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A B S T R A C T

Cemented carbide (WC− Co) tools suffer from surface abrasion, limiting their performance. This study explores 
droplet-free tetrahedral amorphous carbon (ta-C) coatings deposited via arc ion plating as a solution. The 
coatings possess a dense, sp3-rich structure, leading to a remarkable hardness of 60 GPa compared to 37 GPa of 
WC− Co, and strong adhesion with a critical scratch load of 41 N. Tribological tests confirm their effectiveness. 
Dry sliding tests show reduced wear and lower CoF (0.123) compared to uncoated tools (0.159). Notably, water- 
soluble lubricants yielded the best performance (lowest CoF: 0.092, superior wear resistance), while water and 
mineral oil also improved performance.

1. Introduction

Cemented carbide (WC− Co) cutting tools are widely used in indus-
trial processes but are prone to surface abrasion, a primary cause of tool 
failure [1]. Wear resistance is crucial for the longevity and performance 
of mechanical components, impacting surface quality, operational sta-
bility, and service life in both dry and lubricated conditions. To address 
these issues, coatings with exceptional hardness and wear resistace are 
essential.

Tetrahedral amorphous carbon (ta-C) coatings exhibit promising 
potential for enhancing the wear resistance of cutting tools. Their su-
perior hardness and wear resistance are attributed to their high sp3 

bonding content. Arc ion plating (AIP) is a deposition technique capable 
of producing dense ta-C films with optimal sp3 bonding [2,3], surpassing 
the adhesion properties of magnetron sputtering [4]. Previous studies 
have demonstrated the ability of AIP to achieve ta-C coatings with 
hardness values ranging from 19.1 to 28.6 GPa, with peak sp3 content at 
− 100 V bias [5]. Moreover, optimization of AIP process parameters has 
resulted in ta-C films with exceptional hardness (56.7 GPa) and elastic 
modulus (721.1 GPa) [3], highlighting the technique’s suitability for 
depositing super-hard coatings.

A significant obstacle to the widespread adoption of ta-C coatings is 

the formation of macro-particles during deposition, which can adversely 
affect adhesion, promote oxidation, and degrade overall coating per-
formance [6]. In tribological applications, the presence of macro- 
particles exacerbates issues, leading to extended running-in periods 
and inconsistent frictional behavior. Consequently, developing deposi-
tion processes that minimize or eliminate macro-particle formation is 
essential for realizing the full potential of ta-C coatings.

This study explores droplet-free ta-C coatings deposited via AIP to 
enhance the wear resistance of WC− Co cutting tools, focusing on me-
chanical and tribological evaluations under diverse lubrication condi-
tions to optimize real-world performance.

2. Experimental methods

Tetrahedral amorphous carbon (ta-C) films were deposited on pol-
ished WC-6 %Co substrates via arc ion plating (details in supplementary 
materials). Surface morphology and structure (sp3 content) were 
analyzed using FE-SEM (JEOL JSM-IT700HR), 3D laser confocal mi-
croscopy (Olympus LEXT OLS 5000), and Raman spectroscopy (in Via, 
Renishaw , 532 nm). Nanoindentation (Picodentor HM500) was 
employed to assess the hardness and Young’s modulus of the 150 nm- 
thick ta-C film. To minimize substrate influence, a maximum 
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indentation depth of 15 nm (10 % of film thickness) was used. Film 
adhesion was assessed via scratch testing (Anton Paar RST3). Tribo-
logical performance of ta-C coatings was assessed using a pin-on-disk 
wear tester (FPR2200) under dry and lubricated (water, mineral oil, 
water-soluble) conditions mimicking cutting scenarios (1 N load, 600 s 
duration, 100 rpm, Al₂O3 counter-body). Wear profiles were analyzed 
using the 3D laser confocal microscope to quantify wear resistance.

3. Results and discussion

Arc ion plating successfully produced droplet-free ta-C coatings with 
150 nm film thickness on WC− Co substrates, as confirmed by FE-SEM 
analysis (Fig. 1a and b). This approach addresses a key challenge in 
achieving smooth ta-C films for tribological applications. Compared to 
the bare substrate (Ra = 3 nm, Sa = 4 nm), the ta-C coatings exhibited 
slightly higher roughness values (Ra = 7 nm, Sa = 7 nm) as measured by 
3D laser confocal microscopy (Fig. 1c and d). Nevertheless, these min-
imal surface irregularities suggest the potential for enhanced wear 
resistance due to reduced contact area during tribological interactions.

