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Abstract: Carbon-based hard coatings are ideal for mechanical materials due to their high hardness. 

However, maintaining low friction in air requires suppressing oxidation by atmospheric oxygen to 

protect the graphite structure, known for its low friction properties. This study introduced Group 5 

elements (vanadium, niobium, tantalum) into the coatings to safeguard the graphite structure and 

enhance wear resistance through oxidation and reduction reactions. Using an ta-C coating with a high 

sp3 carbon structure, the effects of these elements were analyzed. The ta-C:Ta coating, containing 

tantalum, achieved the lowest average friction coefficient of 0.043 in air, followed by ta-C:Nb at 0.067, 

demonstrating the potential of Group 5 elements to improve coating performance. 

 

Keywords: 5 metal elements; ta-C; friction; Raman; XPS  

 

1 Introduction 

Materials with low friction in the atmosphere are highly attractive. Substances with a layered sliding 

mechanism within the contact surface, such as solid lubricants, are important low-friction materials in 

environments where lubricating oil cannot be used. However, since layered structure materials 

generate low friction by causing cleavage sliding under shear force, if they are discharged from the 

contact surface, they can no longer maintain low friction. From this perspective, graphite and 

molybdenum disulfide (MoS2), commonly used as low-friction materials in atmospheric conditions, 

have low wear resistance and are not considered long-lasting materials. Therefore, carbon-based hard 

thin coatings are expected to be one potential candidate material. Carbon-based hard thin coatings are 

materials that are expected to exhibit not only high hardness but also low friction [1, 2]. The DLC 

coatings can be broadly classified into hydrogen-containing [3–7], non-hydrogen-containing [8-13], 

and other element-doped types [14–18]. It has also been reported that in friction within lubricating oil, 

differences such as the ease of tribofilm formation due to the structure within the coating can affect 

friction characteristics [19–26]. However, it is difficult to achieve a low coefficient of friction below 
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0.1 in the atmosphere. Surface treatment methods to reduce the friction coefficient are also being 

studied [27–30]．For carbon-based hard thin coatings to exhibit low friction in the atmosphere as solid 

lubricating materials, it is believed that either the entire coating must be rich in sp3 structure and hard, 

while the topmost surface (the contact surface) must possess an sp2 structure with low shear resistance, 

or the topmost surface must contain numerous fragments of graphite structures, where the hexagonal 

ring structure of graphite formed by carbon atoms becomes incommensurate, meaning it does not align 

with the sliding direction [31, 32]. The cause of not achieving a low friction coefficient in the 

atmosphere is speculated to be either the removal of the low shear resistance layer due to friction, or 

the graphite structure being oxidized or disrupted by the adsorption of oxygen or moisture from the 

atmosphere [33, 34]. 

In the future, for carbon-based hard thin coatings to be used as low-friction materials in atmospheric 

conditions, it will be essential to maintain the graphite structure of the topmost surface without 

oxidation, despite the presence of oxygen and moisture from the environment. The authors have 

previously conducted research aiming to achieve high-temperature stability by introducing silicon (Si) 

into tetrahedral amorphous carbon (ta-C) coatings [35]. It was revealed that by incorporating Si into 

ta-C coatings, the ID/IG ratio within the coating structure remains unchanged even after heating up to 

400°C, and the hardness can be maintained at approximately 30 GPa. However, achieving a low 

friction coefficient of 0.1 or less proved to be challenging. Although Si-DLC (a-C:H:Si) can exhibit a 

friction coefficient nearly equal to 0.05 in air with a hardness of around 20 GPa. Its tribological 

performance strongly depends on the hydrogen-containing Si-oxide formation, which lacks thermal 

stability above ~350°C [36]. In contrast, ta-C:Ta and ta-C:Nb form thermally stable TaOx and NbOx 

phases while maintaining a hydrogen-free carbon matrix. This leads to significantly higher wear 

resistance and improved high-temperature durability compared to Si-DLC. In this study, we 

investigated a method of introducing group 5 elements into the coating to improve its oxidation 

resistance. Group 5 elements, arranged in order of atomic radius, include vanadium (V), niobium (Nb), 
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and tantalum (Ta), all of which form oxides. Among them, it has been reported through first-principles 

calculations that when carbon is included as an impurity in the Ta2O5 crystal structure, the Ta-O bond 

energy decreases, making oxygen more likely to desorb [37]. If the oxidation and oxygen desorption 

of group 5 metal elements within the carbon atom framework of the hard thin coating can suppress the 

oxidation of nearby carbon atoms, there is potential to maintain low friction in atmospheric conditions. 

