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Abstract

:

During this research work, the wear and friction properties of TiN/TiC coatings produced with different manufacturing parameters were investigated against steel and zirconium counterparts. The coatings, which were deposited on WC–Co substrate, were characterized based on their microstructure, phase composition, and microhardness. The tribological behavior of the coatings was examined in accordance with ASTM G99 and ASTM G133 standards using pin-on-disc tests with steel and zirconium counterfaces, while the adhesion of the coatings was investigated with a modified scratch test. According to the results obtained from the experiments, the use of zirconium counterpart is advantageous even for coatings produced with different microhardness and layer thickness using the CVD method. The results show that the change in the friction coefficient can be well traced with properly chosen parameters, thereby determining the wear resistance of the coating.
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1. Introduction


Chemical vapor deposition (CVD) can be defined as deposition of a solid onto a heated surface caused by a vapor-phase chemical process. It belongs to the atomistic class of vapor-transfer processes, which means that the deposition species are atoms, molecules, or a combination of both [1,2,3]. Therefore, CVD is a technology that relies on the production of a gaseous species carrying the coating material within a coating reactor or chamber. Alternatively, the gaseous species could be created outside of the coating reactor and delivered through a delivery system. These gaseous species can come into direct contact with the surface that needs to be coated. The reactor is kept at a high temperature, which can reach up to 2000 °C [4,5]. The CVD process can be used to create a wide range of coatings, from soft, ductile coatings to those with hard, ceramic-like characteristics. Coatings can have a hardness ranging from 150 to 3000 HV (0.1 kgf). Currently, CVD coatings are being utilized to prevent the severe attrition of components used in various industrial situations where corrosion, oxidation, or wear occurs [4,6,7].



Generally, TiN and TiC coatings have been used on cutting tools for over three decades and continue to be important components of current tools. Titanium nitride and titanium carbide (TiN, TiC) are well-known for their strong adhesion, high melting point, chemical stability, lack of phase change, high hardness, and wear resistance. The use of TiN and TiC improves the thermal stability, oxidation behavior, and abrasive wear of the coating [8,9]. Consequently, applying TiN and TiC coatings on cutting tool materials increases features such as hot hardness, thermal shock, oxidation, chemical stability, toughness, and tribological characteristics [10].



So, Ti (C, N) is commonly used as a protective coating in the metal-cutting industry because of the combination of tough TiN and hard TiC characteristics [11,12]. Numerous studies [13,14,15,16] have shown that Ti (C, N) coatings exhibit low surface roughness and high hardness due to their fine-crystallized surface. Based on previous studies, the hardness of TiC- and TiN-based coatings produced by different methods (PACVD, PVD, and self-propagating high-temperature synthesis (SHS)) is approximately 30 GPa, while their elastic modulus is around 230 GPa. The temperature applied during the production of the samples was below 1000 °C in all cases. Tribological characteristics are crucial for evaluating the performance of cutting tools, and multiple studies have shown that Ti (C, N) coatings exhibit a lower wear rate. Ti (C, N)-coated tools have been reported to last twice as long as uncoated tools [17,18,19,20,21].



It is worth mentioning that TiN belongs to the interstitial compound group and crystallizes in the fcc B1-NaCl structure. TiN is stable throughout a wide composition range. Bulk materials have been observed with nitrogen to titanium ratios ranging from 0.6 to 1.16. Under-stoichiometric films (N/Ti < 1.0) have vacancies on the N-sublattice, while over-stoichiometric films (N/Ti > 1.0) have vacancies on the Ti-sublattice. TiC has almost the same crystal structure as TiN (B1-NaCl), but due to stronger covalent bonding, it has a higher hardness. Miscibility can occur between TiN and TiC, where nitrogen in the fcc structure can be freely replaced by carbon, forming a TiCxN1-x (0 ≤ x ≤ 1) solid solution. The steady variation in composition allows for the regular adjustment of coating properties [22].



