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Abstract

:

Ta hard coatings were prepared on PCrNi1MoA steel substrates by direct current magnetron sputtering, and their growth and phase evolution could be controlled by adjusting the substrate temperature (Tsub) and sputtering power (Pspu) at various conditions (Tsub = 200–400 °C, Pspu = 100–175 W). The combined effect of Tsub and Pspu on the crystalline phase, surface morphology, and mechanical properties of the coatings was investigated. It was found that higher Pspu was required in order to obtain α-Ta coatings when the coatings are deposited at lower Tsub, and vice versa, because the deposition energy (controlled by Tsub and Pspu simultaneously) within a certain range was necessary. At the optimum Tsub with the corresponding Pspu of 200 °C-175 W, 300 °C-150 W, and 400 °C-100 W, respectively, the single-phased and homogeneous α-Ta coatings were obtained. Moreover, the α-Ta coating deposited at Tsub-Pspu of 400 °C-100 W showed a denser surface and a finer grain, and as a result exhibited higher hardness (9 GPa), better toughness, and larger adhesion (18.46 N).
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1. Introduction


Protective coatings with excellent properties, such as high strength, toughness, good wear, and ablation resistance, are essential materials to ensure long-term, stable, and safe service for key artifacts applied in extreme service environments. The widely used Cr plating has a high melting point and large hardness to mitigate ablation and wear at high temperatures. However, the Cr plating is brittle and often cracks, leading to limited protection of artifacts [1,2,3]. In this case, a series of new ablation-resistant materials, including alloys and ceramics [4,5], have been developed. Among them, Ta coating is considered to be an alternative material to Cr plating because of its higher melting point, more excellent anti-ablation ability, and better toughness [6,7].



It should be noted that Ta coatings display two crystalline phases with entirely distinct characteristics: the stable α-Ta (Im3m space group, a = 3.304 Å) with a body-centered cubic crystal lattice structure, which has a high melting temperature (2996 °C), moderate hardness (8–12 GPa), and good toughness, and the metastable β-Ta (P421m space group, a = 5.313 Å, c = 10.194 Å) with a tetragonal crystal lattice structure, which is harder (18–20 GPa) but brittle and thermally unstable over 700 °C [8,9,10]. Magnetron sputtering is commonly used to prepare Ta coatings. Unfortunately, β-Ta always nucleates priorly using this method, which is unsuitable for protective materials. Therefore, many studies have attempted to regulate the phase formation of Ta coatings by adjusting the sputtering conditions, including substrate temperature [11], sputtering power [12], pressure [13], and post treatments [14], etc. Nevertheless, investigations on the phase formation in Ta coatings have yielded some conflicting results. For example, some studies [15] reported that a higher substrate temperature exceeding 365–375 °C was needed to promote α-Ta formation against β-Ta formation. On the contrary, recent experiments showed that pure α-Ta coatings could be fabricated even at a lower temperature of 200 °C [8]. The deposition energy is believed to be the most important factor determining the structural evolution of the coatings. An “energy window” was thus proposed, where α-Ta coatings could be formed between a specific energy range, while other energies higher or lower than this range would be beneficial to β-Ta coatings [16]. For magnetron sputtering, the substrate temperature [11] and sputtering power [12] are typically regarded as two important process variables concerned with the deposition energy, which can affect the surface activity of the substrate and the mobility of deposited Ta particles at the same time. The effects of substrate temperature [11] or sputtering power [12] on the preparation of Ta coatings have been investigated separately; however, their combined effect on the growth and phase evolution of Ta hard coatings has not yet been reported.



In this work, we conducted a comprehensive investigation on the structural evolution of Ta coatings using direct current magnetron sputtering by adjusting the substrate temperature (Tsub) and sputtering power (Pspu) simultaneously. The combined effect of Tsub and Pspu is discussed and the relationship between phase structure, surface morphology, mechanical properties, and the deposition parameters are established, to obtain single-phased α-Ta coatings with a fine structure and good mechanical properties.




2. Experimental Procedure


2.1. Preparation


2.1.1. Substrate Pretreatment


PCrNi1MoA steels (10 × 10 × 1 mm3 in size) were used as substrates. The substrates were mechanically ground using sandpaper from P240 up to P2000 and then polished by diamond suspension from 3 μm to 1 μm. The polished substrates were ultrasonically cleaned in acetone for 15 min and then dried with cold air. The chemical compositions of the alloy steel are shown in Table 1.