The authors have previously conducted experiments to achieve a low friction coefficient by 

incorporating group 5 elements into a-C coatings which was very close hardness as ta-C around 30 

GPa. To further clarify the mechanism behind the manifestation of low friction, they are focusing on 

the same group 5 elements in this study. [38–40]． 

From the above perspective, vanadium, niobium, and tantalum were introduced into tetrahedral 

amorphous carbon (ta-C) coatings, which are high-hardness carbon thin coatings, using the arc 

deposition for carbon and sputtering method for elements. The friction and wear properties in 

atmospheric and oxygen environments were evaluated. Additionally, the mechanical properties of the 

obtained coatings, the measurement of their heat resistance temperature, and the impact of the oxygen 

concentration in the coatings before and after friction on their frictional properties were clarified. 

 

2 Experimental procedure 

2.1  Preparation of ta-C coating with 5 metal elements via IBA-FAD method 

A schematic diagram of the deposition apparatus used in this study is shown in Fig. 1 [41]. The 

deposition method is a physical vapor deposition process using arc discharge on a carbon target, with 

almost no hydrogen included in the coating. Carbon atoms and ions evaporated from the carbon target 

travel straight through the piping, and only the carbon ions are bent 90 degrees by the electromagnet 

installed in the pipe, being introduced into the deposition chamber. The base pressure before deposition 

was 4.0 × 10−4 Pa. To clean the surface of the carbon target and the inside of the piping, pre-arc 

discharge was performed for 20 minutes at a current of 40 A and a duct bias voltage of 15 V. It is 
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possible to obtain coating hardness higher than 30 GPa as ta-C via the equipment. Tungsten carbide 

(φ22.5 mm, thickness 4 mm) was used as the deposition substrate, and before deposition, ultrasonic 

cleaning was performed in benzine (15 minutes) followed by acetone (15 minutes). The test piece was 

fixed to a rotating substrate stage installed inside the deposition chamber, and Ar sputter cleaning was 

conducted for 20 minutes (Ar flow rate: 16 sccm, discharge voltage: 1.8 kV, substrate rotation speed: 

4 rpm). Using the magnetron sputtering method, sputtering was performed on five metal elements, and 

deposition was carried out so that they were incorporated into the ta-C coating. A discharge current of 

300 mA was used for each target. 

 The results of the coating hardness and surface roughness after deposition, nano-indentation hardness 

(Elionix; ENT1100-a, Berkovich type diamond tip), and surface roughness measurement (measured 

by using AFM (Shimazu; SPM-9700HT)) are shown in Table 1. The hardness of the coating remained 

almost unchanged when V was incorporated compared to the ta-C coating, but it decreased when Nb 

and Ta were incorporated. The slight decrease in the Young’s modulus of ta-C:V compared with ta-C, 

despite similar hardness, was attributed to the partial formation of V-C bonds and to the presence of 

vanadium atoms that locally disturb the continuous covalent carbon network. These effects relax local 

stress and reduce elastic recovery while maintaining overall hardness. Similarly, when Nb and Ta are 

incorporated into the ta-C matrix, the formation of new bonds or the presence of metal atoms within 

the carbon network is considered to induce partial discontinuities in the network structure, leading to 

a decrease in hardness. Although the hardness of Me-doped coatings decreases due to the introduction 

of metallic bonding, the carbon matrix retains a high sp3 fraction characteristic of ta-C which is shown 

in section 3.3. Therefore, the doped coatings are referred to as ta-C:Me in accordance with their 

structural signature rather than hardness alone. 
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Fig. 1  Schematic illustration of the IBA-FAB with a magnetron sputtering of metal element equipment. 

 

Table 1 Mechanical properties of each coating. 

 

 

2.2  Thermogravimetric differential thermal analysis (TG-DTA), Raman spectroscopy, and XPS 

(X-ray photoelectron spectroscopy) analysis methods, and tribological property 

A thermogravimetric differential thermal analysis device (TG/DTA) was used to conduct heating tests 

on each coating. The TG/DTA heats the sample while introducing gas and measures the weight 

difference and differential heat between the sample and a reference material. In this study, the DTG-
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60AH (Shimadzu) was used. Each coating deposited on a Si substrate was cut into pieces weighing 8-

10 mg and placed into an alumina cell for testing. An empty alumina cell was used as the reference 

material, and two types of inflow gases, air and dry N2, were selected. A heating test was conducted 

from 50°C to 800°C at a rate of 10°C/min. 