The strong mechanical properties of TiN make it highly effective for use in a variety of applications. Additionally, TiN’s attractive golden color allows for wear detection and serves as a marketing argument. Thermal CVD deposition of TiN on cemented carbide tools, in particular, is a well-established procedure using the precursors TiCl4, N2, and H2. TiCl4 and N2 provide the elements which constitute the coatings, while H2 acts as a reduction agent. Argon is used as a carrier gas and to produce a total flow rate high enough to achieve the required mass fluxes and deposition rates. These films are typically stoichiometric, with minor chlorine incorporations. The coatings have a columnar microstructure and excellent adherence to cemented carbide [23,24]. The application of surface coatings allows for the production of components with specific tribological properties, such as low coefficients of friction, high wear resistance, or both. While the surface coating provides tribological functions, the bulk material can be selected based on characteristics such as stiffness, strength, or cost. Therefore, coating tools and machine components is a highly effective technique for increasing the lifetime and productivity of parts [25,26,27].



The tribological behavior of materials has been studied by many researchers using a variety of techniques, including ball-on-disc, ball-cratering, fretting, rubber-wheel abrasion, etc. A crucial factor to consider when choosing a tribological model test is the type of stresses that the investigated material systems will experience in industrial use. The aim of the present study is to investigate TiN/TiC-based coatings with steel and zirconium static counterparts. When low surface roughness of ceramic products is critical, such as in high-pressure pistons, selecting the right tool for precise size grinding is important. In such cases, the specimen is subjected to linearly alternating kinetic stresses during use and machining, which are best modeled using a pin-on-disc tribometer [28,29,30]. A ball-on-disc approach has been used by numerous authors to explore the wear behavior and wear rate of TiN and TiC coatings. Among them, researchers investigated the effect of sliding speed on the wear rate of TiN and TiC coatings at different linear speeds ranging from 5 to 30 cm/s (sometimes reaching up to 200 cm/s) against an Al2O3 ceramic ball and steel ball at different loads from 2.5 N up to 25 N, comparing the effects of the TiN and TiC coating layers on the wear performance of the cermet (which is used as a cutting tool insert). The cermet is a composite material made from ceramic and metal that can combine beneficial characteristics of both metals and ceramics, such as the capacity for plastic deformation and high temperature resistance and hardness. A carbide or oxide, such as WC, is bound to the metal with nickel, molybdenum, and cobalt typically being the metals used [31,32,33,34].



Moreover, researchers investigated the wear behavior of TiN and TiC coatings at high sliding speeds of about 200 cm/s with a normal load of 10 N and sliding distance up to 678 m against an SiC ball. They also tested the wear behavior of TiN (N-rich) and TiC (C-rich) coatings with a sliding speed of 20 cm/s, a normal load of 2.5 N, and a sliding distance of about 1000 m, using a traditional ball-on-disc tribometer to compare the tribological behaviors of TiN and TiC coatings against steel and alumina balls at two distinct contact loads of about 1 N to 5 N, and three different sliding speeds of 0.1, 0.3, and 0.5 m/s.



Although the CVD deposition of TiN and TiC is widely known, most studies focus on the growth of the coatings, mechanical characteristics, or tribological behavior. However, only a few consider the investigation of the tribological behavior of the coatings against different materials and investigate the effects of these results on the coating morphology and the resultant mechanical properties [35,36,37,38].



Typically, sliding tests to determine the wear rate, wear behavior, and coefficient of friction of TiN and TiC coatings are generally performed using balls made of alumina or steel. However, there are no investigation studies on the wear behavior of the coatings using a zirconia (ZrO2) ball.



The goal of this study is to investigate the tribological properties of two-layer coatings (TiC and TiN) created with various manufacturing parameters. Both sample preparations used WC–Co cermet as the substrate. To compare the wear mechanisms, steel and zirconia counterparts were used. The tests aimed to demonstrate that, in many cases, zirconia is preferred over steel due to its higher hardness and better wear resistance. Studying the wear and friction properties of zirconium is crucial for the ceramic industry, especially in areas that require precise fit and low surface roughness, such as medical applications, pistons, and grinding equipment.




