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Abstract

:

Ta–B–C coatings were non-reactively sputter-deposited in an industrial batch coater from a single segmented rotating cylindrical cathode employing a combinatorial approach. The chemical composition, morphology, microstructure, mechanical properties, and fracture resistance of the coatings were investigated. Their mechanical properties were linked to their microstructure and phase composition. Coatings placed stationary in front of the racetrack of the target and those performing a 1-axis rotation around the substrate carousel are compared. Utilization of the substrate rotation has no significant effect on the chemical composition of the coatings deposited at the same position compared to the cathode. Whereas the morphology of coatings with corresponding chemical composition is similar for stationary as well as rotating samples, the rotating coatings exhibit a distinct multilayered structure with a repetition period in the range of nanometers despite utilizing a non-reactive process and a single sputter source. All the coatings are either amorphous, nanocomposite or nanocrystalline depending on their chemical composition. The presence of TaC, TaB, and/or TaB   2   phases is identified. The crystallite size is typically less than 5 nm. The highest hardness of the coatings is associated with the presence of larger grains in a nanocomposite structure or formation of polycrystalline coatings. The number, density, and length of cracks observed after high-load indentation is on par with current optimized commercially available protective coatings.
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1. Introduction


The ever-increasing demands placed on modern machining for speed, precision, ecology, and cost have led to the continuous evolution of traditional coatings as well as the development of entirely new coating materials for the protection of cutting, milling, and forming tools. Traditional hard protective coatings are often ceramics—cubic phases of TiN, CrN, AlN, and their combinations nowadays constitute the majority of industrially deposited protective coatings [1,2,3]. Such coatings exhibit high hardness or even superhardness combined with low wear; however, brittleness is their common drawback [4,5,6]. Once a crack is formed, it spreads easily leading to premature failure of the coating and of the coated tool itself. Although inherent brittleness of a coating can be partially mitigated by their selective alloying or by preparing these materials in a nanocomposite or a nanolayered structure [7,8,9,10], the next-generation of coating materials combining high hardness, fracture resistance, and low wear needs to be developed for the most demanding applications of the current and future industry.



Crystalline Mo   2  BC was introduced in 2009 as a new type of coating material simultaneously exhibiting high hardness and moderate ductility implying good fracture resistance [11]. Deposition of crystalline Mo   2  BC was reported at the temperature of 900 °C using direct current magnetron sputtering [11]. Employing High Power Impulse Magnetron Sputtering (HiPIMS) led to a decrease in the synthesis temperature of crystalline Mo   2  BC as low as 380 °C [12]. Later, an ab-initio modeling of similar materials was performed and it was reported that crystalline Ta   2  BC and W   2  BC in particular are also promising candidates for experimental synthesis owing to their calculated elastic properties indicating their simultaneous high stiffness and moderate ductility [13]. Although experimental studies of coating systems like Ti–B–C [14,15,16,17,18,19,20], Ta–B–C [21], Nb–B–C [22], and W–B–C [19,23,24,25,26,27,28] potentially leading to the formation of the X   2  BC crystalline structure have been published, no formation of the ternary crystalline X   2  BC phase other than Mo   2  BC has ever been reported [11,13].



Ta   2  BC is one of the most promising, as of yet, unsynthesized coatings from the X   2  BC family. Its bulk to shear modulus ratio was calculated to be 1.71, similar to that of Mo   2  BC [13]. Ta   2  BC also exhibits a positive value for the Cauchy pressure, 28 GPa [13]. Both criteria predict moderate ductility of the material, implying its enhanced fracture resistance. The ternary Ta–B–C system, apart from the crystalline Ta   2  BC phase, is also interesting for the properties of its binary compounds. Binary Ta–B coatings exhibit high hardness of ∼22–40 GPa together with good oxidation resistance at high temperatures [29,30]. Similarly, binary Ta–C systems exhibit high hardness (>20 GPa) and resistance to thermal shock, chemical attack, and oxidation [31,32,33].



A Ta–B–C coating was reported to have been prepared in a laboratory-scale system with planar magnetrons by simultaneous sputtering of Ta, B   4  C, and C targets [21]. The hardness of 28 GPa and the effective elastic modulus of 440 GPa were measured. The fracture resistance was qualitatively estimated from TEM images of the residual indentation impressions and the coatings have been found to show a favorable combination of high hardness and elastic modulus together with high fracture resistance [21].