2.1.2. Deposition Device


This experiment adopts DC magnetron sputtering (DCMS) technology and the equipment is single-target magnetron sputtering instrument (JCZK350A, Juzhi Vacuum Equipment Company, China), which mainly includes a deposition chamber, vacuum system, cooling system, gas supply system, heating system, control system, etc. Figure 1 shows a schematic diagram of the magnetron sputtering.




2.1.3. Deposition Conditions


The cleaned substrates were installed on a substrate holder and loaded into the chamber. A Ta target (purity: 99.95%) was used with dimensions of Φ50 mm × H4 mm. The substrate-to-target distance was 70 mm. A chamber pressure of below 6.0 × 10−4 Pa was reached before coating depositions. In deposition processes, Ar pressure and the deposition time were fixed at 0.5 Pa and 1 h, respectively. The substrate temperature (Tsub) was from 200 °C to 400 °C and the sputtering power (Pspu) was from 100 W to 175 W. The deposition parameters are listed in Table 2.





2.2. Characterization


The crystalline phase of coatings was identified by X-ray diffraction (XRD, Empyrean, PANalytical, the Netherlands) with Cu-Kα radiation (λ = 0.154 nm) over a 2θ range of 20°–90°. The surface and cross-section morphology were characterized using a field emission scanning electron microscope (FESEM, Quanta-250, FEI Company, Hillsboro, OR, USA) at an accelerating voltage of 20 kV. The three-dimensional profiler (ST400, Nanovea company, Irvine, CA, USA) equipped with confocal optical microprobe was used to collect the microscopic morphology, roughness, and flatness in a specific area of the sample surface. The collection range was 1 mm × 1 mm and the collection accuracy was 0.02 μm.



The hardness and elastic modulus of Ta coatings were measured by a nano-indentation tester (TI-980, Bruker, Billerica, MA, USA) at a loading force of 5 mN. Five measures were recorded for each sample to ensure reliable results and all indentation depths were less than 10% of the coating thickness to avoid the effect of the steel substrate.



The qualitative and quantitative adhesive properties of the samples were analyzed in 2 ways. Firstly, using Rockwell hardness tester (HRD-150, Bangyi Precision meter company, China), the loading force of the Rockwell hardness meter was set to 150 kgf, an indentation was pressed on the sample surface, and we observed the indentation under the optical microscope to evaluate qualitatively the adhesion. Secondly, we quantified the adhesion by the scratch tester (MST, Anton Paar, Austria) with a Rockwell C diamond indenter (200 μm of radius). The scratch length, loading rate, and maximum loading force were 5 mm, 25 N/min, and 30 N, respectively. The larger the measured critical load, the better the coating adhesive performance of the sample.





3. Results and Discussion


3.1. Crystalline Phase


Figure 2 shows XRD patterns of Ta coatings deposited on steel substrates at Tsub from 200 °C to 400 °C as a function of power, respectively. The relevant texture coefficient (TC) and full width at half maximum (FWHM) are illustrated in the inset.



At Tsub = 200 °C (Figure 2a), both α-Ta (JCPDF 04-0788) and β-Ta (JCPDF 25-1280) are detected in the coatings at Pspu =100 W, 125 W, and 150 W. When Pspu is further increased to 175 W, all diffraction peaks can be indexed to α-Ta, indicating that single-phased α-Ta coatings can be obtained by adjusting Pspu. To more accurately characterize the change of the orientation degree, we introduce the texture coefficient   T  C    h k l      , which can be evaluated using the following formula [17,18].


  T  C    h k l     =    I    h k l     /  I  0   h k l       1 / N   ∑  I    h k l     /  I  0   h k l          








