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Materials

Abstract
Purpose: Elaboration of nanocomposite, low friction and wear resistant coatings in order to increase the life-
time and reliability of friction couples especially in aviation industry, car industry and of cutting tools. These 
coatings consist of nanocrystallites of chromium or titanium carbides built into amorphous carbon matrix.
Design/methodology/approach: Coatings type nc-MeC/a-C and nc-MeC/a-C:H (where Me means Cr or Ti 
transition metal) are deposited by a PVD method based on magnetron sputtering of pure Ti or Cr and pure 
graphite targets in the atmosphere of Ar or Ar+H2, respectively. The coatings are deposited onto the surface of 
quenched and tempered HSS steel Vanadis23 and diffusion hardened titanium alloy Ti6Al4V.
Findings: Depending on deposition parameters, like the power ratio of transition metal to carbon targets or the 
substrate bias, it is possible to obtain different morphological and tribological properties of coatings. These latter 
are very important for designing friction couples in mechanical applications.
Originality/value: The coatings are characterized of very low friction coefficient (0.06 for nc-TiC/a-C and 0.08 
for nc-TiC/a-C:H and nc-CrC/a-C:H coatings).
Keywords: Nanocomposite; Low friction; Wear resistant; (Ti, Cr)C/a-C(:H); Magnetron sputtering
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1. Introduction 

 
PVD and CVD methods are best choice for improving of 

tribological properties of machine parts and tools. Using those 
methods allows to obtain variety of coating’s structures (like 
mono and multilayer [1-3], gradient [2, 4, 5] or composite and 
nanocomposite [2, 7-9]) and in consequences various properties. 
The improvement of tribological properties of tools covered with 
coatings was investigated by many researchers [1, 2, 5] and affirm 
elongation of life-time and increasing of reliability. 

Nanocomposite nc-MeC/a-C, nc-MeC/a-C:H coatings (where 
Me means transition metals Cr or Ti) are widely used in friction 
couples, as coatings for cutting tools or as decorative ones 
because of a number of important properties as, for example, low 
friction coefficient, high resistance against wear and good 
adhesion to metallic substrates [10-14]. 

There are different methods of deposition of nc-MeC/a-C or 
nc-MeC/a-C:H coatings: plasma assisted chemical vapor 
deposition process (PACVD) [12], nonreactive closed-field 
unbalanced magnetron sputtering process [15-17], or a reactive 
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ones [11, 13 ,14, 18], plasma- assisted CVD method using a 
reactive gas mixture TiCl4+CH4 [19, 20], filtered cathodic vacuum 
arc (FCVA) [10, 21], or by hybride methods based on magnetron 
sputtering and cathodic arc evaporation [22]. Different metal 
and gas sources are used in these methods as, for example, 
magnetron targets made from pure Cr, Ti, graphite (C) or 
chemical compound as TiC [23] in atmospheres  of pure Ar or 
Ar+H2. When using magnetron sputtering for deposition it is 
possible to change chemical composition of the coatings to a 
great extent and, as a result, to influence the tribological 
properties of the coatings. Simultaneously, it is possible to built 
nanocrystals of chromium or titanium carbides into the 
amorphous carbon matrix [14, 21].  

Many researchers tried to improve the adhesion of the 
coatings to the substrate surface which is crucial for the most of 
potential applications. To solve this problem different 
interlayers were deposited between the nanocomposite nc-C/a-
C(:H) or nc-CrC/a-C(:H) coating and the substrate as, for 
example, Cr [12, 15, 16, 22, 24] or CrN [25], Mo or Ti [26]. The 
content of a transition metal in the interlayer evanesces to zero 
and the one of the proper, a-C or a-C:H component increases up to 
100%. 

The coatings which are characteristic of columnar structure 
have poor tribological properties. With use of a proper substrate 
bias and a suitable acetylene gas flow it is possible to restrain 
the columnar growth of the coatings and constitute a much 
smoother structure which is almost column-free [16, 27]. 
Furthermore nanocrystalline particles built into amorphous 
carbon matrix free of columnar structure prevent the nucleation 
and crack growth in the coatings. In addition the increase of the 
carbon content influences friction coefficient and hardness of 
the nc-MeC/a-C and nc-MeC/a-C:H coatings. With increasing 
acetylene flow during deposition process the hardness of 
coatings increases and the friction coefficient decreases to a 
great extent: in case of hydrogenated nanocomposite nc-TiC/a-
C:H coatings the hardness changes in a range of 30-65GPa, 
whereas for the nonhydrogenated ones it is only 5-25GPa [21, 
27]. As it concerns the coefficient of wear resistance, it changes 
from 1·10-16 m3·N-1·m-1 for hydrogenated coatings [27] to 1·10-15 