The industrial preparation of coatings brings another level of complexity to the deposition process. To ensure sufficient coating uniformity when a large number of pieces are being coated in a single batch, industrial systems are typically equipped with multi-axis substrate rotation. The substrates typically move around and in front of a stationary source or sources of the thin-film forming species to uniformly coat complex objects [34]. Such geometry typically introduces the growth of a multilayered structure of the coating when multiple sources are used simultaneously, or reactive gases are introduced during the deposition [35,36,37]. Recently, the appearance of the multilayered structure of magnetron sputtered W–B–C coatings was even reported in non-reactive sputtering from a single cathode [26]. The layering in industrial conditions is often disregarded. However, it can be beneficial for many applications where a large number of interfaces can enhance the fracture resistance of the coating [38,39].



The present paper explores the possibilities for the preparation of Ta–B–C coatings in an industrial sputtering device employing a combinatorial approach, where a large industrial cathode with variable composition was used as the sputter source. The evolution of the chemical composition as a function of the sample position in the chamber is shown. The morphology, structure, the present crystalline phases, and the mechanical properties of the coatings are described. Similarities and differences between the samples deposited in a stationary position in front of the cathode racetrack and those performing a 1-axis rotation are shown and discussed. The mechanical properties, as well as the fracture resistance, were found to be on par with the protective coatings currently used in machining.




2. Experimental Setup


2.1. Sample Deposition


An industrial-scale deposition system provided by SHM, Šumperk, Czech Republic [1] was utilized for depositing the Ta–B–C coatings in this study. A sketch of the deposition chamber is shown in Figure 1. The internal dimensions of the high-vacuum chamber are 550 mm × 550 mm × 850 mm. The chamber contains a carousel with substrate holders capable of performing single-axis rotation around the center of the carousel. A single segmented rotating cylindrical sputter source was placed in the chamber door. The target was composed of tantalum, graphite, and B   4  C ring segments placed on top of each other, creating a uniform cylindrical target. Two different targets setups shown in Figure 2 were used. The number and the location of the different segments were varied between these two setups to achieve different coating compositions along the height of the segmented target. The vacuum was sustained by a Pffeifer TMH 1201 P turbomolecular pump backed by an Edwards E2M40 rotary oil pump (Edwards, Burgess Hill, UK). The base pressure before the deposition process was measured by a Pffeifer IKR 251 ionization vacuum gauge (Pfeiffer Vacuum, Aßlar, Germany). The deposition pressure was measured by an MKS Baratron 627BX capacity vacuum gauge (MKS Instruments, Andover, MA, USA). Argon was dosed via MKS mass flow gauge (MKS Instruments, Andover, MA, USA).



AISI 304 stainless steel and silicon (100) substrates were ultrasonically cleaned in degreasing agents for 5 min. The samples were placed vertically onto the substrate holder parallel to the cathode as is shown in Figure 2. Two sets of samples were prepared in dedicated deposition processes for each target setup. One set of samples was placed in a stationary position 10 cm from the surface of the target facing the racetrack. The other set of samples was performing a 1-axis rotation at a rate of 5 rpm facing the target as it was passing it. Prior to the deposition process, the chamber was evacuated to a base pressure lower than 5 ×  10  − 3    Pa when the chamber was heated to the deposition process temperature of 550 °C. Argon was then introduced into the chamber, and argon ion etching of the substrates was performed utilizing a remote arc ionization source to clean the surface of substrates biased to −300 V. During the ion-etching step, the power delivered to the shuttered target was ramped to 10 kW for 15 min, and the target was sputter-cleaned. The shutter was opened at the start of the deposition, and the bias voltage was set to −100 V. The depositions were carried out at an argon pressure of 0.44 Pa corresponding to the argon flow of 48 sccm. The deposition time varied according to the required thickness of the coating of at least 1 µm in each case. After the deposition, the power applied to the target, the bias, the argon flow, and the heating were turned off, and the samples were left to cool down in vacuum over night.




