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Tetrahedral amorphous carbon coatings (ta-C) combine almost universally low friction coefficients with low 

wear due to their super hardness. However, high intrinsic stress and low toughness can limit the ta-C usability 

for highly loaded application conditions. Furthermore, superior friction and wear properties can get lost if 

used with highly additivated engine oils. Doping of ta-C with elements, that increase coating toughness or 

promote triboactive interaction to the lubricant without losing general advantages of ta-C can help to develop 

next generation of industrially used tribological coatings. This contribution shows first examples of superior 

ta-C:X coatings. 
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1. Introduction 

Tetrahedral amorphous carbon (ta-C) coatings are 

increasingly used in tribological contacts and can be 

found in numerous industrial applications due to their 

wear resistance caused by super hardness in 

combination with generally low friction. However, for 

advanced engine oils, containing high concentrations of 

EP and AW additives, ta-C can lose its superior friction 

behavior and even suffer from unexpected high wear. 

Therefore, an attempt is made here to adapt the ta-C 

coatings to a better interaction with the lubricant by a 

suitable ta-C:X doping and, in addition, to improve the 

mechanical coating behavior.   

2. Methods and Results 

The coatings were deposited by pulsed vacuum arc 

evaporation with the laser-arc process using an 

industrial LAM500 module. Graphite (for ta-C) or 

graphite composite targets produced by sintering (for 

ta-C:X) were used as target materials. As doping 

elements X were used: boron, iron and molybdenum. B-

doping was used to alter the mechanical coating 

properties. The dopants Fe and Mo aimed at making the 

ta-C coating chemically more "steel-like", so that the 

addition on the ta-C:X surfaces leads to the formation of 

the typical friction reducing triboreaction layers. Since 

doping is usually accompanied by a reduction of the sp
3
 

content of the ta-C, a sp
3
-reduced pure ta-C coating was 

also used to investigate the effect of pure sp
3
 reduction. 

The coating thickness was about 5 µm in all cases. 

Analysis results of doping element concentration by 

EDX and hardness by nanoindentation measurement are 

summarized in Table 1.  

Table 1: Results of coating analysis  

Coating type Doping concentr. 

(at%) 

Hardness 

(GPa) 

ta-C_1 - 52 

ta-C_2 - 28 

ta-C:B 4.7 52 

ta-C:Fe 10.2 14 

ta-C:Mo 6.4 25 

 

 

It is shown that ta-C:X can retain super hardness 

even with a significant doping proportion (of B). 

Depending on the doping element, however, the 

hardness may also be significantly reduced. 

With regard to the potential use of ta-C:X coatings 

on highly loaded engine components, the adhesion and 

deformation behavior as well es the intrinsic residual 

stress of the coatings were investigated – see Table 2. 

Table 2:  Intrinsic stress and critical load in scratch test 

Coating type Intrinsic stress 

(GPa) 

Critical load 

LC2 (N) 
ta-C_1 -4.8 25 

ta-C:B -4.7 23 

ta-C:Fe -3.5 34 

ta-C:Mo -7.5 38 

Only doping with Fe leads to a reduction of the 

(compressive) residual stress. Regarding adhesion, the 

Fe- and Mo-doping have a clear advantage. Apparently, 

the deformability of the coatings increases due to 

doping. The very high compressive stress in ta-C:Mo 

does not lead to a higher delamination tendency in the 

scratch test. On the contrary: it behaves even best of all. 

The friction coefficients under lubrication with a 

0W12 mineral engine oil with Zn and Mo-additives 

were measured in a SRV
®
4 tribometer. The coated disc 

was paired to a spherical 100Cr6 steel pin at 80°C.  

 

Figure 1: Friction coefficients after 60 min testing time. 

3. Summary 

Within the frame of investigated ta-C:X coatings, 

Mo doping can both improve mechanical resilience and 

the friction behavior in lubrication with low-viscosity, 

highly additivated engine oil. Analytical investigation of 

contact areas detect tribochemical changes in order to 

understand the mechanism for effective friction drop. 
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