m3·N-1·m-1 for the nonhydrogenated ones [24]. In case of nc-
CrC/a-C coatings, stress concentration can bring about 
delamination and cracking of the coating. To prevent this 
phenomenon the amorphous carbon matrix can be hydrogenized 
[11-13, 18]. For the same coatings the friction coefficient as low 
as 0.1 can be achieved for rather low amount of chromium 
carbides and at relatively low hardness (~10 GPa). In this case low 
hardness does not preclude a high resistance to wear. The friction 
coefficient increases with chromium content. It can achieve a 
value of 0.35 and the hardness value of 40 GPa for essentially a 
pure CrC compound without amorphous a-C(:H) phase [11, 14]. 

By controlling the ratio of the hard phase to the soft one, it is 
possible to adjust properties suitable for a broad range of 
applications. Decrease of the friction coefficient and 
simultaneous increase of wear resistance of coated elements 
increase the life-time and reliability of machine parts and 
reduces operating costs. In addition, the self-lubricious nc-
MeC/a-C or nc-MeC/a-C:H coatings allow to abridge the use of 
costly lubricants, eliminate harmful oil wastes and has a 
significant effect on the protecting of the environment. 

2. Experimental 
 
2.1 Materials and processing 
 

The coatings consisting of nanocrystallites of titanium or 
chromium carbides embedded into amorphous carbon matrix have 
been deposited by magnetron sputtering of three pure graphite 
targets and one of pure Ti or Cr target in atmosphere of pure Ar or 
of a mixture of Ar+H2. 

The coatings were deposited onto the surface of diffusion 
hardened with interstitial oxygen atoms [28] Ti6Al4V alloy 
(~33 HRC), of a bulk-hardened high-speed steel Vanadis 23 or 
ASP 2023 (~64HRC) and of pure Si wafers. The dimensions of 
the metal samples were Ø25x6mm and those from the Si ones 
were 10x10x0.56 mm. Before deposition the specimens from the 
high-speed steel and titanium alloy were ground with use of 
abrasive papers up to 2000 grit and next polished with use of a 
mixture of diamond powder (1 µm) with lubricant. After polishing 
the samples were washed in warm water with detergent 
admixture, rinsed in pure water and next in acetone in ultrasonic 
bath. Rectangular specimens from Si wafers were only cleaned in 
acetone in an ultrasonic bath.  

Samples prepared that way were suspended under the rotary 
table in the center of the vacuum chamber of a multipurpose 
magnetron sputtering unit B90 with four circular magnetrons 
situated symmetrically around the vertical axis of symmetry of the 
vacuum chamber each 90 deg at the distance of 200 mm.  

After pumping down of the vacuum chamber to residual 
pressure of 1·10-3 Pa all the samples were cleaned by sputtering in 
a glow discharge in the atmosphere of Ar at a pressure of 4 Pa and 
at Ar flow 44 sccm. This step was prosecuted until the current of 
discharge stabilized at a current level (~1 A) at a discharge 
voltage of 1 kW. During deposition of the nc-CrC/a-C or TiC/a-C 
coatings the Ar pressure in the vacuum chamber was adjusted to 
0.4 Pa for deposition of nc-CrC/a-C or nc-TiC/a-C coatings or a 
mixture of Ar and H2 gases was let into the chamber for nc-TiC/a-
C:H or CrC/a-C:H coating deposition. 

For improving coatings' adhesion to the substrate, a thin 
intermediate layer of pure Ti or Cr was deposited as a first step. 
The deposition time was 300s with gradually increasing power of 
the magnetron with Ti or Cr targets (respectively) until a value of 
1 kW. In the next step all the four targets were sputtered (i.e., 
three graphite targets and one from Ti or Cr, respectively) at 
permanent rotation of the table with the specimens. The power of 
the magnetron with Ti (or Cr) target was different in different 
processes (from 0.1 kW to 1.1 kW) and that for magnetrons with 
graphite targets was changing from 0.5 kW to 1.4 kW in order to 
find optimal parameters which are presented in Tab. 1. The 
substrate bias in all the processes was - 50 V, with impulses of a 
base frequency 160kHz and at a frequency of modulation of 
2 kHz at a value of the bias current 100-130 mA. 
 