where,    I    h k l       and    I  0   h k l       are the measured intensity of the     h k l     plane and standard intensity in the JCPDF card, respectively, and N is the number of reflections. The larger the   T  C    h k l      , the higher the orientation degree of the     h k l     plane. The fluctuation of   T  C    110       and   T  C    211       of α-Ta as a function of Pspu is shown in the top-left corner of Figure 2a. It is discovered that the   T  C    110       value decreases while the   T  C    211       value grows with increasing Pspu from 100 W to 175 W. As is shown in Figure 2a, the different crystallization processes of coatings with different thicknesses will affect the crystallization orientation. In the early growth stage, the plane with low surface energy occupies a large coverage area. When the island growth ends, the plane with high surface energy and a high longitudinal growth rate becomes higher and subsequently expands into the surrounding area, contributing to the compression of the plane with low surface energy. In the middle and late growth stages, the proportion of the plane with high surface energy eventually exceeds the plane with low surface energy. Meanwhile, as can be seen in the top-right corner of Figure 2a, the FWHM of (110) and (211) decrease with increasing power, indicating better crystallinity at the higher power [19]. In addition, the FWHM is related to both crystallite size and the stress of the crystallites. These effects can be separated using the Williamson–Hall method [20]. With the increase in sputtering power, the ionization rate of Ar will lead to the increase in deposition rate and more Ta atoms will accumulate near the nucleation point, resulting in an increase in the grain size of the Ta coating. As can be seen from Figure 2a, the diffraction peaks of coatings are getting closer to the standard peak lines with increasing power, meaning reduced stress. Therefore, the increased crystallite size and reduced stress together promote the decrease in FWHM.



At Tsub = 300 °C (Figure 2b), the diffraction peaks are all α-Ta at any powers. However, different degrees of wrinkling and peeling from substrates macroscopically were observed at the Pspu of 100 W, 125 W, and 175 W. The highest   T  C    211       and the lowest   T  C    110       were obtained at 150 W. Furthermore, the FWHM at 150 W is lower than that of other powers. As is shown in Figure 2b, at the relatively low power, there is not enough energy to diffuse particles reaching the substrate due to the low kinetic energy, leading to poor adhesion and incomplete crystallization. With the increase in the sputtering power, the crystallization of the coating becomes better. However, when the power is too high, the particles deposited on the substrate cannot diffuse enough and are covered by the newly incident particles because of the fast deposition rate, which is not conducive to the crystallization of the coating. Indeed, high nucleation energy may lead to excessive stress, cracks, and other defects inside the coating.



At Tsub = 400 °C (Figure 2c), α-Ta was detected as the pure phase at Pspu = 100 W. When the Pspu was elevated from 125 W to 175 W, the main diffraction peaks were indexed from β-Ta to the mixed phase of α-Ta and β-Ta. The β-Ta phase further grew with crystal planes oriented along (002), which is the densest plane [21], as is shown in Figure 2c. Myers et al. [15] showed that the phase of Ta coating was correlated with its thickness. This conclusion was based on the increase in the substrate temperature with the deposition time, resulting in higher atomic mobility on the coating surface. Gregory Abadias et al. [22] showed that the deposition process parameters did not affect the stability of the crystal phase of α-Ta or β-Ta, indicating that the initial nucleation stage and the energy barrier of the stable α-Ta or β-Ta nucleation were decisive for the phase.



Based on the experimental results in Figure 2, Figure 3 summarizes the evolution of the phase composition of Ta coatings prepared under different Tsub and Pspu conditions. It can be seen that α-Ta is formed under specific temperature and power conditions. During the deposition process of coatings, the effect of temperature and power on the coating structure can be attributed to the surface activity of the substrate and the energy of the Ta particles reaching the substrate. Accordingly, we speculate that the α-Ta formation may be attributed to the deposition energy which needs to be maintained within a certain range. On the grounds of this finding, we have reviewed some of the literature results. Hua Ren et al. [23] reported that the coatings deposited at intermediate bias voltages had pure α-Ta while they showed either mixed α-Ta with β-Ta or pure β-Ta at higher or lower bias voltages. Kazuhide Ino et al. [24] found that the coatings exhibited β-Ta if the bombarding energy was greater than 25 eV. It was confirmed that an appropriate energy input to the deposition of Ta atoms is required to synthesize α-Ta and excessive high energy may be unnecessary or even deleterious to α-Ta formation.



Therefore, Tsub and Pspu have a combined effect on growth and structural evolution of Ta coatings. They may interact with each other to keep a specific deposition energy. For the single-phased and homogeneous α-Ta coatings, the deposition conditions are 200 °C-175 W, 300 °C-150 W, and 400 °C-100 W.




3.2. Surface Morphology


Figure 4 shows the surface morphology and grain distribution histogram of the Ta coatings deposited at Tsub-Pspu of 200 °C-175 W (Figure 4a,d), 300 °C-150 W (Figure 4b,e), and 400 °C-100 W (Figure 4c,f), respectively. The size distribution histograms were obtained by measuring more than 100 grains from the FESEM images.