Raman spectroscopy (Fig. 1e) offered a non-destructive probe into 
the bonding configuration of carbon atoms within ta-C films. This 
technique exploits the characteristic vibrational modes of the material, 
where specific Raman peak positions correspond to distinct bonding 
types. Two key peaks were identified: the G-peak (~1550 cm− 1) and the 
D-peak (~1345 cm− 1). The G-peak signifies the presence of sp2 hy-
bridized carbon atoms arranged in a hexagonal lattice structure, as 
found in graphite. Conversely, the D-peak originates from defects or 
disorder within the carbon network, often associated with sp2 clusters or 
dangling bonds. The ID/IG intensity ratio of 0.36 implies minimal 
structural disorder and a dominance of sp3 hybridized carbon atoms in 
the ta-C film [7]. This high sp3 content, estimated around 70 %, likely 
contributes to the exceptional hardness and wear resistance observed 
later in the analysis.

Nanoindentation revealed a substantial enhancement in the me-
chanical properties of ta-C coatings compared to the WC− Co substrate 
(Fig. 2a). The ta-C coatings exhibited remarkable hardness (60 ± 5 GPa) 
and Young’s modulus (829 ± 60 GPa) compared to the substrate’s 37 
GPa and 770 GPa, respectively. This exceptional hardness is attributed 
to a dense and sp3-rich amorphous structure as confirmed by Raman 
analysis, resulting from highly energetic C+ species during deposition.

The observed plasticity index (H/E=0.072) suggests a good balance 
between elastic and plastic behavior, potentially contributing to 

Fig. 1. (Colour online) (a) Top and (b) cross-sectional FE-SEM images of the ta-C coated WC− Co substrate, Surface topography of the (c) bare WC− Co substrate and 
(d) ta-C coatings, and (e) Raman spectrum of the ta-C coating.

Fig. 2. (Colour online) (a) Nanoindentation results of ta-C coating and WC− Co 
substrate, and (b) Acoustic scratch test results with track image of the ta- 
C coating.
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enhanced wear resistance. Furthermore, the increased fracture tough-
ness (H3/E2 = 0.31 GPa) compared to the substrate (0.085 GPa) implies 
improved resistance to crack propagation under stress. These superior 
mechanical properties can be attributed to the effects of plasma prop-
erties during deposition, particularly the high ion bombardment onto 
the bare substrate.

The adhesion strength of the ta-C film on the WC− Co substrate was 
evaluated using a scratch test (Fig. 2b). The critical load (Lcr) for film 
delamination was determined to be 41 N, obtained through acoustic 
emission and optical microscopy, indicating remarkable adhesion. The 
strong adhesion of the ta-C film to the WC− Co substrate is attributed to 
several factors. Substrate heating during deposition enhances atomic 
mobility, promoting better bonding between the film and substrate. 
Moreover, the low substrate temperature of 150 ◦C effectively prevents 
cobalt diffusion and subsequent graphitization at the interface, which 
could degrade adhesion.

Friction and wear characteristics of the ta-C coating were evaluated 
using pin-on-disk tests against a ceramic Al2O3 disk in open air without/ 
with external lubricating. Al2O3 (Fig. 3a-onset), known for its high 
hardness and abrasion resistance, presents a significant tribological 
challenge. Fig. 3a presents the variation of the friction coefficient of ta-C 
film with sliding time under dry and lubricant sliding. Fig. 3b summa-
rizes the steady-state CoF and wear volume of ta-C film compared with 
bare substrate.