2. Materials and Methods


2.1. Materials


The coatings have been produced by thermal CVD in an industrial reactor (Büttner Ltd., Nagyatád, Hungary) using the manufacturing parameters shown in Table 1. The process was performed using the precursors titanium–tetrachloride (TiCl4), nitrogen (N2), hydrogen (H2) and argon (Ar), where WC–Co cermet (Voestalpine Eifeler GmbH, Düsseldorf, Germany) was used as a substrate. In the case of Sample A, a lower temperature and twice the pressure was applied compared to Sample B. The precursor gas flow rate (Standard Liters per Minute—SLM) was kept at nearly the same value, and the TiC layer was produced under identical conditions for both samples.



The microstructure of the coatings formed on identical substrates is shown in Figure 1. The red-marked image shows the backscattered electron images taken from the cross-sectional polished samples, where the layer thickness was measured. On the surface of Sample A (Figure 1a), TiN is present in a more crystallized form, while Sample B (Figure 1b) typically shows rounded shapes. The sharp crystals seen in Sample A may play an important role in terms of tribology, as they can remove material from the surface of the counterpart to a much greater extent.



The thicknesses of the different layers are summarized in Table 2. The values presented in the table represent the results of 5 parallel measurements. In both samples, the thickness of the TiC layer formed is nearly the same, but in the case of Sample A, the thickness of the top layer is twice as much as that of Sample B. Presumably, the applied pressure value is the reason why many sharp crystals are present on the surface, in greater thickness.



The elemental composition of the different coatings is summarized in Table 3. The measurements were performed on cross-sectional samples. The composition of the titanium-based coatings is nearly stoichiometric, with the Ti:C and Ti:N ratios being approximately 1:1 in each case.



Figure 2 illustrates the phase composition of the substrate and the coatings formed on it. Characteristic reflections of tungsten carbide and cobalt can be seen on the substrate. In the case of Sample B, the reflections of the deposited coating also appear, but with a much lower intensity than in the case of Sample A. As was also visible in the scanning electron microscope images, the TiN coating is present in a better crystallized form on the surface of Sample A, with characteristic reflections of this being much more intense.




2.2. Methods


Morphology was examined using a FEI/Thermo Fisher Apreo S scanning electron microscope (SEM, Brno, Czech Republic). The SEM observations were conducted under high-vacuum conditions with an accelerating voltage of 20.0 kV. To obtain the best resolution for back-scattered electron imaging, the samples were washed in an ultrasonic bath using ethanol and acetone. To prepare the cross-section, the samples were embedded in epoxy resin (NXMET XF40) and polished. The elemental compositions of the samples were determined using an EDAX Octane Elect Plus Energy Dispersive X-ray Analyzer (Ametek GmbH, Wiesbaden, Germany). The accelerating voltage was 20 kV and the data collection time was 180 s.



The microhardness test was performed on both the coated and uncoated (reference) samples and characterized by the Vickers microhardness (4.903 N, Wolpert 402 MVD, Fritz Müller GmbH, München, Germany) with a 0.2 kgf loading force. The hardness was recorded as an average of five readings for each specimen.



The X-ray diffraction (XRD) analyses of the samples were performed using a Philips PW 3710 diffractometer (PANanalytical B.V., Almelo, Netherlandsmanufacturer, city, state (only for USA and Canada), country). The measurement parameters were as follows: CuK radiation (50 kV, 40 mA), a speed of 0.02 2θ/s, a range of 10 to 70 degrees 2θ, and a curved graphite monochromator. The X’Pert Data Collector software (version 2.0e) was used to collect XRD pattern data. The High Score Plus 5.0 software was used to identify phases and to perform quantitative phase analysis using the Rietveld method. The crystalline phases were identified by comparing the XRD patterns with the 2021 Powder Diffraction Files (PDF-2 2021) from the International Centre of Diffraction Data (ICDD).