The atomic percentage of each coating was measured via x-ray photoelectron spectroscopy, (XPS; 

Ulvac phi Quantera II) with an Al Kα monochromatic x-ray source under vacuum lower than 10−5 Pa. 

Prior to measurements of the topmost surface, Ar ion beam sputter cleaning was performed 

(acceleration voltage: 4 kV) on an ~2 mm2 area. Afterward, XPS measurements were performed 

(acceleration voltage: 15 kV and power: 25 W) on an ~100 µm2 area. Wide peak measurements for 1 

to 1100 eV with 1.0 eV/step were conducted to confirm all elements. In addition, narrow peak 

measurements for energy ranging from 280.0 to 295.0 eV, and 526.0 to 538.0 eV for C1s, and O1s, 

respectively, were conducted at 0.1 eV/step. The C1s spectrum was deconvoluted into four peaks 

corresponding to C-C sp3, C-C sp2, C-metal bonds, and a C-O bond, based on the reports by 

Tokoroyama et al. [40] and Benchikh et al. [42]. The center positions of each peak were 285.3, 284.5, 

283.7, and 286.6 eV, respectively, and fitting was performed to set the center positions within a range 

of ±0.5 eV from these peak positions, with a constant interval between the peaks. After the 

deconvolution of C1s, we obtained sp2/sp3 ratio from the peak area comparison of sp2 and sp3. Then, 

the O1s spectra was deconvoluted into three peaks corresponding to an O-metal bond, an O=C bond, 

and an O-C bond, based on the reports by Lamour et al. [43], Mukhtar et al. [44]. The peak center 

positions of each peak were 530.6, 531.4, and 532.1 eV, respectively, and fitting was performed also 

same procedure of C1s. The O-metal/Peak sum ratio indicates the oxidation ratio between oxygen and 

metal atoms. 

We used Raman spectroscopy comprising an inVia Raman microscope (RENISHAW) with a probe 

diameter of approximately 2 µm and a 10 mW laser at a 532-nm wavelength covering the range of 

800–2000 cm−1. The intensity ratio of the D peak and G peak was obtained from the Raman analysis 
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results of each coating, and the changes in the carbon structure were clarified [45]. The specimens 

prepared included the as-deposited sample and those subjected to TG/DTA testing at 800°C in both 

air and N2 atmospheres. 

The frictional properties of each coating were investigated by a ball-on-disk friction test in air and in 

O2. A tungsten carbide (WC) ball with a diameter of approximately 8.0 mm was pressed against a 

coated disk, which was set on a specimen holder that was connected to a rotary shaft. One sliding cycle 

comprised a speed of 62.8 mm/s at 23°C under an applied load of 0.3 N. The surface observation was 

conducted by an optical microscope and a field emission scanning electron microscopy (FE-SEM) 

with energy dispersive spectroscopy (EDS, Hitachi, SU-8230). The primary electron voltage was 10 

kV. 

3 Results and discussion 

3.1  The thermal proof property of each coating measured by TG/DTA 

To clarify the temperature at which the oxidation reaction of each coating begins, changes in the 

differential thermal analysis were examined using a TG/DTA. The measurement results for each 

coating in the atmosphere are shown in Fig. 2(a) in air, and (b) in N2. The temperature was raised from 

around 50°C at a rate of 10°C per minute, and the temperature difference with the reference material 

(alumina) was determined from changes in the thermocouple’s electromotive force. For each coating, 

an endothermic reaction, appearing as a convex curve, was observed with the increase in temperature 

in Fig. 2(a) for all coatings in air condition, and only for ta-C:V coating when it heated in N2 as shown 

in Fig. 2(b). The respective endothermic temperatures in air were approximately 550°C and 580°C for 

the ta-C, about 470°C for the ta-C:V, 610°C for the ta-C:Nb, and 620°C for the ta-C:Ta. On the other 

hand, only ta-C:V coating showed an endothermic reaction about 680°C in N2 condition. 
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Fig. 2 Endothermic temperature measurement by DTA for each coating, (a) in air, (b) in N2. 