 
2.2 Methodology 
 

Tribological properties of coatings were measured using a ball-
on-disk T-11 tribometer. During each test the friction force, 
temperature and vertical displacement were recorded. The value of 
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the relative humidity during each test was between 50% and 55%, the 
diameter of the ball made from 100Cr6 bearing steel was 1/4'', the 
friction distance was 1000 m, the linear speed 0.1 m·s-1, the load 10 N 
and the radius of a circular friction trajectory was 0.01 m (therefore 
the number of friction cycles was approximately 16000). 

For examining adhesion quality of the coatings to the substrates 
the Daimler-Benz test has been carried using Rockwell diamond 
indenter with the radius of curvature at the apex 0.2 mm [29]. 

Coatings thickness was measured by means of optical 
interferometry or with use of scanning electron microscopy or 
with use of a calotest technique.  

The chemical composition of the coatings was measured by 
means of the EDS method with use of a special attachment (by 
NORAN Instruments) to the scanning electron microscope 
Hitachi S-3000N. Coatings for the examination of chemical 
composition were deposited onto the surface of pure silicon 
substrates. Hydrogen content in hydrogenated a-C phase was 
investigated using LECO TCH600 hydrogen tester. 

Coatings nanohardness and Young's modulus were measured 
with use of a G-200 nanoindenter in a CSM dynamic mode (i.e., 
of a Continuous Stiffness Measurement). The coatings for these 
measurements were deposited on the surface of pure silicon 
substrate too. 

3.Results
 
 

3.1 Tribological tests 
 
 
Tribological tests carried-out for nc-CrC/a-C(:H) and nc-

TiC/a-C(:H) coatings confirmed a low friction and resistance to 
wear of the coatings. The values of the friction coefficient change 
in the range 0.06-0.28 (Tab. 2) and the lowest value was obtained 
for the nc-TiC/a-C coating: the friction coefficient for this coating 
was 0.06 (Fig. 1) and 0.08 for nc-TiC/a-C:H. That latter value 
(0.08) was also obtained for an nc-CrC/a-C:H coating (Fig. 2). A 
characteristic effect of self lubrication was observed for all the 
measured nc-TiC/a-C coatings (like it is presented in Fig. 1): at 
the beginning the friction coefficient is increasing for first 100m 
of friction path and during next 300m it is decreasing and 
stabilizing at a lowest value. It is possible that a part of the 
coating material is transferred from samples surface onto the ball 
surface at the beginning of the friction test. Such an effect was not 
observed for nc-CrC/a-C:H coating. 

 
Table 1.  
Parameters of deposition of different nanocomposite coatings 

Deposition of interlayer Process of deposition 
Coating Ti or Cr magnetron 

power [kW] Time [s] Ti or Cr magnetron 
power [kW] 

C total magnetrons 
power [kW] Pressure [Pa] Ar flow [sccm]/ 

/H2 flow [sccm] Time [min] 

0.5 120 nc- 
TiC/a-C 1 180 0.3 3.36 0.4 18.9 / 0 65 

0.5 120 nc-TiC/a-C:H 1 180 0.3 3.36 0.43 19 / 15 65 

0.5 120 nc- 
CrC/a-C 1 180 0.21 3.64 0.4 31.4 / 0 65 

nc-CrC/a-C:H 0.5 120 0.21 3.66 0.4 17.7 / 5 125 
 

Table 2.  
Friction coefficients and atomic concentration ratios Ti/C and Cr/C of nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C and nc-CrC/a-C:H ctgs 

Process Coatings Ratio of atomic concentration Ti/C or Cr/C Friction coefficient f 
TiC-C-1 TiC/a-C 0.08 0.28 
TiC-C-2 TiC/a-C 0.14 0.2 
TiC-C-3 TiC/a-C 0.32 0.3 
TiC-C-8 TiC/a-C 0.08 0.06 

TiC-C-10 TiC/a-C 0.13 0.24 
TiC-C-H-1 TiC/a-C:H 0.05 0.2 
TiC-C-H-2 TiC/a-C:H 0.05 0.1 
TiC-C-H-3 TiC/a-C:H 0.05 0.08 
TiC-C-H-4 TiC/a-C:H 0.06 0.15 
CrC-C-1 CrC/a-C 0.08 0.16 
CrC-C-5 CrC/a-C 0.14 0.13 
CrC-C-6 CrC/a-C 0.11 0.14 
CrC-C-7 CrC/a-C:H 0.24 0.09 
CrC-C-8 CrC/a-C:H 0.18 0.11 
CrC-C-9 CrC/a-C:H 0.18 0.11 