2.2. Sample Characterization


The chemical composition of the coatings was determined by energy-dispersive X-ray spectroscopy (EDX) using an Oxford Instruments X-MAX   50   detector (Oxford Instruments, Abingdon-on-Thames, UK) attached to a Tescan MIRA 3 scanning electron microscope (SEM, Tescan, Brno, Czech Republic) that was also utilized for SEM imaging. The spectra were acquired from a 50 µm × 50 µm area of the coating surface using an electron beam at an accelerating voltage of 8 kV. The elemental composition was then quantified by the AZtec software (Version 4.2, Oxford Instruments, Abingdon-on-Thames, UK) using the implemented internal library of standards. Although EDX suffers from a low boron signal and overestimation of the carbon by as much as several percent, the trends in the chemical composition are in accordance with the target setup and positions of the different segments.



In order to acquire information on the microstructure of the coatings, transmission electron microscopy (TEM) analysis was carried out including high-resolution TEM (HR-TEM) and selected area electron diffraction (SAED) using a C   s   corrected Thermo Fisher Themis TEM (Thermo Fisher Scientific, Waltham, MA, USA) at 200 kV accelerating voltage (point resolution was 0.08 nm). The specimens were prepared by Ar ion beam milling using Technoorg Linda equipment. The thinning procedure was finished at low-energy of 300 eV to minimize possible ion beam damage.



The microstructure of the coatings was further studied by X-ray diffraction (XRD) using a Rigaku SmartLab Type F X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) in a Bragg–Brentano configuration with a 3 kW copper K α  X-ray source. The size of crystallites was calculated using the Scherrer equation attributing the peak broadening only to the crystallite size [40].



Hysitron TI 950 TriboIndenter (Bruker, Billerica, MA, USA) with a diamond Berkovich tip was used to evaluate the hardness and effective elastic modulus of the coatings on steel substrates. Sixteen quasistatic indentation tests with 20 segments of partial unloading per each test with a maximum load of 11 mN were performed for each analytical spot on the sample. Four analytical spots were located equidistantly on every sample. The maximum indentation depth was always <1/10 of film thickness to avoid any substrate effect. The calculation method proposed by Oliver and Pharr [41] was performed to process the load-displacement curves in order to determine the hardness and the effective elastic modulus. The effective elastic modulus was calculated from the known material parameters of the diamond indenter and the measured reduced elastic modulus. It can be expressed as   E eff   = E/(  1 −  ν 2   ) where  ν  is the Poisson’s ratio of the coating and E is its Young’s modulus. An additional high-load test with a maximum load of 1 N was performed on selected samples to study the residual indenter impressions on the coating for evaluation of the coating fracture resistance.



The residual stress in the coatings was determined from the curvature radius of the silicon samples, the thickness of the coatings, and the parameters of the silicon (100) substrate using the Stoney equation [42] by the method described in detail [43]. The measurement of the curvature radius was performed using a Bruker DektakXT profilometer (Bruker, Billerica, MA, USA) along the horizontal axis of silicon samples. The radius measurement and the nanoindentation tests were performed several weeks after the deposition to allow for the partial relaxation of the stress generated during the deposition or during the cool-down phase after the deposition to a steady-state value.



A LEXT OLS4000 3D laser confocal microscope (Olympus, Tokyo, Japan) was used for analysis of the surface roughness on selected samples. The roughness profile was measured along four lines with 400 µm evaluation length in close vicinity to the indentation areas and with the roughness/waviness cut-off wavelength set to 80 µm. The average roughness value (  R a  ) was selected to evaluate the sample roughness.



All coating analyses were performed with sufficient spatial resolution to account for the gradient of the chemical composition of the coatings. The analytical sites were selected on the vertical central axis of samples 10 mm apart.





3. Results and Discussion


3.1. Chemical Composition and Deposition Rate


The samples were prepared in the two different target setups previously shown in Figure 1. Setup 1 had two tantalum segments placed symmetrically around the middle of the target that was designated as the coordinate 0. Boron carbide segments were placed on the top part of the target (i.e., positive vertical coordinates), and carbon segments were predominantly placed on the bottom part of the target (i.e., negative vertical coordinates). Therefore, this setup was designed to achieve stable relative tantalum concentration in the coatings and to study the effect of the boron to carbon ratio. On the other hand, setup 2 concentrated most of the tantalum segments at the bottom of the target, while the boron carbide and carbon segments were more evenly distributed along the target height. The tantalum concentration in the coatings was expected to vary significantly.