The tribological behavior was examined through dry-sliding experiments using an TRB3 type tribometer (Anton Paar GmbH, Buchs, Switzerland) in a ball-on-disc arrangement. The pin-on-disc tests were carried out in accordance with ASTM G99 [38] and ASTM G133 [39] standards. The coatings were tested against steel (Anton Paar GmbH, Buchs, Switzerland) 100Cr6 steel ball) and zirconia (Fritsch GmbH, Idar-Oberstein, Germany, zirconium oxide grinding ball) balls with diameters of 6 mm and 5 mm, respectively, at 25 °C in ambient air with a relative humidity of 46 ± 3%. The maximum sliding speed and normal load were kept constant at 15.71 cm/s and 20 N, respectively. The coefficient of friction in relation to sliding distance was recorded during the tests. Then, the wear track was cleaned with alcohol to remove loose wear debris, and the wear track was measured using a profilometer. To compare the wear resistance of the coatings, the wear volume (VP, mm3) values were calculated according to the standards above:


VP = (πh/6) [3D2/4 + h2],



(1)




where h is the height of the removed material from the ball (mm), and D is the diameter of the wear scar on the ball. The height of the material removed can be calculated as follows:


h = R − [R2 − (D2/4)1/2]



(2)




where R is the original ball radius (mm).



A modified scratch test was used to investigate the adhesion of the coatings. During the examination, an TRB3 type tribometer (Anton Paar GmbH, Buchs, Switzerland) was used with a total stroke length of 10 mm and a constant normal force of 5 N. The diamond indentation marks on the surface were evaluated using a scanning electron microscope. Additionally, the surface roughness parameters were determined using a Surtronic S128 (Taylor Hobson GmbH, Leicester, England). A thermal camera (Trotec GmbH, Heinsberg, Germany) with model Trotec XC300 was used to investigate the change in temperature during the tribology test against steel and zirconia balls.





3. Results


3.1. Vickers Hardness Analysis


The microhardness test is a well-established method used to evaluate the mechanical properties of hard CVD coatings. In terms of Vickers hardness, it is a critical property that affects the wear resistance and tool life of cutting tools. In Table 4, the results of the Vickers hardness test are presented for coated and uncoated samples, and it can be seen that the hardness value of the coated sample is significantly higher than that of the uncoated sample. This improvement in hardness is due to the CVD technique, which is aimed at improving the hardness of the coating layer. The increase in hardness from 1895 to more than 2460 demonstrates the effectiveness of the CVD technique in enhancing the mechanical properties of the coating layer. It is also important to note that the hardness values of the coated samples were influenced by the manufacturing conditions, specifically the pressure and temperature, as shown in Table 1. The difference in these conditions resulted in different hardness values between the two samples. So, higher deposition temperatures and pressures lead to harder coatings. This is because higher temperatures and pressures allow for more energetic and aggressive reactions between the precursor gases, leading to denser and more tightly bonded coatings.




3.2. Tribological Analysis of the TiN/TiC Coatings


The effect of sliding time on the coefficient of friction of CVD-coated samples against steel ball and zirconia ball is presented in Figure 3. The values shown on Figure 3 represent the displacement from the starting position of the static counterpart. The measurement was modeled as linearly alternating motion over a total distance of 10 mm. At the 0 mm position (µ = 0) the specimen is at maximum speed and its acceleration is zero, while at the +5 mm (µ value is positive) and −5 mm (µ is negative) positions, the counterpart’s speed is zero and its acceleration is maximum. If the coefficient of friction values obtained during the measurement are not symmetrical, it may indicate that the specimen and the counterpart were not properly parallel to each other, the surface of the sample was heterogeneous, or the surface roughness was uneven. The average COF and standard deviation values obtained during the measurement were indicated in the caption of Figure 3. The friction coefficient charts show that both samples exhibit similar behavior against the steel ball, with a slight initial increase in the friction coefficient attributed to the friction between the surface of the CVD-coated sample and the steel ball. Subsequently, the friction coefficient value stabilizes due to the stick and adhesion of steel on the sample surface, as confirmed by SEM which revealed high concentrations of iron and carbon. The blue line on Figure 3a,c indicates the section where the coefficient of friction value is high (µ ≈ 1), and then it becomes constant over time. In the case of Sample A, it took about 20 s (~3 m) to reach the stationary state, while in the case of Sample B, it took 60 s (~10 m) (Figure 3e). This difference is due to the fact that the coating on Sample A, which has well-crystallized, sharp grains, wore down the steel ball faster than the coating on Sample B.