CrC-C-10 CrC/a-C 0.22 0.15 
CrC-C-11 CrC/a-C:H 0.23 0.08 
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Fig. 1. Friction coefficient of the nc-TiC/a-C coating no. 8 as a 
function of the friction path 
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Fig. 2. Friction coefficient of the nc-CrC/a-C:H coating no. 11 as 
a function of friction path 
 
 

 

0 50 100 150 200
0

2

4

X [µm]

Z 
[µ

m
]

 
 
Fig. 3. Wear track on the surface of the nc-CrC/a-C coating no. 6 
after a ball-on-disk test along 1000m friction path (photo at the 
top) and its profilogram (lower down) 

 
 
In case of the nanocomposite carbon-based coatings with Cr 

atoms the effect of the admixture of H atoms was significant in 
that the friction coefficient decreased to 0.08 whereas for the non-
hydrogenated ones the lowest value was only 0.13. The effect of 

hydrogenation was not so important for nc-TiC/a-C coatings for 
which the lowest value of the friction coefficient was 0.08 for 
hydrogenated and 0.06 for nonhydrogenated. 

After the friction test the observations of the wear tracks 
were carried-out with use of an optical microscope. There was 
no significant wear of the both kinds of coatings deposited onto 
substrate surface. Profilograms and optical observation of the 
surface of the nc-CrC/a-C coating, after the ball-on-disk friction 
test, prove very smooth wear track with no damage of the 
substrate surface (Fig. 3). 
 
 
 
3.2 Chemical composition 

 
Titanium content in the nc-TiC/a-C and nc-TiC/a-C:H 

coatings changes from 0.4 to 24 at. % (with the rest of C atoms) 
(Tab. 3.). In case of the nc-CrC/a-C and nc-CrC/a-C:H coatings 
the lowest chromium content was 7 and the highest one 20 at. % 
while rest was carbon. Chemical composition has an important 
effect on coating's properties. The lowest friction coefficient 
was obtained for titanium-to-carbon ratio 0.5-0.8 in case of nc-
TiC/a-C and nc-TiC/a-C:H and for chromium-to-carbon ratio 
0.22 for nc-CrC/a-C and nc-CrC/a-C:H coatings (Tab. 3.). 
Hydrogenated coatings contained up to 30 at. % of hydrogen. 

 
 
 

3.2 Adhesion 
 

Adhesion quality for all the investigated nc-TiC/a-C, nc-
TiC/a-C:H, nc-CrC/a-C or nc-CrC/a-C:H coatings was HF1 in 
Daimler-Benz test i.e., the best of the six-stage scale for the 
coatings` thickness up to 0.5 µm (Tab. 4.). No cracks or 
delamination of coatings on the circumference of the D-B test 
pits were encountered on Vanadis 23 HSS steel (Fig. 4 b and 
Fig. 5 b). In contrast to that the investigations of the coatings 
surface on the diffusion-hardened Ti6Al4V titanium alloy after 
the Daimler-Benz test shows radial cracks but no delamination 
as well (Fig. 4 a and Fig. 5 a). This different behavior of the 
same coatings in the vicinity of the circumference of the pits is 
due to different mechanical properties of the both substrates. In 
case of the HSS steel with higher hardness and Young`s 
modulus value than the pertinent ones for the titanium Ti6Al4V 
alloy the plastic deformation of the former of the both substrates 
is smaller and so are the stresses in the coatings on the Vanadis 
23 HSS steel. 

Introducing of hydrogen to the Ar atmosphere brings an 
increased adhesion in case of thicker (up to 0.7 µm) nc-CrC/a-
C:H coatings from HF5 to HF1 on the Vanadis 23 HSS steel 
(Fig. 5 b). Nevertheless, the adhesion to titanium alloy substrate 
was still HF1 for either hydrogenated or nonhydrogenated nc-
CrC/a-C coatings with thickness up to 0.7 µm (Fig. 5 a). The 
effect of the hydrogenation onto the adhesion of the nc-TiC/a-C 
coatings on the Vanadis 23 HSS steel substrates was 
unnoticeable. 
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TiC/a-C(:H) coatings confirmed a low friction and resistance to 
wear of the coatings. The values of the friction coefficient change 
in the range 0.06-0.28 (Tab. 2) and the lowest value was obtained 
for the nc-TiC/a-C coating: the friction coefficient for this coating 
was 0.06 (Fig. 1) and 0.08 for nc-TiC/a-C:H. That latter value 
(0.08) was also obtained for an nc-CrC/a-C:H coating (Fig. 2). A 
characteristic effect of self lubrication was observed for all the 
measured nc-TiC/a-C coatings (like it is presented in Fig. 1): at 
the beginning the friction coefficient is increasing for first 100m 
of friction path and during next 300m it is decreasing and 
stabilizing at a lowest value. It is possible that a part of the 
coating material is transferred from samples surface onto the ball 
surface at the beginning of the friction test. Such an effect was not 
observed for nc-CrC/a-C:H coating. 