As can be seen from the photographs, the surface morphology of single-phased α-Ta coatings deposited in these different conditions are all characterized by triangular pyramid-shaped particles with clear grain gaps, consistent with results published by M. Grosser et al. [25]. According to the Thornton structural zone model, the deposition pattern of Ta coating is the Z1 structure. This indicates that the diffusion distance of the particles is very small, and the initial nucleus tends to capture the orientation of the atoms on the coating surface at T/Tm < 0.1. While the substrate temperature increases from 200 °C–400 °C (0.1 < T/Tm < 0.3), the diffusion kinetic energy of surface adsorbed atoms increases, leading to increasing mobility of adsorbed atoms. The initially adsorbed atoms rapidly self-diffuse towards the equilibrium position, eventually trapped by larger grains to form the pyramid-shaped structure. The grain sizes of Ta coatings prepared at 200 °C-175 W and 300 °C-150 W range from 120 nm to 240 nm, while the grains of the sample prepared at 400 °C-100 W are smaller, within 60–120 nm, the surface of which is also denser than that in the other two conditions.



Figure 5 shows the 3D profiles of Ta coatings in different deposition conditions. Compared with the microstructural images obtained through SEM observation, the 3D profile contains a larger observation interval which is more suitable for observing the overall morphology distribution of millimeter-level samples. The surface height data of the Ta coating under different conditions were obtained according to the 3D profiles, as is listed in Table 3. Root mean square heights (Sq) of Ta coatings at 200 °C-175 W, 300 °C-150 W, and 400 °C-100 W were 0.0402 μm, 0.0184 μm, and 0.0132 μm, respectively. Arithmetic mean heights (Sa) of Ta coatings at 200 °C-175 W, 300 °C-150 W, and 400 °C-100 W were 0.0319 μm, 0.0145 μm, and 0.0103 μm, respectively. The results indicate that the surface of the Ta coating at 400 °C-100 W is flatter, while the roughness of the Ta coating at 200 °C-175 W is higher. According to the histogram results of the grain distribution in Figure 4, the coating grain size distributions at 400 °C-100 W and 300 °C-150 W have a concentrated grain size distribution, while the coatings at 200 °C-175 W are quite distributed between 130 nm and 170 nm, resulting in higher roughness.




3.3. Cross-Sectional Morphology


Figure 6 shows the cross-sectional morphology of the Ta coatings deposited at Tsub-Pspu of 200 °C-175 W, 300 °C-150 W, and 400 °C-100 W.



The coatings exhibit a typical columnar crystal growth pattern mainly affected by the shadowing effect. The anisotropy of columnar crystal growth leads to a large competitive advantage for those crystals growing perpendicular to the interface, and columnar crystals in other directions are submerged as the coating thickens. In addition, the thicknesses of Ta coatings are approximately 3.78 μm, 3.34 μm, and 1.87 μm, respectively. When the sputtering power increases, the sputtered Ta atoms from the target increase, resulting in a high sputtering rate. However, according to the theory proposed by Kim et al. [26], a lower deposition rate enables atoms to move through the crystals across larger regions, and atoms are unlikely to be covered by subsequent adatom flux before being dampened in a particular location, potentially improving the mechanical properties of materials.




3.4. Hardness and Modulus


The corresponding hardness and elastic modulus were measured using an indentation tester for these coatings. It can be seen from Figure 7a that hardness and elastic modulus both reach the maximum value under the sputtering condition of 400 °C-100 W, 9 GPa, and 157 GPa, respectively. In general, the high hardness of coatings is usually attributed to their dense structure and small grain size. As shown in Figure 4, the Ta coating at 400 °C-100 W exhibits the densest structure with a minimal grain gap. On the other hand, this is concerned with the grain size that has an effect on mechanical properties of coatings due to the Hall–Petch (H-P) effect [27]. On the basis of the dislocation theory, grain boundaries are obstacles in the movement of dislocations, and refining grains can produce more grain boundaries. If the grain boundary structure does not change, a larger external force is required to generate dislocation plugging, thereby strengthening the material.



Furthermore, the enhanced hardness H is not a single important property of the hard coating. For many applications, H/E (elastic strain failure strength) [28] and H3/E2 (plastic deformation strength) [17] calculated by hardness and modulus are more important than their extremely high hardness. H/E and H3/E2 are important parameters of coating materials in the field of wear, which are positively related to the toughness of coatings and play a vital role in the crack resistance process [29]. Figure 7b shows the change in H/E and H3/E2 calculated from hardness (H) and elastic modulus (E). It can be seen that H/E and H3/E2 show similar variation trends, and both reach their highest at 400 °C-100 W, which are 0.057 and 0.030 GPa, respectively. It also demonstrates that the Ta coating at 400 °C-100 W has better crack resistance and toughness, with abilities to endure mechanical damage in abrasive wear applications and withstand impact energy from deformation to fracture [28].