The tribological behavior of CVD-coated samples under sliding conditions against the zirconia ball was investigated, and the results were compared to those obtained when using steel balls. The initial observation revealed that the behavior of the friction coefficient changed as a function of sliding time, which was different than when using steel balls. In addition, the coefficient of friction is observed to be lower in the case of zirconia balls, as shown in Figure 3b. However, as the sliding progressed, the friction coefficient slightly increased due to the detached particles during the wear not adhering to the surface as well as in the case of steel, but generating an abrasive effect between the two surfaces and wearing the surface. As shown in Figure 3d, the friction coefficient initially increased, then decreased significantly. This phenomenon is due to poorer adhesion and thickness of the coating in the case of Sample B; therefore, after about 2500 s (~400 m), the TiN coating completely wore off from the surface (marked with a green line on the graph where the coating detached from the surface). During the friction and wear mechanism, the zirconium ball also wore to the same extent, so the measurement continued between surfaces with low surface roughness, resulting in the lowest friction coefficient value in this case (µ ≈ 0.10). Figure 3f shows the secondary electron image of the polished surface of Sample B. It can be seen that the coating wore off of the surface, and traces of the polished parts of the WC particles can be observed.



These findings are significant as they provide insight into the influence of the type of ball used on the tribological test of coated CVD samples. The observed decrease in friction coefficient in the case of zirconia balls could be attributed to the differences in the properties of the balls. The slight increase in friction coefficient could be due to the formation of wear lines and surface roughening, which are common phenomena observed during sliding wear tests. The stability of the average values of the friction coefficient after the operation phase suggests that the coated TiN/TiC CVD samples were able to withstand the sliding conditions without significant degradation.



Also, its noteworthy that the heat generated from the frictional interaction between the surface of the CVD-coated samples and the zirconia ball was significantly lower than that produced during testing with the steel ball, as shown in Figure 4 which illustrates the temperature profiles of the CVD-coated samples captured via an infrared camera during the dry sliding test. This finding highlights the advantages of using a zirconia ball over a steel ball, as it generates lower heat during dry sliding tests.



Table 5 summarizes the results of dry sliding tests performed on CVD-coated samples using steel and zirconia balls, after sliding for a distance of 500 m. The results indicate that the wear values of the steel ball for Sample A and Sample B are approximately 6.08 × 107 µm3 and 5.05 × 107 µm3, respectively. In contrast, the wear volumes when using zirconia balls for samples are significantly smaller, at 1.55 × 105 µm3 and 1.85 × 105 µm3, respectively. This significant reduction in wear-volume loss between the results of zirconia and steel balls can be attributed to the high hardness of zirconia, which exceeds that of steel. Additionally, the SEM analysis indicated that zirconia balls do not adhere to the surface of the coated sample, resulting in less friction and heat generated during the motion of the test ball and sample surface.



It is worth noting that the variation in wear-volume loss values for coated samples is due to multiple reasons, with the most significant being the difference in preparation parameters, particularly pressure and temperature, as shown in Table 1. The hardness value of Sample A is 14% higher than that of Sample B, as shown in Table 4, and the thickness of the coating layers in Sample A is approximately 68% greater than that of Sample B. All of these factors contributed to reducing the wear rate of Sample B, which is approximately 16% less than that of Sample A against the steel ball and 17% less against the zirconia ball. These results provide valuable insights into the tribological behavior of coated CVD samples. Moreover, the use of zirconia balls in the tribological testing of CVD-coated samples may be more appropriate, as it provides more accurate and realistic results. The high hardness of zirconia makes it less prone to wear and tear, and it does not adhere to the surface of the coated sample, resulting in less friction and heat generation during the sliding process. Therefore, the use of zirconia balls can improve the accuracy and reliability of tribological testing results for CVD-coated samples [40].