 
Table 1.  
Parameters of deposition of different nanocomposite coatings 

Deposition of interlayer Process of deposition 
Coating Ti or Cr magnetron 

power [kW] Time [s] Ti or Cr magnetron 
power [kW] 

C total magnetrons 
power [kW] Pressure [Pa] Ar flow [sccm]/ 

/H2 flow [sccm] Time [min] 

0.5 120 nc- 
TiC/a-C 1 180 0.3 3.36 0.4 18.9 / 0 65 

0.5 120 nc-TiC/a-C:H 1 180 0.3 3.36 0.43 19 / 15 65 

0.5 120 nc- 
CrC/a-C 1 180 0.21 3.64 0.4 31.4 / 0 65 

nc-CrC/a-C:H 0.5 120 0.21 3.66 0.4 17.7 / 5 125 
 

Table 2.  
Friction coefficients and atomic concentration ratios Ti/C and Cr/C of nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C and nc-CrC/a-C:H ctgs 

Process Coatings Ratio of atomic concentration Ti/C or Cr/C Friction coefficient f 
TiC-C-1 TiC/a-C 0.08 0.28 
TiC-C-2 TiC/a-C 0.14 0.2 
TiC-C-3 TiC/a-C 0.32 0.3 
TiC-C-8 TiC/a-C 0.08 0.06 

TiC-C-10 TiC/a-C 0.13 0.24 
TiC-C-H-1 TiC/a-C:H 0.05 0.2 
TiC-C-H-2 TiC/a-C:H 0.05 0.1 
TiC-C-H-3 TiC/a-C:H 0.05 0.08 
TiC-C-H-4 TiC/a-C:H 0.06 0.15 
CrC-C-1 CrC/a-C 0.08 0.16 
CrC-C-5 CrC/a-C 0.14 0.13 
CrC-C-6 CrC/a-C 0.11 0.14 
CrC-C-7 CrC/a-C:H 0.24 0.09 
CrC-C-8 CrC/a-C:H 0.18 0.11 
CrC-C-9 CrC/a-C:H 0.18 0.11 

CrC-C-10 CrC/a-C 0.22 0.15 
CrC-C-11 CrC/a-C:H 0.23 0.08 
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Fig. 1. Friction coefficient of the nc-TiC/a-C coating no. 8 as a 
function of the friction path 
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Fig. 2. Friction coefficient of the nc-CrC/a-C:H coating no. 11 as 
a function of friction path 
 
 

 

0 50 100 150 200
0

2

4

X [µm]

Z 
[µ

m
]

 
 
Fig. 3. Wear track on the surface of the nc-CrC/a-C coating no. 6 
after a ball-on-disk test along 1000m friction path (photo at the 
top) and its profilogram (lower down) 

 
 
In case of the nanocomposite carbon-based coatings with Cr 

atoms the effect of the admixture of H atoms was significant in 
that the friction coefficient decreased to 0.08 whereas for the non-
hydrogenated ones the lowest value was only 0.13. The effect of 

hydrogenation was not so important for nc-TiC/a-C coatings for 
which the lowest value of the friction coefficient was 0.08 for 
hydrogenated and 0.06 for nonhydrogenated. 

After the friction test the observations of the wear tracks 
were carried-out with use of an optical microscope. There was 
no significant wear of the both kinds of coatings deposited onto 
substrate surface. Profilograms and optical observation of the 
surface of the nc-CrC/a-C coating, after the ball-on-disk friction 
test, prove very smooth wear track with no damage of the 
substrate surface (Fig. 3). 
 
 
 
3.2 Chemical composition 

 
Titanium content in the nc-TiC/a-C and nc-TiC/a-C:H 

coatings changes from 0.4 to 24 at. % (with the rest of C atoms) 
(Tab. 3.). In case of the nc-CrC/a-C and nc-CrC/a-C:H coatings 
the lowest chromium content was 7 and the highest one 20 at. % 
while rest was carbon. Chemical composition has an important 
effect on coating's properties. The lowest friction coefficient 
was obtained for titanium-to-carbon ratio 0.5-0.8 in case of nc-
TiC/a-C and nc-TiC/a-C:H and for chromium-to-carbon ratio 
0.22 for nc-CrC/a-C and nc-CrC/a-C:H coatings (Tab. 3.). 
Hydrogenated coatings contained up to 30 at. % of hydrogen. 