The load–depth curves of Ta coatings at various sputtering conditions are illustrated in Figure 7c. The coatings were complied with an elastoplastic deformation according to the curves. In the nanoindentation test, some of the total energy (WT) was recovered as reversible elastic energy (WE), while some was lost as irreversible plastic deformation energy (WP). The elastic recovery ratio (ηw), which can be defined as ηw = WE/WT, is a measure to express the response of a material to indentation [30,31]. Take the coating prepared at 300 °C-150 W as an example; WE and WT are given by the areas under the loading and unloading curves, respectively, as shown in Figure 7c. The coating prepared at 400 °C-100 W has a higher ηw value of 0.39 in Figure 7d, indicating better resilience.



Figure 8 shows the comparison of the H/E and H3/E2 of α-Ta coatings prepared in this work with other literatures. In previous studies, the H/E and H3/E2 varied within a range of 0.0275–0.055 and 0.0058–0.031 GPa, respectively. Compared with other studies, the α-Ta coating at 400 °C-100 W in our work has higher H/E and comparable H3/E2 in contrast to G. Abadias et al. [21], which can be attributed to its high densification and homogeneous structure.




3.5. Adhesion


From actual applications of Ta coatings, the adhesion and integrity of the coating-substrate interface under projected loads are key performance concerns and the basis for improving coating performance and extended applications [11].



The adhesive performance was evaluated according to the reference standard. The standard diagram is shown in Figure 9, where grades one to four are acceptable failure and five to six are unacceptable failure. Figure 10 shows the results of the testing of α-Ta coatings under different conditions. The coatings prepared at 200 °C-175 W and 300 °C-150 W showed cracks and delamination, and the coating prepared at 300 °C-150 W peeled off from the substrate more seriously. Therefore, the coating ratings at 200 °C-175 W and 300 °C-150 W were HF3 and HF4, respectively. The coating prepared at 400 °C-100 W showed good adhesion without obvious delamination around the indentation. Compared with Figure 9, the overall coating rating was HF1. The better adhesion of the coating under 400 °C-100 W may be related to the dense structure and higher hardness.



According to the above analysis with respect to the morphology, hardness, and indentation test, it is determined that 400 °C-100 W is the optimal condition for forming Ta coatings. However, the coating indentation morphology can only qualitatively represent the adhesion of the coating to a certain extent. In this work, a scratch tester was used to quantify the adhesive properties of the Ta coating at 400 °C-100 W. The sudden variation of the acoustic emission and friction force is the deciding factor of every scratch mechanism.



The scratch morphologies of the Ta coating at 400 °C-100 W are shown in Figure 11a. As the applied load increases, the scratch width of the Ta coating surface also gradually increases, and the scratch area is clearly visible. In the scratch test, Lc1 is the corresponding load when cracks begin to appear and Lc2 is the minimum load for continuous peeling between the coating and the substrate, indicating the failure of the adhesion of the coating-substrate system. Usually, Lc2 is used to determine the failure of the coating [35]. From the enlarged image of Lc1 in Figure 11b, the appearance of small cracks can be seen, and the enlarged image of Lc2 in Figure 11c demonstrates that the coating begins to peel off from the substrate at this time, exposing the color of the substrate. According to the micro scratch curves in Figure 11d, it can be seen that Lc1 = 7.38 N and Lc2 = 18.46 N. The larger the Lc1, the stronger the cracking resistance of the coating. The longer the distance between Lc1 and Lc2, the better the coating’s resistance to crack propagation [36]. In previous work, Su et al. [32] found that mono-DC Ta coatings reached optimum adhesion compared with mono-PP and multi-PD coatings. The first fracture of mono-DC coating occurred when the load reached ~320 mN because the main diffraction peaks were β-Ta. Furthermore, Ay Ching Hee et al. [37], using DCMS technology, observed that the initiation of cracking in Ta coatings was at 2.5 N and the second critical load was at 18.6 N, with the coating separating from the substrate.



Compared with the studies in other literatures [32,37], the Ta coating prepared in this work has good adhesion as well as strong resistance to cracking.