The chemical composition of the deposited coatings as a function of the vertical coordinate is shown in the four graphs in Figure 3. The color of the background shows the type of the target segment at the corresponding position—black for carbon graphite, blue for tantalum, and red for boron carbide. The first row of graphs shows the chemical composition of the samples prepared with the sputtered target assembled in Setup 1, the second row those in Setup 2. The first column shows results for samples placed stationary in front of the target racetrack, and the second column shows the results for the samples performing the 1-axis rotation around the carousel center. Samples prepared in Setup 1 in the stationary position in front of the target exhibited a carbon content decrease with the vertical position from ∼70 to ∼30 at.%. The boron content increased from ∼10 to ∼55 at.% and the tantalum content stayed within the range of ∼15 to ∼30 at.%. Samples performing the 1-axis rotation showed the same trend and nearly the same composition at the corresponding vertical position. Samples prepared in Setup 2 in the stationary position in front of the target exhibited carbon content increase with the vertical position from ∼30 to ∼50 at.%. The boron content increased from ∼25 to ∼45 at.% and tantalum content decreased from ∼40 to ∼10 at.%. No significant difference, between the chemical composition of the stationary samples and the samples performing the 1-axis rotation deposited at the same vertical position, was observed.



The chemical composition of all the deposited samples can be clearly visualized in the ternary diagram shown in Figure 4. The deposited coatings cover a composition space area of 13–45 at.% of tantalum, 14–52 at.% of boron and 32–68 at.% of carbon.



The deposition rate is always the highest for coatings deposited in the vertical center of the target in position 0, and it decreases to approximately 70% of the maximum deposition at vertical positions of +150 and −150 mm corresponding to the racetrack edges. The deposition rate differs for the stationary coatings and those performing the 1-axis rotation. The deposition rate in the center of the target is approximately 200 nm/min for coatings placed stationary in front of the target in both target setups. When the 1-axis rotation is utilized, the deposition rate drops by a factor of 8 along the whole height of the target. This resulted in a deposition rate of approximately 25 nm/min for the rotating coatings placed at the target center. The deposition times were set to deposit coating with the minimum thickness of 3 µm on steel substrate and 1 µm on the silicon substrate.




3.2. Morphology and Structure


Typical SEM images of the surface morphology and corresponding unpolished broken cross-sections of coatings with distinctly different compositions prepared on the Si (100) substrates are shown in Figure 5 and Figure 6 for stationary samples and for samples performing the 1-axis rotation, respectively. The surface of the stationary samples shown in Figure 5 was relatively smooth with no significant features. The samples performing the 1-axis rotation during the deposition shown in Figure 6 exhibited similar surface morphology to their stationary counterparts. The cross-sections show the fine columnar structure of the coatings. However, the columns are thicker and more pronounced. Coatings with the lowest tantalum content, deposited both in the stationary position and performing the 1-axis rotation, were more fragile during the breakage, and no clean fracture surface was obtained as can be seen in the bottom right cross-section images in Figure 5 and Figure 6.



The TEM image of the rotating sample shown in Figure 7 reveals the presence of lighter and darker layers horizontally arranged with a repetition period of ∼7 nm. The vertical lighter column was caused by the surface asperities of the silicon sample after intense argon ion cleaning. This repetition period of the horizontal layers corresponds to the time of one rotation of the samples around the carousel. Formation of similar multilayers in a similar industrial deposition configuration has been recently reported and explained by the different transport routes of lighter and heavier elements sputtered from the target [26].