 
 
 

3.2 Adhesion 
 

Adhesion quality for all the investigated nc-TiC/a-C, nc-
TiC/a-C:H, nc-CrC/a-C or nc-CrC/a-C:H coatings was HF1 in 
Daimler-Benz test i.e., the best of the six-stage scale for the 
coatings` thickness up to 0.5 µm (Tab. 4.). No cracks or 
delamination of coatings on the circumference of the D-B test 
pits were encountered on Vanadis 23 HSS steel (Fig. 4 b and 
Fig. 5 b). In contrast to that the investigations of the coatings 
surface on the diffusion-hardened Ti6Al4V titanium alloy after 
the Daimler-Benz test shows radial cracks but no delamination 
as well (Fig. 4 a and Fig. 5 a). This different behavior of the 
same coatings in the vicinity of the circumference of the pits is 
due to different mechanical properties of the both substrates. In 
case of the HSS steel with higher hardness and Young`s 
modulus value than the pertinent ones for the titanium Ti6Al4V 
alloy the plastic deformation of the former of the both substrates 
is smaller and so are the stresses in the coatings on the Vanadis 
23 HSS steel. 

Introducing of hydrogen to the Ar atmosphere brings an 
increased adhesion in case of thicker (up to 0.7 µm) nc-CrC/a-
C:H coatings from HF5 to HF1 on the Vanadis 23 HSS steel 
(Fig. 5 b). Nevertheless, the adhesion to titanium alloy substrate 
was still HF1 for either hydrogenated or nonhydrogenated nc-
CrC/a-C coatings with thickness up to 0.7 µm (Fig. 5 a). The 
effect of the hydrogenation onto the adhesion of the nc-TiC/a-C 
coatings on the Vanadis 23 HSS steel substrates was 
unnoticeable. 

3.2.	�Chemical composition
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Table 3.  
Chemical composition of nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C and nc-CrC/a-C:H coatings together with a value of the relative metal-to-
carbon concentration 

Process Coating Concentration of atomic % Ratio 
    Ti C Ti/C 

TiC-C-1 TiC/a-C 7.79 92.21 0.08 
TiC-C-2 TiC/a-C 12.5 87.5 0.14 
TiC-C-3 TiC/a-C 24.12 75.88 0.32 
TiC-C-8 TiC/a-C 7.51 92.49 0.08 

TiC-C-10 TiC/a-C 11.37 88.63 0.13 
TiC-C-H-1 TiC/a-C:H 4.41 95.5 0.05 
TiC-C-H-2 TiC/a-C:H 4.76 95.2 0.05 
TiC-C-H-3 TiC/a-C:H 4.58 95.4 0.05 
TiC-C-H-4 TiC/a-C:H 5.51 94.4 0.06 

    Cr C Cr/C 
CrC-C-1 CrC/a-C 7.14 92.86 0.08 
CrC-C-5 CrC/a-C 12.65 87.3 0.14 
CrC-C-6 CrC/a-C 9.99 90.1 0.11 
CrC-C-7 CrC/a-C:H 19.5 80.5 0.24 
CrC-C-8 CrC/a-C:H 15.17 84.83 0.18 

CrC-C-10 CrC/a-C 18.02 81.98 0.22 
CrC-C-11 CrC/a-C:H 18.37 81.63 0.23 

 
Table 4.  
Quality of adhesion to a quenched and tempered Vanadis 23 HSS steel and to diffusion-hardened titanium alloy measured with use of a 
Daimler-Benz six-stage HF test 

Adhesion quality in HF scale 
base Prosess Coating 

Vanadis 23 Ti6Al4V(O2) 

Thickness of coating 
[m] 

TiC-C-1 TiC/a-C 1 1 0.4 
TiC-C-2 TiC/a-C 1 1 0.28 
TiC-C-3 TiC/a-C 1 1 0.34 
TiC-C-8 TiC/a-C 1 1 0.37 
TiC-C-10 TiC/a-C 5 1 0.8 

