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This paper presents the tribological properties of diamond-like-carbon coatings (DLC) doped with tungsten. The 
hardness of the DLC coating was determined using a micro-hardness tester. Friction tests were carried out on a tri-
bometer in rotational motion in a 100Cr6 steel ball-disk association with a-C-H:W tungsten doped hydrogenated 
DLC coating. Tests were carried out with loads of 10 N, 25 N and 50 N under technically dry friction conditions. Using 
a scanning electron microscopy (SEM), the surface morphology was observed, and with a confocal microscope, the 
geometric structure of the surface was observed before and after the friction tests. The wetting angle of the samples 
was examined on an optical tensiometer for distilled water and diiodomethane. The results indicated that DLC coat-
ings of the a-C:H:W type obtained by the PVD technique can be used in unlubricated high-load tribological systems.
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INTRODUCTION

Diamond-like-carbon coatings obtained through the 
processes of Plasma-Enhanced Chemical Vapour Depo-
sition – PECVD are distinguished by very good param-
eters: resistance to brittle fracture, chemical stability, 
high hardness and elastic modulus, resistance to corro-
sion and tribological wear [1, 2]. 

In addition, they show very good adhesion to the 
substrate, additionally improved through the formation 
of intermediate layer between the DLC coating and the 
substrate (interlayers) [3]. Their high bio-compatibility 
and antibacterial properties are an additional advantage 
[14]. They have found use in numerous applications in 
the electronics, tooling, automotive, textile and medical 
industries, among others [4, 5]. 

DLC coatings applications are introduced for the 
purpose of increasing the service life of components ex-
posed to tribological wear, in particular steel. They are 
used in injection moulding machines and in the textile 
industry for coating matrices [6, 7], as well as in the 
automotive industry as components for clutches, en-
gines or wrist pins [8, 9]. 

DLC coatings are also applied to machine and equip-
ment components subject to tribological wear [10]. 
DLC coatings also find extensive use in medicine, as 
components that come into contact with blood. These 
include blood pumps, hip, knee or shoulder implants, 
valves and stents [11 – 13].
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MATERIALS AND EXPERIMENTAL  
METHODS

The test specimens were manufactured from 100Cr6 
steel with a 2,18 µm DLC coating. The wettability of 
the coating surface was investigated with distilled water 
and diiodomethane with an optical tensiometer. Tribo-
logical tests were carried out under technically dry fric-
tion conditions. Detailed tribological test parameters 
are presented in Table 1. The images of the geometric 
structure of the surface before and after friction tests 
were obtained through a confocal microscope with a 
20x magnification. The morphology of the surface after 
testing was visualised through a scanning microscope 
with 300x magnification. The hardness was tested using 
an ultra nanoindentation tester.

Table 1 Parameters of the tribological test

Normal load 10 N, 25 N, 50 N
Speed 0,1 m/s
Radius 8 mm

Distance 1 000 m
Temperature 25 ± 2 oC

Humidity 50 ± 5 %
Friction pair Counter-sample: 100Cr6 steel ball  

with a diameter of 6 mm
Sample: 100Cr6 steel disc with DLC coating

Lubrication no lubrication

RESULTS AND DISCUSSION

Figure 1 shows an exemplary view of distilled water 
droplets and diiodomethane on the surface of the DLC 
coating, while Figure 2 on the surface of 100Cr6 steel. 
Figure 2 shows the values of the average wetting angles.
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The mean value of the wetting angle with distilled 
water was 55,32 ° for the DLC coating, while for 
100Cr6 steel – 79,86 °, indicating that the wettability of 
the DLC coating was worse than that of the 100Cr6 
steel. The average values of the wetting angles for the 
coating and steel are similar, at 48,86 ° and 46,73 °.

Figure 3 shows an isometric view of the DLC coat-
ing before tribological testing.

Figure 4 shows the load-unload curve as a function 
of indenter penetration depth during the hardness test 
for the DLC coating, while Table 2 presents the me-
chanical properties obtained from the test performed.

(a) (b)

(c) (d)

Figure 1  A view of a drop of distilled water (a, c) and 
diiodomethane (b, d) on the surface of 100Cr6 steel 
and DLC coating

Figure 2 The average wetting angles

Figure 3  Isometric images of the surface before the 
tribological test

Amplitude parameters were determined for the ana-
lysed surface (Sv, Sp, Ssk, Sku). Based on these param-
eters, the surface was found to have indentations of 4,59 
µm and elevations of 3,15 µm. A negative value for the 
Ssk parameter is evidence of a plateau-like structure of 
the surface.

