at.%)
	C

(at.%)
	W

(at.%)
	Ar

(at.%)
	O

(at.%)
	Density

(g/cm3)





	10
	26.4 ± 1.3
	65.6 ± 3.3
	5.0 ±0.25
	1.58 ± 0.08
	1.40 ± 0.07
	3.9 ± 0.20



	15
	26.6 ± 1.3
	65.8 ± 3.3
	4.6 ±0.23
	1.50 ± 0.08
	1.50 ± 0.08
	3.6 ± 0.18



	20
	28.3 ± 1.4
	64.9 ± 3.2
	4.3 ±0.22
	1.00 ± 0.05
	1.50 ± 0.08
	3.2 ± 0.16



	25
	29.1 ± 1.5
	65.5 ± 3.3
	4.0 ± 0.20
	0.45 ± 0.02
	0.90 ± 0.05
	3.4 ± 0.17



	30
	30.8 ± 1.5
	64.3 ± 3.2
	3.5 ± 0.13
	0.20 ± 0.01
	1.30 ± 0.07
	3.0 ± 0.15



	40
	30.5 ± 1.5
	65.1 ± 3.3
	2.9 ± 0.15
	0.04 ± 0.00
	1.40 ± 0.07
	2.1 ± 0.11
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