The tribological performance of ta-C coatings was evaluated using a 
pin-on-disk test against a challenging alumina (Al2O3) counter body, 
simulating real-world harsh friction and wear environments encoun-
tered in various applications [8]. Compared to the bare WC− Co sub-
strate (CoF=0.159), the ta-C coating exhibited a lower CoF (0.123) 
under dry sliding conditions. This reduction can be attributed to two key 
mechanisms. Firstly, wear-induced graphitization likely occurred at 
contact asperities due to localized temperature rise during friction. This 
graphitization process creates a low-shear transfer layer between the ta- 
C coating and the Al2O3 counter body, potentially reducing friction by 
minimizing interfacial shear strength. Secondly, the superior plastic 
resistance index (H/E) of the ta-C coating (H/E=0.072) compared to the 
substrate (H/E=0.048) suggests a better balance between elastic and 
plastic behaviour. This property can contribute to improved wear 
resistance by allowing the coating to absorb and dissipate contact 
stresses more effectively.

The lubrication conditions significantly impacted the tribological 
behaviour of the ta-C coatings. Water, introduced as a coolant, slightly 
reduced the coefficient of friction (μ = 0.116) compared to dry sliding. 
This decrease is likely due to the ability of water to absorb frictional heat 

and maintain lower contact temperatures, thereby reducing graphiti-
zation and interfacial adhesion. Mineral oil, with its lubricating prop-
erties, further minimized the friction coefficient (μ = 0.097) and wear 
rate. The oil likely formed a lubricating film at the contact interface, 
reducing shear forces and minimizing material transfer between the ta-C 
coating and the counter body.

The most favorable tribological performance was achieved with 
water-soluble lubricants (μ = 0.092), which effectively manage fric-
tional heat and provide a lubricating film similar to mineral oil, leading 
to the lowest friction coefficient for ta-C coatings (Fig. 3c–g). The 
exceptional wear resistance of ta-C coatings under lubricated conditions 
is attributed to several key factors: high hardness (H=60 GPa) enhances 
resistance to deformation and wear, an ultra-smooth, droplet-free sur-
face (Ra = 7 nm) reduces contact area, high sp3 content (~70 %) ensures 
mechanical strength, and strong film-substrate adhesion (Lcr = 41 N) 
maintains coating integrity. These properties significantly improve 
tribological properties of WC− Co tool.

4. Conclusion

This study demonstrates the effectiveness of droplet-free ta-C coat-
ings, deposited via arc ion plating, in significantly enhancing the wear 
resistance of WC− Co cutting tools. The resulting coatings exhibited 
exceptional properties, including a high sp3 content of approximately 
70 %, a hardness of 60 ± 5 GPa, and strong adhesion to the substrate (Lcr 
≈ 41 N). Compared to uncoated tools, ta-C coated tools displayed a 22 % 
reduction in coefficient of friction under dry conditions and a remark-
able 31 % reduction when using water-soluble lubricants. This translates 
to a coefficient of friction of just 0.092, accompanied by minimal wear. 
These findings underscore the potential of ta-C coatings to substantially 
improve the durability and performance of WC− Co cutting tools in 
demanding industrial applications.
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Fig. 3. (Colour online) (a) Friction coefficient of ta-C coating against Al2O3 disk. (b) Average CoF and wear volume of ta-C coating under dry and lubricated 
conditions. (c–g) Wear morphology of ta-C pin-samples after dry and wet sliding tests.
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Deposition of ta-C Films by arc ion plating method: 

Tetrahedral amorphous carbon (ta-C) films were deposited on cemented carbide (WC−Co) 

substrates using cathodic arc ion plating (Fig. 1). This high-energy technique utilizes a vacuum 

arc to generate highly ionized carbon vapor from a target (99.99% pure carbon). The negatively 

biased substrate attracts these positive carbon ions, leading to film growth. K-type WC−Co 

substrates (φ10 x 5.5 mm) with a polished surface roughness (Ra) of 0.003 µm were employed. 

Prior to deposition, the substrates underwent ultrasonic cleaning in a sequence of acetone, 

methanol, and finally, deionized water. The films were deposited under vacuum (≈1 Pa) onto a 

heated substrate (≈150 °C) maintained at a negative bias voltage (≈ 300 V). The resulting ta-C 

films had a thickness of approximately 150 nm and a deposition rate of 0.3 µm/hr. 

 

Fig. 1 (Colour online) Schematic diagram of cathodic arc ion plating used for ta-C 
deposition. 
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