X-ray diffractograms of representative coatings for stationary samples and rotating samples are shown on the left side of Figure 8a,b, respectively. Most of the diffractograms exhibited crystalline peaks, and the present crystalline phases were identified. The presence of the crystalline phases in the studied coatings is summarized in Figure 8 in the ternary diagrams. The microstructure of the samples prepared in the stationary position facing the target racetrack is shown in Figure 8a and that of the samples performing the 1-axis rotation in Figure 8b. TaC, TaB, and TaB   2   phases were found in the deposited coatings. The reference positions of the diffraction peaks are marked by vertical lines and the presence of each phase in the ternary diagrams in Figure 8 is marked by a dedicated symbol. If more than one symbol is shown at the same point in Figure 8, more than one crystalline phase was present in the corresponding coating. The presence of the Ta   2  BC phase was not proved [13]. The presence of the different crystalline phases is in accordance with the chemical composition of the corresponding samples. The TaB   2   phase is observed when the boron content is ≳25 at.%, and the coatings exhibit only a single crystalline phase if the boron content is ≳50 at.%. An example of the measured diffraction patterns exhibiting only the TaB   2   diffraction peaks (PDF card no. 00-038-1462) is shown as the top diffraction patterns on the left side of Figure 8a,b. The TaC phase is observed if the boron content is ≲40 at.% irrespective of the actual carbon content. When the carbon content is ≳45 at.%, TaC is the only crystalline phase observed. Examples of the measured diffraction patterns exhibiting only the TaC diffraction peaks (PDF card No. 00-035-0801) are shown as the two diffraction patterns at the very bottom of Figure 8a,b. The TaB phase is never found to be existing as the only crystalline phase in the coatings. It is formed only if the boron content is in the range of ∼40–50 at.%. It never exhibits dominant crystalline peaks and is only observed as an asymmetric broadening of the (101) and (001) peaks of the TaB   2   phase at diffraction angles corresponding to the positions of the (021), (111) and (110) peaks of the TaB phase (PDF card no. 00-035-0815). Positions of these three peaks are shown by green vertical lines in the diffraction patterns in Figure 8a,b. When the samples contained ∼40 at.% of boron, 10–25 at.% of tantalum and 40–50 at.% of carbon, they were X-ray amorphous. This can be seen in the center diffraction patterns in Figure 8a,b. However, the formation of short-range ordered structures in the X-ray amorphous coating such as those seen in the case of WBC coatings is possible [23,25]. There was no significant difference between samples of similar composition that were prepared in the stationary position and those performing the 1-axis rotation.



The crystallite sizes calculated from all the diffraction peaks allowing for reliable fitting are plotted in Figure 9 as a function of the vertical position. The crystallite sizes of the different phases found in samples prepared in Setup 1 shown in Figure 9 were always ≲6 nm. The crystallite sizes were the highest for the TaC phase reaching ∼6 nm, and they were typically ∼2 nm for the TaB   2   phase. Such crystallite sizes are on the lower resolution limit of the measurement method, and an error of ±2 nm has to be considered. Where more than one diffraction peak allows for a reliable fitting, as is the case for the TaB   2   phase, the crystallite sizes calculated from different diffraction peaks are similar. There was also no appreciable difference between the crystallite sizes for the same phase in samples prepared in the stationary position in front of the target and those performing the 1-axis rotation. Crystallite sizes of up to ∼14 nm for the TaC phase were reached in the samples prepared in Setup 2. The vertical position where the maximum crystallite size was reached is shifted between the stationary and rotating samples by ∼50 mm. The crystallite sizes rapidly decreased with the increasing vertical position after reaching their maximum size and samples prepared at positions ≳25 mm were amorphous.



The most intensive diffraction peaks in the diffraction patterns in every coating also yield the largest crystallite size. These maximum crystallite sizes are plotted in the ternary diagram in Figure 10. High boron concentration is unfavorable for the growth of large grains and samples with boron content ≳35 at.% exhibit grains smaller than 3 nm or are amorphous. Larger grains are generally observed when only the TaC phase is present. This indicates that simultaneous competitive growth of the TaC and TaB phases impedes the grain growth of the TaC phase [44]. The largest grain size is achieved for coatings with similar composition for stationary as well as rotating substrates.