3.3. Surface Morphology and Roughness Analysis


The current study investigated the tribological behavior of CVD-coated samples using both steel and zirconia balls, with the microstructural and compositional analysis conducted using EDS. Figure 5 shows the EDS line scan results of the coated samples after a tribological test at a sliding distance of 500 m, where the y-axis indicates the atomic percentage distribution and the x-axis shows the distance (the line analysis was performed along the red line shown in Figure 5 and Figure 6, using backscattered electron imaging). As previously shown, during tests with a steel counterpart, the steel adhered to the coating surface, so before the EDS tests it was removed with an 18 vol.% hydrochloric acid solution, and before the test, each sample was washed in an ultrasonic bath with ethanol.



The line scan analysis of Sample A after using steel and zirconia in Figure 5a shows that the coating area contains C, Ti and N, represented by the colors pink, yellow, and green, respectively. The wear traces start from 400 µm and continue to 800 µm, with the coating still present and no trace of the substrate (W) detected. The figure clearly shows that the amount of Ti and N decreased along the wear track, while the C content increased. This indicates that the top TiN layer wore off during the 500 m tribotest. A similar phenomenon was observed during the wear test of Sample A with zirconium oxide, although in this case only a narrow range of the top layer was worn off, as shown in Figure 5b around the 600 µm distance. The results demonstrate that the wear resistance of Sample A is excellent against both steel and zirconia.



The wear characteristics of Sample B were investigated against steel and zirconia balls, as shown in Figure 6a,b. During the tribological test with the steel counterpart, in the case of Sample B, both the TiN and TiC layers completely detached from the substrate surface in the vicinity of 300 µm sliding distance. The flake-like detachment indicates that the adhesion between the coated layer and the deposited steel was presumably greater than that between the substrate and the TiC coating. Along the wear track, the W atomic percentage in the substrate was nearly 50%.



In the tribological test with the zirconium counterpart, the TiN layer of the Sample B almost completely detached, while the TiC layer partially detached from the surface. This phenomenon was also supported by changes in the friction coefficient (Figure 3b,f). At a sliding distance of 400–600 µm, the blue color indicates the presence of the substrate.



As the TiC coating was not removed by the 500 m tribological test in the case of sample A, a 1550 m test was also conducted with a zirconium static counterpart. The changes in volume loss values measured after the 50 m, 150 m, 350 m, 750 m, and 1550 m wear tests are illustrated in Figure 7. The y-axis on the graph shows the natural logarithm of the volume loss, while the x-axis shows the natural logarithm of the sliding distance. It can be seen from the results that a significant amount of zirconium was detached from the contact surface of the ball after the 50 m wear test. This phenomenon can be attributed to the TiN layer containing numerous small crystals with sharp edges in this case. The wear amount sharply decreases up to 750 m, and then slightly increases between 750 and 1550 m. This phenomenon can be attributed to particles that detached from the contact surface of the static zirconia counterpart over a distance 800 m between the last two measurement points, which exerted an abrasive effect. As a result of these particles detaching, there was a slight increase in volume loss. In this case, the partial detachment of the TiC coating may have already started, and the abrasive wear processes of the particles present on the contact surface further wore down the zirconium ball.



After the 1550 m wear test, the results of the line scan analysis are shown in Figure 8. The wear track is visible between 200 µm and 1000 µm. The TiN and TiC layers were completely removed from the surface in the area of 800 µm, which is indicated by the presence of the blue color representing W.