TiC-C-H-1 TiC/a-C:H 1 1 0.44 
TiC-C-H-2 TiC/a-C:H 1 1 0.49 
TiC-C-H-3 TiC/a-C:H 1 1 0.46 
TiC-C-H-4 TiC/a-C:H 1 1 0.45 
TiC-C-H-5 TiC/a-C:H 5 1 0.8 
CrC-C-1 CrC/a-C 1 1 0.23 
CrC-C-5 CrC/a-C 1 1 0.28 
CrC-C-6 CrC/a-C 1 1 0.31 
CrC-C-7 CrC/a-C:H 1 1 0.29 
CrC-C-8 CrC/a-C:H 1 1 0.35 
CrC-C-9 CrC/a-C:H 1 1 0.32 
CrC-C-10 CrC/a-C 5 1 0.7 
CrC-C-11 CrC/a-C:H 1 1 0.65 

 
Table 5.  
Mechanical properties and thickness of the nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C or nc-CrC/a-C:H coatings 

Process Coating Hardness [GPa] Young modulus [GPa] Thickness [m] 
TiC-C-8 TiC/a-C 17-20 200 0.37 
TiC-C-10 TiC/a-C 17-20 200 0.8 

TiC-C-H-3 TiC/a-C:H 15 170 0.46 
TiC-C-H-5 TiC/a-C:H 15 170 0.8 
CrC-C-5 CrC/a-C 17 213 0.28 
CrC-C-6 CrC/a-C 15.5 202 0.31 
CrC-C-10 CrC/a-C 16.2 190 0.67 
CrC-C-11 CrC/a-C:H 17.6 190 0.65 

 

 

  
 
Fig. 4. Photo-micrographs of the pits in the coatings surface after 
a Daimler-Benz test: a) – nc-TiC/a-C coating deposited in the 
process TiC-C-8 on the hardened Ti6Al4V alloy; b) – nc-TiC/a-C 
coating deposited in the process TiC-C-8 onto the surface of 
quenched-and-tempered Vanadis 23 HSS steel 
 
 

  
 
Fig. 5. Photo-micrographs of the pits in the coatings surface after 
a Daimler-Benz test: a) – nc-CrC/a-C:H coating deposited in the 
process CrC-C-11 on the hardened Ti6Al4V alloy; b) – nc-CrC/a-
C coating deposited in the process CrC-C-11 onto the surface of 
quenched-and-tempered Vanadis 23 HSS steel 
 
 
3.4 Hardness and Young modulus 
 

Hardness of the nc-TiC/a-C and nc-TiC/a-C:H coatings as 
well as of the nc-CrC/a-C and nc-CrC/a-C:H coatings was rather 
low: 15 GPa to 20 GPa for the former and 15 GPa to 17 GPa for 
the latter (Tab. 5).  

Higher values are characteristic for coatings with higher ratio 
of a transition metal (Ti or Cr) to carbon. Young`s modulus for 
the nc-TiC/a-C coatings was 200 GPa and for the nc-TiC/a-C:H 
ones it was 170 GPa. In case of the nc-CrC/a-C coatings a 
pertinent value was 213 GPa and for the hydrogenated ones it was 
190 GPa (Tab. 5). 

Despite those mechanical properties not very impressive the 
coatings preserve good resistance against wear and fatigue (the 
latter statement is based on observations of the unnoticeable effect 
of a rather high number 16000 of stress cycles of the value of 
~1.5 GPa during the friction ball-on-disk test). 

 
 

4. Conclusions 
 
The nanocomposite nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C 

and nc-CrC/a-C:H coatings deposited by magnetron sputtering 
exhibit excellent tribological properties like low friction 
coefficient, high resistance against adhesive wear and fatigue 

together with very good adhesion to quenched-and-tempered 
Vanadis 23 HSS steel and to diffusion-hardened Ti6Al4V 
titanium alloy. Owing to these properties the nanocomposite 
carbon-based coatings with Cr or Ti admixture can find 
application in machine, automobile and aviation industry. 
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Table 3.  
Chemical composition of nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C and nc-CrC/a-C:H coatings together with a value of the relative metal-to-
carbon concentration 

Process Coating Concentration of atomic % Ratio 
    Ti C Ti/C 

TiC-C-1 TiC/a-C 7.79 92.21 0.08 
TiC-C-2 TiC/a-C 12.5 87.5 0.14 
TiC-C-3 TiC/a-C 24.12 75.88 0.32 
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Table 4.  
Quality of adhesion to a quenched and tempered Vanadis 23 HSS steel and to diffusion-hardened titanium alloy measured with use of a 
Daimler-Benz six-stage HF test 

