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SUMMARY AND OUTLOOK 

 

SUMMARY  
Nanocomposite coatings have recently attracted increasing interest due to the 

possibility of the synthesis of materials with unique properties. Diamond like carbon 
(DLC) films are of significant interest because of their unique combination of chemical-
physical properties, high wear resistance and low friction. Nanocomposite coatings based 
on dispersion of TiC nanocrystalline phases in solid lubricant phases like amorphous 
DLC have been shown to enhance the hardness and toughness while maintaining low 
coefficient of friction. Such films show great potential for exploitation as a protective and 
lubricant layer to enhance the wear resistance of many tribological applications. For a 
review reference is made to 1. 

 In this thesis, the work is focused on utilization of the fact that pulse frequency has 
prominent effect on the energy distribution and flux of impinging ions at the substrate 
during p-DC magnetron sputtering. Ion mass/energy spectrometry measurements 
revealed that the Ar+ ion and energy fluxes delivered to the coating increased with 
increasing pulse frequency. The growth dynamics of TiC/DLC nanocomposite coatings 
were studied with particular emphasis on suppressing the columnar microstructure. Also, 
evolution in nanostructure from homogeneous to multilayered structure was observed 
where the modulation of multilayer was controlled by the self-organization of TiC 
nanocrystallites due to ion impingement for coating deposited at higher pulse frequency. 
It was shown that by controlling the distribution of TiC nanocrystallites forming 
nanoscale multilayers, the system can be used as a “microstructural ruler” that was able 
to distinguish various deformation patterns which can be hardly detected otherwise in a 
homogenous structure. The influence of the hardness of counterface materials on the 
tribological performance of TiC/a-C nanocomposite coatings exhibiting various surface 
roughness was examined. It was observed that hardness ratio of the ball/coating tribo-pair 
was crucial in determining the influence of roughness on the tribological performance of 
these coatings. Mechanical, structural, chemical bonding- (sp3/sp2) and tribological 
properties of TiC/a-C:H coatings deposited by pulsed-DC sputtering of Ti-targets in 
Ar/C2H2 plasma were studied as a function of substrate bias voltage, Ti-target current, 
C2H2 flow rate and pulse frequency. Dense, column-free, ultra-smooth and ultra-low 
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friction TiC/a-C:H films were obtained at lower substrate bias voltage by pulsed-DC 
sputtering at higher pulse frequency. 

Growth dynamics and microstructure of TiC/a-C nanocomposite coatings  

Many growth effects are operating during the growth of a coating and contribute to 
the surface roughness evolution. During sputtering deposition there is an interplay 
between interface roughening generated by noise, smoothing driven by surface diffusion 
due to concurrent ion impingement and nonlocal effects generated by shadowing. 
Dynamic roughening is commonly observed during film deposition where surface 
roughness increases with deposition time. Breakdown of dynamic roughening during the 
growth of TiC/a-C nanocomposite coatings was observed. With increasing energy flux of 
concurrent ion impingement during pulsed DC sputtering, a transition from dynamic 
roughening to dynamic smoothing was observed in the growth behavior of TiC/a-C 
nanocomposite coatings. During 350 kHz p-DC sputtering, a negative growth exponent 
and ultra-smoothness (RMS roughness ~0.2 nm at film thickness of 1.5 µm) was 
observed. From detailed analyses of surface morphology and growth conditions it is 
concluded that a transition in growth mechanisms occurs, i.e. a mechanism dominated by 
geometric shadowing at lower (100 kHz) pulse frequency evolving to a surface diffusion 
mechanism driven by ion impact-induced atomistic downhill flow process at higher (350 
kHz) pulse frequency, which leads to the transition from a strong columnar to a 
columnar-free microstructure. The growth mechanisms essentially determine the growth 
front roughness evolution and hence the microstructure of the coatings. Moreover, it is 
shown that rapid smoothing of initially rough surfaces with RMS roughness ~ 6 nm to < 
1 nm can be effectively achieved with p-DC sputtering at 350 kHz pulse frequency. In 
order to analyze the smoothing mechanism the roughness evolution is described by a 
model; a linear stochastic differential equation with the second- and fourth-order gradient 
relaxation terms, which account for diffusion along the coating surface. Furthermore, the 
nonlocal shadowing effects in three spatial dimensions along with the angular distribution 
of depositing particles were included to explain the steep increase of roughness in DC or 
low frequency p-DC sputtering. The model is in good agreement with atomic force 
microscopy measurements of roughness evolutions.  