 

3.2  The optical microscope and SEM/EDS observation for each coating after 800°C heating 

The representative results of optical microscope observations of the surface after an 800°C heating 

experiment using TG/DTA are shown in Fig. 3. Figure 3(a1) shows the ta-C coating before heating, 

(a2) shows the surface after heating in air, and (a3) shows the surface after heating in N2. None of the 

surfaces exhibit characteristic changes due to heating. Next, when Ta and Nb were added in coatings, 

there were also no characteristic changes, similar to the ta-C coating, so they are not included as figures. 

On the other hand, ta-C:V showed peeling of the coating or precipitates on the surface after heating. 

As will be described below, this characteristic surface is vanadium precipitates. 
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Fig. 3 Optical microscope observation (a1) as-deposited ta-C, (a2) after heating test in air, (a3) after 

heating test in N2, (b1) as-deposited ta-C:V, (b2) after heating in air, (c1) after heating in N2. 

 

Optical microscope observations implied vanadium precipitation on the surface, prompting further 

analysis using SEM/EDS, as shown in Fig. 4. The SEM image of the as-deposited ta-C:V surface is 

presented in (a1), with carbon in (a2), oxygen in (a3), and vanadium in (a4). The as-deposited surface 

shows homogeneous dispersion of vanadium in the coating. The typical surface was observed after 

heating in air as shown in Fig. 4(b). EDS analysis clearly shows the presence of vanadium and oxygen, 

highlighted by the white dotted envelope lines. Next, the results of the surface of the specimen heated 

in N2 are shown in Fig. 4(c). Similar to the specimen heated in air, deposits believed to be vanadium 

oxide were observed on the surface. The difference from heating in air is that the size of the deposits 

is smaller compared to that in air, with a diameter of less than 5 µm. When V was incorporated into 

the ta-C coating, vanadium was found to precipitate out of the coating upon heating, suggesting the 
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possibility of a new type of ta-C:V coating in which thermally softened V-oxide precipitates, rather 

than molten metallic vanadium, act as a lubricious layer. 

 

 

Fig. 4 The SEM and EDS observation results of ta-C:V, (a1) SEM image of as-deposited, (a2) carbon, 

(a3) oxygen (a4) vanadium, (b1) SEM image of after heating in air, (b2) carbon, (b3) oxygen, and (b4) 

vanadium, (c1) SEM image of after heating in N2, (c2) carbon, (c3) oxygen, and (c4) vanadium 

 

3.3  The effect of heating on the carbon structure evaluated using Raman analysis  

The results of Raman spectroscopy analysis of each ta-C coating heated up to 400°C and 800°C in air 

and N2 atmospheres are shown in Fig. 5. In the test specimens after heating, the intensity of the D peak 

(around 1330 cm−1) of each coating increased compared to the ta-C coating. Next, when comparing 

the results of heating in N2 and air, the ta-C:V coating disappeared after heating to 800°C, and only a 

peak in the range of 900-1000 cm−1, considered to be from the silicon substrate, was detected in the 

measurements. The D peak intensity of the ta-C coating slightly increased due to heating in N2 and air. 

However, there are few differences between them. The D peak intensity of the Nb and Ta-containing 

coatings also increased when both coatings heated to 400°C, similar to the ta-C coating. Finally, in the 

heating test results in air for both ta-C:Ta and ta-C:Nb, no Raman peaks were detected because all 

coatings had disappeared.  
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Fig. 5 Raman analysis results, (a) ta-C, (b) ta-C:V, (c) ta-C:Nb, and (d) ta-C:Ta. 

 

The relationship between the ID/IG ratio of each coating obtained from Raman measurements and 
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Among the specimens heated in air, the ID/IG ratio of ta-C and ta-C:V coatings remained unchanged 
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565°C. These results indicate that structural changes involving oxidation of the ta-C and ta-C:V 
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coatings occur at temperatures above 400°C. On the other hand, the ID/IG ratios of ta-C:Nb and ta-C:Ta 

coatings increased as the temperature was raised from room temperature to 400°C.  

 

 

Fig. 6 The relation between heating temperature of coatings and ID/IG ratio. (a) heating test in air, and 

(b) heating test in N2. 

 

Next, in the results of Raman spectroscopy of specimens heated in a nitrogen atmosphere (Fig. 6(b)), 
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changes with increasing temperature, beyond the oxidation of the carbon framework structure. The 
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to 400°C are suggested to result from changes in the carbon framework structure rather than oxidation. 
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coatings (610°C) compared to ta-C coatings alone (550 or 580°C). This indicates that the introduction 

of these elements successfully increased the oxidation reaction temperature. 