Surface roughness is a significant factor that can affect the tribological properties of CVD coatings, including their wear resistance and friction coefficient. The results presented in Table 6 provide important insights into the impact of using steel and zirconia balls in tribological testing of CVD-coated samples. In the case of Samples A and B, the average surface roughness value increased in each case following the wear tests. As for sample A, a slight increase was observed after the wear tests, especially in relation to the tests conducted with the zirconium counterpart. This phenomenon suggests that the small, hard particles detached from the zirconium dug deeper grooves into the surface, despite the TiC coating not detaching from the substrate. A similar phenomenon was observed in the case of Sample B, with the difference that, following the tests conducted with the steel counterpart, the Ra and Rz values were higher, which can be attributed to the coating peeling off in a scale-like manner. The Rp/Rz value of each starting sample was less than 0.5, which indicates a tribologically favorable surface. This value increased as a result of the wear tests, meaning that the surface became more rough and defined by rough peaks.



Furthermore, Table 6 demonstrates that the surface roughness of Sample A against zirconia increased to 0.73 after a sliding distance of 1550 m. These results indicate that there is a positive correlation between sliding distance and surface roughness, suggesting that TiN and TiC coatings did not necessarily delaminate from the surface in a homogeneous manner.




3.4. Adhesion Test of the Coatings


In the scratch test, a non-standard method was used to investigate the adhesion of the coatings. During the measurement, the normal compressive force was kept constant at 5 N, and the total scratch length was 10 mm. The evaluation of the results was based on SEM micrographs (Figure 9).



For Sample A, the coating chipped along the scratch line, and irregular edges were observed around the pressure channel. However, for Sample B, such significant material removals were not observed. The coating did not separate from the surface, but rather smeared. Based on previous SEM and XRD results, it was observed that the coating on Sample A was present in a better crystallized form, with regular small crystals forming the coating. The results obtained from the scratch test indicate that the coating is more rigid, more brittle, and has lower fracture toughness. Kupstov et al. [21] observed a similar phenomenon during the standard scratch test of TiCN-based coatings. TiAlSiCN and TiCrSiCN layers produced by SHS method exhibited similar rigid and brittle behavior. Despite the fact that during the scratch test, the coating on Sample A was removed to a greater extent, the sample with better-crystallized, thicker coating exhibited better tribological properties.





4. Conclusions


During the examination, TiN and TiC coatings produced with different manufacturing parameters were tested for tribological wear resistance using steel and zirconium counterparts. Based on the tests, it can be concluded that it is advisable to use a zirconium counterpart even for coatings with different layer thicknesses and hardnesses in the pin-on-disc method. The coefficient of friction test proved that steel adheres to the surface during the first 20–60 s of the test, making it unsuitable for wear tests of CVD coatings.



Using a zirconium oxide static counterpart, the wear and friction behavior of TiN/TiC coatings can be excellently tracked in linear tribological model experiments. By examining the fluctuation in coefficient of friction values, it is possible to monitor when multilayer coatings start to peel off. When a steel counterpart is used, a stationary state is reached after a certain period of time. The tribological investigation of zirconia-based counterparts and CVD-coated specimens can provide valuable results for processing ceramic products, as it is important in this case that the TiN and TiC layers are present in a regular, well-crystalized form with the appropriate thickness. Another important consideration when processing similar material systems is the heating of components, which can also be overcome by using zirconium. Surface roughness and scratch test examinations have demonstrated that, despite the rigid and brittle nature of TiN/TiC layer, it exhibits advantageous tribological properties.
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Figure 1. Surface morphology and cross-sectional images of the coated samples: (a) Sample A; (b) Sample B. 
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Figure 2. Phase composition of the substrate and the coated samples. 
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Figure 3. Fluctuation of coefficient of friction values as a function of sliding time (the linear speed of the static counterpart was 0.1571 m/s): (a) Sample A against steel ball (µav = 0.027; sd = 0.509); (b) Sample A against ZrO2 static partner (µav = 0.002; sd = 0.154); (c) Sample B against steel (µav = 0.010; sd = 0.358); (d) Sample B against zirconia (µav = 0.009; sd = 0.108), and the surface morphology of Sample A after tribological test against steel (e), and zirconia (f). 
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Figure 4. Temperature profiles of CVD-coated specimens during dry sliding by Infrared camera: (a) against zirconia ball, (b) against steel ball; where number 1 denotes the sample holder, number 2 and number 3 shows the static and the sample, respectively. 
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Figure 5. Distribution of the elements among the wear track: (a) Sample A against steel; (b) Sample A against zirconia, where Ti is marked in yellow, N in green, and C in pink. 
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Figure 6. Elemental distribution after sliding test: (a) Sample B against steel; (b) Sample B against ZrO2, where Ti is marked in yellow, N in green, C in pink, and W in blue. 
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Figure 7. Wear rate of the zirconia ball as a function of sliding distance. 
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Figure 8. Elemental distribution of the wear track of Sample A after 1550 m sliding test, where Ti is marked in yellow, N in green, C in pink, and W in blue. 
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Figure 9. Pressure channel formed after scratch test: (a) Sample A; (b) Sample B. 
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Table 1. The manufacturing parameters for preparation of the samples used in present study.
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Sample