Nanostructure and deformation behavior of TiC/a-C nanocomposite coatings  

Controlled growth of self-assembled nanocomposite multilayers has been achieved 
via turning the intensity of concurrent ion impingement by changing the frequency of p-
DC sputtering. Nanoscale structural and chemical information, especially at the growing 
front, have been obtained with high spatial resolution structure investigations. It was 
found that concurrent ion impingement of growing films produces an amorphous capping 
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layer of ~3 nm thicknesses where spatially modulated phase separation is initiated. The 
modulation of multilayers, controlled by the self-organization of nanocrystallites below 
the capping layer, was maintained through the entire film. As a result, the fluctuation of 
the multilayered structures was stable and occurred at a length scale smaller than one 
bilayer thickness. Combined nanoindentation and ex situ cross-sectional transmission 
electron microscopy (XTEM) investigations were carried out on TiC/a-C nanocomposite 
coatings, with and without multilayered structures, deposited by pulsed DC magnetron 
sputtering. By controlling the distribution of TiC nanocrystallites forming nanoscale 
multilayers, the system can be used as a “microstructural ruler” that was able to 
distinguish various deformation patterns which can be hardly detected otherwise in a 
homogenous structure. The results confirm supertough properties while maintaining high 
hardness. Extensive interparticle deformation processes involving rearrangement of 
nanocrystallites and displacement of a-C matrix occurring at length scales from tens of 
nanometer down to 1 nm were clearly revealed with XTEM. At submicrometer scale this 
interparticle process prompts multiple shear bands nucleating homogeneously within the 
nanocomposites and contributes to toughening effects. At large indentation depths, the 
multilayered nanocomposite top layer significantly delocalizes abrupt shear deformation 
arising from the interlayer. In the thin film without a multilayered structure 
nanocrystallites were found to deflect cracks effectively.  

Effect of surface roughness on tribological behavior of TiC/a-C nanocomposite 

coatings  

In general, it is believed that a high surface roughness yields major frictional and 
wear losses mainly during the running-in period. However, it may also influence the 
overall frictional behavior of DLC based coatings. Moreover, the hardness of the mating 
materials also influences their tribological properties. The low friction of DLC based 
coatings has been mainly attributed to the formation of a transfer film on the sliding 
surface of the counterface materials. It is important to understand the influence of 
roughness on the formation of the transfer film and CoF of these coatings sliding against 
different counterface materials in order to underpin their tribological properties. Effect of 
hardness and surface roughness on the frictional and wear behavior of TiC/a-C 
nanocomposite coatings sliding against steel and Si3N4 ball counterparts was studied. The 
smooth coatings always yield a low CoF (~ 0.09) independent of the hardness of the 
counterface materials. However, in the case of rough coatings, the hardness ratio of the 
ball/coating tribo-pair essentially determines the contact area which further influences the 
formation of the transfer film and hence CoF. The friction characteristics were controlled 
to a large extent by the transfer film and its coverage on the wear scar. In the case of 
steel, the hardness ratio was 0.4, and considerable abrasive wear occurred. The worn ball 
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obstructed the effective transfer film formation and hence yielded a high CoF. However, 
for Si3N4 ball, the hardness ratio was 0.94, and a little wear of the ball occurred and a 
“stable” transfer film formed, yielding a low CoF. It was shown that the surface 
roughness evolution of the wear tracks can be correlated to the wear rates of these 
coatings. Smooth TiC/a-C coatings are favored for obtaining a low CoF independent of 
the hardness of the counterface materials. 