Adhesion quality in HF scale 
base Prosess Coating 

Vanadis 23 Ti6Al4V(O2) 

Thickness of coating 
[m] 

TiC-C-1 TiC/a-C 1 1 0.4 
TiC-C-2 TiC/a-C 1 1 0.28 
TiC-C-3 TiC/a-C 1 1 0.34 
TiC-C-8 TiC/a-C 1 1 0.37 
TiC-C-10 TiC/a-C 5 1 0.8 

TiC-C-H-1 TiC/a-C:H 1 1 0.44 
TiC-C-H-2 TiC/a-C:H 1 1 0.49 
TiC-C-H-3 TiC/a-C:H 1 1 0.46 
TiC-C-H-4 TiC/a-C:H 1 1 0.45 
TiC-C-H-5 TiC/a-C:H 5 1 0.8 
CrC-C-1 CrC/a-C 1 1 0.23 
CrC-C-5 CrC/a-C 1 1 0.28 
CrC-C-6 CrC/a-C 1 1 0.31 
CrC-C-7 CrC/a-C:H 1 1 0.29 
CrC-C-8 CrC/a-C:H 1 1 0.35 
CrC-C-9 CrC/a-C:H 1 1 0.32 
CrC-C-10 CrC/a-C 5 1 0.7 
CrC-C-11 CrC/a-C:H 1 1 0.65 

 
Table 5.  
Mechanical properties and thickness of the nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C or nc-CrC/a-C:H coatings 

Process Coating Hardness [GPa] Young modulus [GPa] Thickness [m] 
TiC-C-8 TiC/a-C 17-20 200 0.37 
TiC-C-10 TiC/a-C 17-20 200 0.8 

TiC-C-H-3 TiC/a-C:H 15 170 0.46 
TiC-C-H-5 TiC/a-C:H 15 170 0.8 
CrC-C-5 CrC/a-C 17 213 0.28 
CrC-C-6 CrC/a-C 15.5 202 0.31 
CrC-C-10 CrC/a-C 16.2 190 0.67 
CrC-C-11 CrC/a-C:H 17.6 190 0.65 

 

 

  
 
Fig. 4. Photo-micrographs of the pits in the coatings surface after 
a Daimler-Benz test: a) – nc-TiC/a-C coating deposited in the 
process TiC-C-8 on the hardened Ti6Al4V alloy; b) – nc-TiC/a-C 
coating deposited in the process TiC-C-8 onto the surface of 
quenched-and-tempered Vanadis 23 HSS steel 
 
 

  
 
Fig. 5. Photo-micrographs of the pits in the coatings surface after 
a Daimler-Benz test: a) – nc-CrC/a-C:H coating deposited in the 
process CrC-C-11 on the hardened Ti6Al4V alloy; b) – nc-CrC/a-
C coating deposited in the process CrC-C-11 onto the surface of 
quenched-and-tempered Vanadis 23 HSS steel 
 
 
3.4 Hardness and Young modulus 
 

Hardness of the nc-TiC/a-C and nc-TiC/a-C:H coatings as 
well as of the nc-CrC/a-C and nc-CrC/a-C:H coatings was rather 
low: 15 GPa to 20 GPa for the former and 15 GPa to 17 GPa for 
the latter (Tab. 5).  

Higher values are characteristic for coatings with higher ratio 
of a transition metal (Ti or Cr) to carbon. Young`s modulus for 
the nc-TiC/a-C coatings was 200 GPa and for the nc-TiC/a-C:H 
ones it was 170 GPa. In case of the nc-CrC/a-C coatings a 
pertinent value was 213 GPa and for the hydrogenated ones it was 
190 GPa (Tab. 5). 

Despite those mechanical properties not very impressive the 
coatings preserve good resistance against wear and fatigue (the 
latter statement is based on observations of the unnoticeable effect 
of a rather high number 16000 of stress cycles of the value of 
~1.5 GPa during the friction ball-on-disk test). 

 
 

4. Conclusions 
 
The nanocomposite nc-TiC/a-C, nc-TiC/a-C:H, nc-CrC/a-C 

and nc-CrC/a-C:H coatings deposited by magnetron sputtering 
exhibit excellent tribological properties like low friction 
coefficient, high resistance against adhesive wear and fatigue 

together with very good adhesion to quenched-and-tempered 
Vanadis 23 HSS steel and to diffusion-hardened Ti6Al4V 
titanium alloy. Owing to these properties the nanocomposite 
carbon-based coatings with Cr or Ti admixture can find 
application in machine, automobile and aviation industry. 
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