	
Layers

	
Time (h)

	
Temperature (°C)

	
Pressure (mbar)

	
SLM H2

	
SLM CH4

	
SLM N2

	
SLM TCl4






	
A

	
TiN

	
3.0

	
980

	
100

	
4.10

	

	
4.1

	
8.20




	
TiC

	
2.0

	
1000

	
80

	
9.24

	
1.0

	

	
8.22




	
B

	
TiN

	
3.0

	
1020

	
50

	
3.50

	

	
4.5

	
8.00




	
TiC

	
2.0

	
1000

	
80

	
9.24

	
1.0

	

	
8.22
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Table 2. Coating thickness of the samples.
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	Layers Thickness (µm)
	TiC
	TiN
	Total





	A
	1.6 ± 0.1
	3.2 ± 0.3
	4.8 ± 0.3



	B
	1.3 ± 0.1
	1.6 ± 0.1
	2.9 ± 0.2
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Table 3. The elemental composition (At. %) of the substrate and the CVD-coated samples.
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Sample

	
Ti

	
N

	
C

	
W

	
Co






	
Substrate

	
-

	
-

	
-

	
78.0 ± 2.7

	
22.0 ± 1.3




	
A

	
Layer 1

	
51.7 ± 5.5

	
48.3 ± 4.8

	
-

	
-

	
-




	
Layer 2

	
52.3 ± 4.3

	
-

	
45.6 ± 1.2

	
-

	
2.1 ± 0.2




	
B

	
Layer 1

	
45.1 ± 4.0

	
54.9 ± 4.6

	
-

	
-

	
-




	
Layer 2

	
55.8 ± 4.6

	
-

	
44.2 ± 0.9

	
-

	
-
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Table 4. Vickers microhardness of the coatings and the substrate.






Table 4. Vickers microhardness of the coatings and the substrate.





	HV 0.2
	A
	B
	WC–Co





	AV
	2461
	2158
	1895



	SD
	327
	313
	791
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Table 5. Volume loss of the steel and zirconia balls after sliding test.
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	Sample
	D (mm)
	h (mm)
	VP (µm3)





	Sample A against steel
	1.648
	0.057
	6.08 × 107



	Sample A against ZrO2
	0.397
	0.003
	1.85 × 105



	Sample B against steel
	1.572
	0.052
	5.05 × 107



	Sample B against ZrO2
	0.363
	0.003
	1.55 × 105
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Table 6. Changes in surface roughness values following wear tests.
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	Sample
	Ra [µm]
	Rz [µm]
	Rp [µm]
	Rp/Rz





	Sample A
	0.19
	1.74
	0.84
	0.48



	Sample B
	0.15
	1.65
	0.81
	0.49



	Sample A against steel
	0.29
	2.41
	1.23
	0.51



	Sample A against ZrO2
	0.42
	2.58
	1.37
	0.53



	Sample B against steel
	0.40
	2.55
	1.28
	0.50



	Sample B against ZrO2
	0.35
	3.06
	1.57
	0.51



	Sample A against ZrO2 after 1550 m
	0.73
	4.57
	2.39
	0.52
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