Effect of process parameters on tribological and mechanical properties of 

TiC/a-C:H nanocomposite coatings  

Apart from the adverse effect of surface roughness, one has to reduce the covalent 
bond interactions between unoccupied or dangling σ-bonds of sliding interfaces of DLC 
based coatings, which lead to significant source of adhesion and contribute to high 
friction. It is known that hydrogen effectively passivates these unoccupied bonds and lead 
to low friction. So efforts were made to obtain ultra low friction (µ < 0.1) TiC/a-C:H 
nanocomposite coatings. Mechanical, structural, chemical bonding- (sp3/sp2) and 
tribological properties of reactively sputtered TiC/a-C:H nanocomposite coatings were 
studied as a function of substrate bias voltage, Ti-target current, C2H2 flow rate and pulse 
frequency by nanoindentation, Raman spectroscopy and ball-on-disc tribometry. Dense, 
column-free and smooth TiC/a-C:H films can be obtained at substrate bias voltage of 40 
V by p-DC sputtering at 200 and 350 kHz frequency. The tribological properties of 
TiC/a-C:H nanocomposite films were moderately affected by the change in substrate bias 
voltage. The change in phase composition strongly influences the tribological 
performance where the TiC/a-C:H films perform better than the pure a-C:H films. In the 
case of TiC/a-C:H nanocomposite films, a higher sp2 content and presence of TiC 
nanocrystallites at the sliding surface promotes the formation of transfer layer and yields 
lower CoF (~ 0.05). The optimal Ti content was determined to be ~ 12 at.%. In the case 
of a-C:H films, a relatively higher sp3 content and residual stress promote the formation 
of hard wear debris during sliding, which cause abrasive wear and increases the contact 
area on the ball counterpart. This makes the formation of transfer layer relatively difficult 
and leads to higher CoF. With increasing pulse frequency, the sp3 content, hardness and 
the residual stress in the TiC/a-C:H nanocomposite films increases due to increased 
intensity of ion impingement to the film. 

OUTLOOK 
For achieving a high degree of chemical inertness on sliding DLC surfaces, in order 

to obtain ultra-low friction, a hydrogen-rich gas discharge plasma during coating 
deposition is used during coating deposition. The main purpose is to eliminate those 
dangling σ-bonds by reaction with hydrogen. Indeed dangling bonds can cause very 
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strong covalent bond interactions and, hence, high friction during sliding. Because of its 
small size in the atomic and protonic forms, large amounts of hydrogen (up to 50 at. %) 
can be incorporated into DLC films. For the production of hydrogen-rich DLC films, H2 
gas is blended with hydrocarbons as CH4 and C2H2 and released into the deposition 
chamber. A high degree of hydrogenation of DLC films appears to play a pivotal role in 
friction and wear. In general, the higher the H/C ratio in the gas discharge plasma, the 
lower the friction coefficients.2 The H/C ratio is 4 for pure methane source gas which 
yields a DLC film exhibiting lower CoF than the film derived from C2H2 (whose H/C 
ratio is 1) under the same sliding conditions, whereas the CoF for ethylene with an H/C = 
2 is between that of methane and acetylene. The lowest friction is achieved in the plasma 
that contains H/C = 10 (obtained by a gas composition of 75% H2 and 25% CH4). An 
extra hydrogen during DLC deposition lead to increased hydrogen concentration within 
the bulk, as well as on the surface. Most of these hydrogen atoms are paired with σ-
bonds, but some unbonded free hydrogen may also exist as interstitials. In addition to 
bonded hydrogen, considerable amounts of unbonded or free hydrogens may exist in 
atomic and molecular forms. High hydrogen concentration within the DLC films and on 
the surface should effectively diminish or even eliminate the possibility of unoccupied σ-
bonds remaining and participating in any strong adhesive interactions during sliding. Free 
hydrogen within the films may serve as a reservoir and can replenish or replace those 
hydrogen atoms that may have been lost due to thermal heating and/or mechanical action 
during sliding.2 Thus, to obtain ultra-low friction, it will be interesting to use hydrocarbon 
gases of different H/C ratios and/or mixed with hydrogen gas so as to obtain different 
content of total hydrogen and unbonded hydrogen in TiC/a-C:H nanocomposite coatings.  