The TEM images of representative samples are shown in Figure 11. Figure 11a shows a stationary placed sample with 25 at.% of Ta, 38 at.% of B and 37 at.% of C. This composition places the sample at the intersection of the two deposition setups, where the XRD analysis revealed the simultaneous presence of the crystalline TaC, TaB, and TaB   2   phases. The TEM images reveal that the sample was predominantly nanocrystalline with little to no amorphous phase. The grain size is <5 nm. The selected electron diffraction pattern (SAED) shown in the inset of the image reveals diffuse diffraction rings and with several bright segments of rings in the SAED pattern. The latter features indicate texture in the film. They correspond to an FCC crystalline phase with the interplanar distance 4.48 Å. This can be attributed to the TaC phase. An inverse FFT of the image together with the measured SAED pattern also suggest the presence of other phases; that, however, cannot be precisely identified. Figure 11b shows a stationary placed sample with 33 at.% of Ta, 33 at.% of B, and 34 at.% of C lying in the composition area, where only the TaC phase was detected by the XRD analysis. The TEM image shows that the coating was also predominantly nanocrystalline with ∼2–3 nm grain size. The electron diffraction shows an FCC structure of the present crystalline phase with the interplanar distance of 4.46 Å and a strong 111 texture. The presence of the TaC phase was identified. The dark field images with the corresponding bright-field image reveal that the grains formed a columnar structure with columns being arranged in the growth direction and with a thickness of ∼10 nm. The individual columns penetrate several layers. According to Structure Zone Models, such texture may form as a result of nucleation rather than coalescence at such relatively low growth temperatures [45]. Figure 11c shows a rotating sample with 29 at.% of Ta, 36 at.% of B and 35 at.% of C. The XRD analysis revealed the presence of TaC and TaB   2   crystalline phases. The TEM image shows that the coating was predominantly nanocrystalline with a grain size of ∼2–3 nm. The selected area electron diffraction shows a crystalline phase with the FCC structure and an interplanar distance of 4.46 Å and weak 111 texture. The hexagonal TaB   2   phase is not visible in this image.




3.3. Mechanical Properties


The mechanical properties and the stress of the coatings studied are shown in Figure 12, Figure 13 and Figure 14. The hardness of the deposited coatings is plotted in the ternary diagram in Figure 12. The average error in hardness measurement is ±5 GPa due to high roughness of the coatings on the stainless steel substrates, especially those deposited in the stationary position. The average roughness of the samples was in the range of 45–80 nm for most samples and even ∼200 nm for coatings close to Ta   41  B   25  C   34  . The roughness was higher than that of the ion-cleaned substrate of 25 nm, as is typical for coatings grown at lower temperatures compared to their melting temperature and at high deposition rates [46].



Depending on the chemical composition, the hardness reached values of 15–30 GPa. No systematic difference between coatings with the corresponding composition deposited in the stationary position and rotating samples is observed. The effective elastic modulus is plotted in Figure 13. The average error of the effective elastic modulus measurement was ±50 GPa because of the sample roughness. The effective elastic modulus reached values of 150–450 GPa depending on the chemical composition of the coatings. The coatings prepared employing the 1-axis rotation generally showed slightly higher effective elastic modulus compared to their stationary counterparts. The residual stress calculated from the silicon strip curvature ranges from ∼−1 to ∼−9 GPa, and it is plotted in Figure 14. The residual stress is always compressive. The deposition process onto silicon strips had to be shortened as longer deposition times led to the disintegration of the silicon substrates during the deposition. Coatings on silicon ≲500 nm thick were typically analyzed.



Two areas of composition where the coatings reach the highest measured hardness and effective elastic modulus and one area of low hardness and effective elastic modulus were observed in Figure 12 for stationary as well as rotating coatings. The first area of high hardness and high elastic modulus is observed for coatings with the highest tantalum content of ∼45 at.%. The hardness can be explained by the low amount of boron and the similar content of tantalum and carbon. These conditions favor the formation of the TaC phase with grains ordered into coherently diffracting zones with the size of 10–16 nm. The composition suggests the formation of near-stoichiometric crystallites together with the formation of low amounts of an amorphous matrix. Such a nanocomposite structure is favorable for achieving high hardness of the coating [47,48]. The measured hardness of 25–30 GPa is indeed in agreement with the hardness of 25–35 GPa reported for nanocomposite tantalum carbide thin films with grains close to stoichiometry [31], and it is significantly higher than that of bulk tantalum carbide with a hardness of only 15–19 GPa [49]. This area also exhibits the highest compressive stress of ∼−9 GPa. The coatings exhibit an effective elastic modulus of 300–400 GPa corresponding to the moduli measured in the range of 250–400 GPa reported for nanocomposite TaC coatings [31].