4. Conclusions


In this study, Ta hard coatings were prepared on PCrNi1MoA steel substrates by direct current magnetron sputtering at various substrate temperatures (Tsub = 200–400 °C) and sputtering powers (Pspu = 100–175 W). The basic conclusions are as follows:



The growth and phase evolution were observed to be controlled by Tsub and Pspu simultaneously. Higher Pspu was required in order to obtain α-Ta coatings when the coatings are deposited at lower Tsub, and vice versa. Therefore, Tsub and Pspu interacted with each other and had a combined effect on coating growth. At a Tsub-Pspu at 200 °C-175 W, 300 °C-150 W, and 400 °C-100 W, single-phased and homogeneous α-Ta coatings were obtained.



The α-Ta coating deposited at Tsub-Pspu at 400 °C-100 W showed a relatively denser structure, finer grain (60–120 nm, and flatter surface, with the root mean square heights (Sq) of 0.0132 μm.



The α-Ta coating deposited at Tsub-Pspu at 400 °C-100 W exhibited a higher hardness (9 GPa), H/E (0.057), and H3/E2 (0.030 GPa), as well as an adhesion of 18.46 N.
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Figure 1. Schematic diagram of magnetron sputtering. 
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Figure 2. XRD patterns of Ta coatings at different Tsub and Pspu. (a) 200 °C, (b) 300 °C, and (c) 400 °C. 
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Figure 3. Evolution of phase composition at different Tsub and Pspu, the α and β were indicated by [image: Metals 13 00583 i001] and [image: Metals 13 00583 i002], respectively. 
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Figure 4. FESEM images of surface morphology and grain size of the Ta coatings. (a,d) 200 °C-175 W, (b,e) 300 °C-150 W, and (c,f) 400 °C-100 W. 
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Figure 5. The 3D profile of the Ta coatings. (a) 200 °C-175 W, (b) 300 °C-150 W, and (c) 400 °C-100 W. 
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Figure 6. FESEM images of cross-sections of Ta coatings. (a) 200 °C-175 W, (b) 300 °C-150 W, and (c) 400 °C-100 W. 
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Figure 7. (a) H and E, (b) H/E and H3/E2, (c) load–depth curves, and (d) elastic recovery ratio of Ta coatings. 
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Figure 8. Comparison of the H/E and H3/E2 of α-Ta coatings with other literatures [15,21,32,33,34]. 
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Figure 9. Reference standard for the evaluation of adhesion. 
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Figure 10. HRC indentation test of Ta coatings. (a) 200 °C-175 W, (b) 300 °C-150 W, and (c) 400 °C-100 W. 
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Figure 11. Scratch results of Ta coating prepared at 400 °C-100 W (a) OM of the scratch, (b,c) SEM morphology of the selected areas in Figure 4a, and (d) the micro scratch curve. 






Figure 11. Scratch results of Ta coating prepared at 400 °C-100 W (a) OM of the scratch, (b,c) SEM morphology of the selected areas in Figure 4a, and (d) the micro scratch curve.



[image: Metals 13 00583 g011]







[image: Table] 





Table 1. Chemical composition of the alloy steel.
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	Element
	C
	Si
	Mn
	P
	S
	Cr





	wt.%
	0.361
	0.252
	0.413
	0.011
	0.001
	1.516



	Element
	Ni
	V
	Cu
	Mo
	Fe
	



	wt.%
	1.507
	0.092
	0.071
	0.304
	Bal
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Table 2. Deposition parameters for Ta coatings.
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	Deposition Conditions
	Parameters





	Target
	99.95% Ta (Φ50 mm × H4 mm)



	Substrate
	PCrNi1MoA steel (10 mm × 10 mm × 1 mm)



	Distance between target and substrate
	70 mm



	Ar pressure
	0.5 Pa



	Deposition time
	1 h



	Substrate temperature (Tsub)
	200–400 °C



	Sputtering power (Pspu)
	100–175 W
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Table 3. Height parameters of the Ta coatings in different conditions.
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	Height Parameters
	200 °C-175 W
	300 °C-150 W
	400 °C-100 W
	Header

Unabbreviated Form





	Sq/μm
	0.0402
	0.0184
	0.0132
	Root mean square height



	Sp/μm
	0.141
	0.0677
	0.0482
	Maximum peak height



	Sv/μm
	0.143
	0.071
	0.0678
	Maximum pit height



	Sz/μm
	0.284
	0.139
	0.116
	Maximum height



	Sa/μm
	0.0319
	0.0145
	0.0103
	Arithmetic mean height
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