The CoF of a-C:H based coatings increases rapidly with increasing humidity.3 
Adsorbed gases, especially water vapor, increases the rate of densification of the 
particulate materials and therefore denser transfer films are formed at higher humidity 
which in turn increases CoF.3 Also, their strong dependence of CoF on humidity has been 
attributed to viscous and capillary forces induced by adsorbed water.4 Tagawa et al. 
observed a direct link between water coverage on a hydrogenated carbon surface and 
friction coefficient. The friction coefficient increased markedly when the surface water 
coverage exceeded about one monolayer.5 Therefore, reduction in the surface water 
coverage under humid conditions may allow these films to retain their low friction 
properties as that in dry air. Freyman et al. has reported synthesis and tribological 
performance of sulfur doped hydrogenated carbon films.6 They have shown that 5 at.% 
sulfur incorporation in the hydrogenated carbon increases hydrophobicity of these films 
and hence reduces humidity sensitivity of the friction. Reduction of adsorbed water 
molecules by sulfur doping may be the primary cause of the improved friction 
performance at higher humidity. Thus, it is interesting to synthesize sulfur doped TiC/a-
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C:H nanocomposite films in order to suppress the effect of humidity on their tribological 
properties. 

For high temperature applications (e.g. in high speed machining) thermal stability 
and oxidation resistance of DLC is a concern. It has been reported that DLC is 
structurally stable up to 300 °C.7 Beyond that temperature, graphitization occurs leading 
to drastic reduction in hardness. Above 500 °C, DLC is oxidized and loss of coating 
thickness occurs.8 However Zheng et.al. reported that Al addition to TiC/a-C increases 
the oxidation resistance, and the coating thickness remains unchanged up to 600°C. 
However tribological properties of these coatings have not been studied. Recently 
Nilsson et. al. reported that incorporating 6 at% Al to TaC/a-C (where Ta is 15 at%) 
reduces the friction coefficient (Load=5N,against 100Cr6 ball and at room temp) to 0.059 
but the mechanism has not been completely understood yet. With Al addition, the 
residual compressive stress in the coatings is also reduced.8,9 The elevated temperature 
tribotests of Me-DLC with Al addition has not been reported so far. Thus, Al addition to 
the TiC/a-C and TiC/a-C:H coatings can yield improved oxidation resistance and better 
high temperature performance and it is interesting to understand the tribological 
performance of these coatings.  

References 

                                                 

1 A. Cavaleiro and J.T.M De Hosson, Nanostructured Coatings. New York: Springer-Verlag; 2006. 
2. A. Erdemir, C. Donnet, J. Phys. D: Appl. Phys. 39, (2006) R311. 
3 J.T.M. De Hosson, Y. Pei, C.Q. Chen, JoM (2007) 45. 
4 J. Andersson, R.A. Erck, A. Erdemir, Surf. Coat. Technol.,163 (2003) 535. 
5 M. Tagawa, M. Ikemura, Y. Nakayama, N. Ohmae, Tribol. Lett. 17 (2004) 575. 
6 C. A. Freyman, Y. Chen, Y. Chung, Surf. & Coat. Tech. 201 (2006) 164. 
7 B.K. Tay, D. Sheeja, S.P. Lau, X. shi, B.C. Seet, Y.C. Yeo, Surf. Coat. Tech. 130 (2000) 248. 
8 S. Zhang, X.L. Bui, X. Li, Diamond relat. mater. 15 (2006) 972. 
9 D. Nilsson, N. Stavlid, M. Lindquist, U. Wiklund and S. Hogmark, Surf. Coat. Technol. 203 (2009) 2989. 