The second area of high hardness and high elastic modulus is observed at the intersection of both setups with ∼25 at.% of tantalum, ∼40 at.% of boron, and ∼35 at.% of carbon. All the crystalline phases—TaC, TaB, and TaB   2  —are present in this area. Based on the XRD patterns, the composition, and the TEM imaging, it can be seen that, although the individual grains are small, the coatings exhibit a high degree of crystallinity with only a negligible volume of any amorphous phase. The measured hardness corresponds to that measured for tantalum carbide coatings of 25–35 GPa [31,50] and nanocomposite tantalum diboride coatings with a hardness of 30–40 GPa [30]. The second area at the intersection of the two deposition lines also exhibits higher compressive stress of ∼−3 GPa. The effective elastic modulus of 300–400 GPa is higher than 200–250 GPa reported for nanocomposite TaB   2   coatings [30] and much lower than 500–600 GPa reported for bulk polycrystalline TaB   2   [39,51]. It is comparable to the elastic modulus reported for nanocomposite TaC coatings of 250–400 GPa [31].



The high carbon content of ≳45 at.% led to the low hardness of the coatings within the range of 15–20 GPa and a low effective elastic modulus in the range of 150–300 GPa. This is true for purely amorphous coatings as well as for coatings containing the TaC crystalline phase with crystallite size of ∼4 nm. Amorphous coatings generally show lower hardness compared to corresponding nanostructured coatings [52]. Even when a crystalline phase is formed, certain grain size and the ratio of the amount of the crystalline grains to the possible amorphous matrix is required for achieving high hardness. The grains need to be generally in the range of 10–20 nm due to an effect similar to the Hall–Petch effect in polycrystalline materials to contribute to nanocomposite hardening, and the grains need to be separated by only one or a few atomic layers of the matrix to achieve the maximum hardness [47,53,54]. In our case, the chemical composition together with the observed XRD patterns suggest the presence of grains with the size of only ∼2–4 nm together with a high volume of the amorphous matrix and a wide grain separation [25,48,55]. This structure favors grain sliding and the occurrence of the inverse Hall–Petch effect [56] resulting in coatings with low hardness. These coatings also exhibit the lowest stress with its absolute value of ≲2 GPa. The hardness of the amorphous samples corresponds to hardness reported for amorphous boron carbide coatings [57,58]. The hardness of the carbon-rich samples where the TaC phase was detected is much lower compared to nanocomposite tantalum carbide coatings 25–35 GPa [31]. It is closer to that of amorphous sputtered carbon coatings with the hardness of 10–15 GPa [59]. The carbon-rich coatings also exhibit low stress with its absolute value of ≲2.5 GPa. The measured elastic modulus of 150–300 GPa of the amorphous samples corresponds to that of 150–250 GPa reported for sputtered amorphous boron carbide coatings [57,58]. The elastic modulus of the carbon-rich samples where the TaC phase was detected is in the range of 140–270 GPa. This is lower compared to nanocomposite tantalum carbide that exhibits the elastic modulus in the range of 240–470 GPa [31,50]. It is, however, comparable to the elastic modulus of amorphous carbon coatings that exhibit the elastic modulus of 100–200 GPa [59]. This suggests that these coatings are composed of a high volume of a mostly carbon matrix separating small TaC grains.



Although there was no systematic difference in the hardness and elastic modulus of static and rotating coatings with corresponding composition, the rotating coatings systematically show a lower value of the compressive stress compared to their stationary counterparts as can be seen in Figure 14. This can be partly due to the coatings periodically moving between areas of high deposition rate in front of the target and low deposition rate opposite the target allowing partial relaxation of the stress [60]. Another possible effect contributing to the relieving of the stress that was observed in the rotating coatings is stress relaxation on the interfaces of the individual layers seen in Figure 7 [61,62].