 

3.4  Tribological test results for all coatings  

The results of the friction tests between each coating and the WC ball are shown in Fig. 7: (a) in air 

and (b) in an oxygen. In both environments, the final friction coefficient of the ta-C:Ta coating was 

the lowest, followed by the slightly lower trend of the ta-C:Nb. The friction period up to 1000 cycles 

is defined as the initial running-in period, and the average value of the friction coefficient from the 

stable range between 1000 to 2000 cycles is shown in Fig. 8. In air, the ta-C coating showed a friction 

coefficient of approximately μ = 0.094, while the ta-C:V showed μ = 0.11, the ta-C:Nb showed μ = 

0.067, and the ta-C:Ta showed μ = 0.043. In contrast, in the oxygen atmosphere, there was a tendency 

for the friction coefficients to increase for all coatings except for the ta-C:Ta. 

After the friction tests, we measured all coatings for its specific wear rate as shown in Fig. 9. The 

specific wear rate in air for each coating showed that the ta-C coating was 6.24×10−7 mm3/Nm, while 

the ta-C:V was higher at 3.8×10−6 mm3/Nm. On the other hand, the ta-C:Nb was 2.2×10−6 mm3/Nm, 

and the ta-C:Ta was extremely low, at less than 0.3×10−7 mm3/Nm. In an oxygen atmosphere, the wear 

rate of the ta-C was significantly higher and the coating was also worn out, at 2.1×10−5 mm3/Nm; the 

ta-C:V was 7.4×10−6 mm3/Nm, the ta-C:Nb was 2.2×10−6 mm3/Nm, and finally, the ta-C:Ta remained 

very low at 0.8×10−7 mm3/Nm. 
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Fig. 7 Friction coefficient as a function of number of sliding cycles, (a) in air, and (b) in N2. 

 

 

Fig. 8 The average friction coefficient of each coating in air and in N2.  

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 500 1000 1500 2000 2500

Fr
ic

tio
n 

co
ef

fii
ci

en
t μ

Number of cycles N, cycles

ta-C

ta-C:V300

ta-C:Nb300

ta-C:X vs. WC ball
Normal load : 1.0 N
Temperture : 27Co

Sliding speed : 62.8 mm/s
Atmosphere : dry air

ta-C:Ta300
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0 500 1000 1500 2000 2500

Fr
ic

tio
n 

co
ef

fii
ci

en
t μ

Number of cycles N, cycles

ta-C

ta-C:V300 ta-C:Nb300

ta-C:X vs. WC ball in O2
Normal load : 1.0 N
Temperture : 27Co

Sliding speed : 62.8 mm/s
Atmosphere : Oxygen

ta-C:Ta300

(a) (b)

ta-C:V

ta-C

ta-C:Nb
ta-C:Ta

ta-C:V

ta-C

ta-C:Nb

ta-C:Ta

Temperature : 27ºC Temperature : 27ºC

 
 

ta-C:X vs. WC ball in O2
Normal load : 1.0 N
Temperture : 23 Co

Sliding speed : 62.8 mm/s
Atmosphere : Oxygen
cycle : 1000-2500

in air
in O2

ta-C ta-C:Ta ta-C:Nb ta-C:V
0

0.05

0.10

0.15

0.20

0.25

0.30

Fr
ic

tio
n 

co
ef

fic
ie

nt
 µ

ta-C ta-C:Nbta-C:Ta ta-C:V

ta-C:X v.s. WC ball in air and O2

Temperature : 27ºC

Ju
st

 A
cc

ep
te

d



                                                                                    
Friction                                                                              https://mc03.manuscriptcentral.com/friction 

16 

 

Fig. 9  The specific wear rate of each coating slid in air and in O2. 
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Fig. 10 The XPS analysis results of each coating for survey from 0 to 1100 eV, (a) ta-C, (b) ta-C:V, 

(c) ta-C:Nb, and (d) ta-C:Ta. 

Table 2 The atomic percentages of elements in the coatings. 
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with fluctuations in the data, suggest that the oxygen content on the surface of each coating was 

minimal. Despite the low detection intensity, deconvolution of the peaks revealed that, in ta-C coatings, 

O-C bonds were predominant, as shown in Fig. 12 (a1) and (b1). In ta-C:V coatings, as shown in Fig. 