Figure 4  Loading–penetration depth curve from 
nanohardness tests for DLC coating and mechanical 
parameters

Table 2 Mechanical properties of DLC coating

Parameters Unit Mean SD
Instrumental hardness - HIT GPa 22,5 1,9
Young’s module - EIT GPa 213,3 31,5
Identer penetration - hm nm 170,0 9,5
Plastic work - Wplast % 259,8 48,2
Elastic work - Welast % 430,5 38,9

The obtained results show that the DLC coating was 
found to have high elasticity. This is evidenced by the 
prevalence of resilient over plastic deformation. During 
the microhardness test, the indenter penetrated to a 
depth of 170 nm, which is less than 10 % of the coating 
thickness. Comparing the hardness of the DLC coating 
and the literature data, the hardness of 100Cr6 steel 

Figure 6  The course of exemplary linear wear of DLC coating 
during technically dry friction

Figure 5  The course of exemplary coefficients of friction  
of DLC coating during technically dry friction
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measured by instrumental indentation is 4,9 GPa, which 
means that it is over 5 times higher.

Figure 5 shows examples of the variation of the fric-
tion coefficient as a function of distance during techni-
cally dry friction. Figure 6 presents an example of the 
variation of linear wear.

The graphs shown above prove to be an evidence 
that the coefficient of friction decreases with the in-
crease of the applied load. This may be indicative of the 
self-lubrication of the DLC coating. The graph of the 
change in linear wear of the friction pair shows different 
values. Under a load of 50 N, the linear wear nearly 
double compared to a load of 10 N. Microscopic obser-
vations (through SEM and confocal microscopes) were 
carried out for a more detailed analysis.

Figures 7 - 9 show the surface morphology of the 
specimens and counter-specimens after tribological 
testing for 10 N, 25 N and 50 N loads, respectively.

The level of tribological wear of the materials tested 
increases together with the increasing load. At a load of 
10 N, the width of the wear mark of the counter-speci-
men – a steel sphere was approximately 400 µm, at a 
load of 25 N – 450 µm, and at a load of 50 N – 600 µm. 

An analogous increase in the width of the wear mark 
was observed on the specimens covered with DLC coat.

Figures 10 - 12 show isometric views after tribolog-
ical tests for the applied loads and Table 3 shows the 
wear track parameters of the DLC coatings.

Isometric views of the wear track indicate that to-
gether with the load increase, specimens coated with 
DLC suffer an increased wear. The wear rates shown in 
Table 3 indicate that none of the analysed cases showed 

Figure 9  View of the wear trace of the ball (a) and disc (b) after 
tribological test with 50 N load

Figure 7  View of the wear trace of the ball (a) and disc (b) after 
tribological test with 10 N load

(a) (b)

Figure 8  View of the wear trace of the ball (a) and disc (b) after 
tribological test with 25 N load

(a) (b)

(a) (b)

Figure 10  Isometric images of the surface after the technically 
dry friction test with 10 N load

Figure 11  Isometric images of the surface after the technically 
dry friction test with 25 N load

Table 3 Parameters of the wear track

Parameters Max. depth Wear track area
Unit µm µm2

10 N 0,54 59,65
25 N 0,6 88,27
50 N 1,7 850,5

Figure 12  Isometric images of the surface after the technically 
dry friction test with 50 N load
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a total wear of the coating. A small margin of approxi-
mately 0,3 µm remained before the complete tearing of 
the layer. This demonstrates the very good anti-wear 
performance of the tested coating.

CONCLUSIONS

The following conclusions have been drawn from 
the research carried out:

• the surface of the tested coating is characterised 
by hydrophilicity, as indicated by the wetting an-
gle value with distilled water of 55,32 °. The wet-
ting angle with diiodomethane was 48, 86 °,

• the results of the mechanical tests indicate a high 
elasticity of the coatings, as evidenced by a pre-
dominance of elastic deformation over plastic de-
formation of approximately 65 %,

• the results of friction tests show that the coeffi-
cient of friction decreased progressively subject 
to increasing load applied (10 N, 25 N, 50 N),

• analysis of the obtained images of surface mor-
phology after tribological tests showed an in-
crease in the area of the abrasion trace of the 
specimen and the counter-sample with increasing 
load (in the range of 400 µm ÷ 600 µm),

• isometric images after friction tests indicate very 
good anti-wear properties of the tested coating. 
The results of the model tribological tests show 
that they can be successfully applied in tribologi-
cal systems subject to high stress.
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