The typical residual indenter impressions after 1N indentation used specifically for the evaluation of the coating fracture resistance in coatings covering the whole studied composition space are shown in Figure 15. Figure 15a–d show the stationary samples and Figure 15e–h the corresponding samples carrying out the 1-axis rotation. There is no significant difference between the appearance of the residual indenter impressions in stationary samples shown in Figure 15a–c and the corresponding rotating samples shown in Figure 15e–g. The residual imprint in the stationary sample in Figure 15d is significantly smaller compared to the indenter impression in the coating carrying out the 1-axis rotation shown in Figure 15h. This is given by the difference in the thickness of the coatings as coatings with similar thickness were not available for this composition. While the stationary coating is ∼10 µm thick, the coating performing the 1-axis rotation is only ∼2 µm thick. Underneath the coatings was stainless steel with a hardness of only ∼3 GPa and the elastic modulus of ∼230 GPa. The indentation in the thinner coating is much more affected by the soft and yielding substrate and allows for much deeper indentation compared to the indentation of the thick, hard and unyielding coating. The residual imprints, in general, show clear picture frame cracking. The amount and severity of the cracks are comparable to that found in current typical commercially used protective coatings such as AlTiN or TiB   2   [63]. Therefore, the fracture resistance of the coating is on a par with the current hard protective coatings.





4. Conclusions


Ta–B–C coatings have been deposited in an industrial deposition configuration with a rotating cylindrical cathode equipped by a segmented target. A combinatorial approach using two different target setups leading to different coating compositions was used. The deposited coatings covered a composition space area of 13–45 at.% of tantalum, 14–52 at.% of boron, and 32–68 at.% of carbon. All the deposited coatings exhibit a dense fine columnar structure. Rotating coatings are found to exhibit a multilayered structure with a repetition period of ∼7 nm. This multilayered structure has no significant effect on the crystalline phases present in the coating or on the size of the crystallites. These are governed by the chemical composition of the coatings. The coatings are either amorphous, nanocomposite, or nanocrystalline with a maximum crystallite size of ∼15 nm and a typical crystallite size of ∼4 nm. TaC, TaB, and/or TaB   2   phases are identified in the coatings. The presence of the Ta   2  BC phase is not proven. The maximum hardness and the elastic modulus of the coatings are associated with either the presence of larger TaB crystallites with a low volume of amorphous matrix arranged in a nanocomposite form or with polycrystalline coatings exhibiting the simultaneous presence of the TaC, TaB   2  , and TaB crystalline phases with no amorphous matrix present. The fracture resistance is already on a par with current protective coatings on the market.
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Figure 1. Industrial deposition system which utilizes a segmented cylindrical target as sputter source (a) 3D model of the chamber showing the placement of samples on the carousel with reference to the sputter source; (b) top-view scheme of the deposition system. 
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Figure 2. The two setups of segmented target utilized for the coating deposition with height reference of the sample placement. The middle of the target was assigned as 0 coordinate. 
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Figure 3. Chemical composition of the TaBC coatings with reference to the target setup and rotation during the deposition: (a) stationary placed samples and (b) samples carrying 1-axis rotation prepared with target in Setup 1; (c) stationary placed samples and (d) samples carrying 1-axis rotation prepared with target in Setup 2. 
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Figure 4. Ternary diagram of the deposited coatings. 
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Figure 5. SEM images of surface morphology and unpolished cross-sections of stationary samples. 
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Figure 6. SEM images of surface morphology and unpolished cross-sections of samples performing the 1-axis rotation. 
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Figure 7. TEM image of the cross-section of a rotating sample with 29 at.% of Ta, 36 at.% of B and 35 at.% of C with apparent multilayered structure. 
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Figure 8. Identified crystalline phases. Typical diffraction patterns with reference peak positions are provided on the left: (a) stationary samples; (b) rotating samples. 
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Figure 9. Crystallite sizes calculated from all peaks allowing for reliable fitting: (a) Setup 1; (b) Setup 2. 
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Figure 10. Maximum crystallite sizes calculated from the most intensive diffraction peaks. 
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Figure 11. HRTEM images of (a) stationary sample with 25 at.% of Ta, 38 at.% of B and 37 at.% of C; (b) stationary sample with 33 at.% of Ta, 33 at.% of B and 34 at.% of C; (c) sample performing 1-axis rotation with 29 at.% of Ta, 36 at.% of B and 35 at.% of C. 
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Figure 12. Hardness of the deposited coatings. 
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Figure 13. Effective elastic modulus of the deposited coatings. 
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Figure 14. Residual stress of the deposited coatings. 
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Figure 15. Residual indenter impressions after 1N indentation of coatings with corresponding composition, average roughness, hardness and elastic modulus (a–d) stationary sample; (e–h) sample carrying out 1-axis rotation. 
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