12 (a2) and (b2), O-V bonds significantly decreased after friction. Meanwhile, in ta-C:Nb coatings (Fig. 

12 (a3) and (b3)), O-Nb bonds showed little change before and after friction, whereas in ta-C:Ta 

coatings (Fig. 12 (a4) and (b4)), O-Ta bonds exhibited a decrease. Based on these results, the sp2/sp3 

ratio of the C1s peaks, summarized as Fig. 13(a), and the ratio of O-metal bonds to the total O1s peak 

intensity, summarized as Fig. 13(b), were analyzed. The sp2/sp3 ratio is considered to increase when 

structural changes in carbon-based hard thin coatings occur due to friction, leading to an increase in 

the graphite-like structure. For ta-C and ta-C:V coatings, the sp2/sp3 ratio showed a decreasing trend, 

suggesting that their friction coefficient would not decrease. In contrast, ta-C:Nb and ta-C:Ta coatings 

exhibited an increasing trend in the sp2/sp3 ratio. This suggests that the increase in graphite-like 

structures on the topmost surface of the coatings could lead to reduced shear strength or the realization 

of incommensurate sliding [31] between graphite layers, resulting in lower friction. The original high-

resolution XPS spectra are provided in Supplementary Figs. C and D for clarity. 
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Fig. 11 The XPS narrow analysis for C1s peak, (a1) as-deposited ta-C, (b1) wear scar of ta-C in air, 

(a2) as-deposited ta-C:V, (b2) wear scar of ta-C:V in air, (a3) as-deposited ta-C:Nb, (b3) wear scar of 
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ta-C:Nb in air, (a4) as-deposited ta-C:Ta, and (b4) wear scar of ta-C:Ta in air. 
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Fig. 12 The XPS narrow analysis for O1s peak, (a1) as-deposited ta-C, (b1) wear scar of ta-C in air, 

(a2) as-deposited ta-C:V, (b2) wear scar of ta-C:V in air, (a3) as-deposited ta-C:Nb, (b3) wear scar of ta-

C:Nb in air, and (a4) as-deposited ta-C:Ta, (b4) wear scar of ta-C:Ta in air. 

 

 

Fig. 13(a) The sp2/sp3 ratio of each coating for as-deposited and wear scar in air, and (b) O-metal/peak 

sum ratio of each element doped coatings. 
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low friction in air, ta-C:Nb (µ = 0.067) and ta-C:Ta (µ = 0.043), a decrease in the O/C ratio and an 

increase in the sp2/sp3 ratio were observed. In contrast, for ta-C (µ = 0.094) and ta-C:V (µ = 0.11), 

which did not exhibit a decrease in the friction coefficient, an increase in the O/C ratio and a decrease 

in the sp2/sp3 ratio were observed. These results highlight two distinct trends between the coatings with 

reduced friction and those without. 

 

 

Fig. 14 The relation between O/C ratio of each coating before and after friction and sp2/sp3 ratio. 
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reduction associated with these structural changes. The main conclusions obtained are as follows: 

 

1. As a result of introducing group 5 elements into the ta-C coating to improve oxidation resistance, 

the endothermic temperature of the ta-C coating increased in the Nb-containing (610°C) and Ta-

containing (620°C) coatings compared to the ta-C coating (550–580°C). 

2. When Nb and Ta were incorporated into the ta-C caoting, it was found that the carbon structure 

tended to change more easily to sp2 with heating, while the ta-C coating and V-containing coatings 

were less prone to this change. 

3. In atmospheric friction tests, the ta-C:Ta coating exhibited the lowest average friction coefficient 

at 0.043, while the ta-C:Nb caoting had the second lowest at 0.067. When V was included, the 

friction coefficient did not decrease, and it remained around 0.1, similar to that of the ta-C coating. 

4. In coatings where oxygen was incorporated, such as Nb and Ta coatings, oxygen desorbed with 

friction, causing an increase in sp2 structure and resulting in a lower friction coefficient. On the 

other hand, the ta-C and ta-C:V coatings did not show oxygen desorption or an increase in sp2 

structure with friction, which resulted in a higher friction coefficient. 

When V was incorporated into the ta-C coating, it was found that the vanadium precipitated out of the 

coating upon heating. This characteristic suggests the possibility of a new type of ta-C coating, where 

molten vanadium is precipitated by temperature and acts as a lubricant. 
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