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Abstract 

We studied the microtribological behavior of amorphous and fullerene-like (FL) 

carbon and carbon-nitride coatings deposited by filtered-cathodic-arc. All films show 

similar friction coefficients but different wear mechanisms. The FL films exhibit a 

surface swelling with the formation of a layer that thickens during the test, limiting 

wear and maintaining a low friction. X-ray photoelectron spectroscopy on worn FL 

film surfaces show an increase in the sp2-content, indicating that the lubricious layer 

generated by the wear process is probably the result of re-hybridization due to 

plasticity induced by localized shear. In contrast, the wear results of the amorphous 

films, involving tribomechanical and tribochemical surface phenomena, show that 

the surface layer formed during sliding is a precursor to the onset of wear.  
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1 Introduction 

Fullerene-like carbon (FLC) and carbon nitride (FL-CNx) films are perhaps the 

next generation of solid lubricants. They have outstanding mechanical and 

tribological properties, with hardness and modulus comparable to TiN coatings, one 

of the most well-known and studied industrial coatings [1]. However, the much lower 

friction coefficient and superior resistance to wear of FL films [1], makes them 

suitable for potential applications ranging from biomedicine [2] to aerospace [3]. A 

feature of FL-CNx films is their high hardness and elasticity due to the nitrogen which 

incorporates into the graphitic microstructure to form pentagonal rings inducing 

curvature, and promoting cross-linking of graphite planes [4] [5] [6]. In the case of 

FLC films, their microstructure contains graphitic carbon nanoparticles such as 

nanotubes and onion-like formations linked to the tetrahedral amorphous carbon (ta-

C) network by sp3-bonds [7].  

Despite the extensive mechanical and tribological research on FLC over the 

past two decades, some tribological questions remain unanswered. One of these 

questions concerns the mechanism that yields the low friction coefficient and low 

wear rate observed during friction-wear tests at the micro- or nano-scale. To begin 

to understand these new materials, it is necessary to analyze the knowledge gained 

from prior study of ta-C or hydrogen-free diamond-like carbon (DLC) films. Voevodin 

et al. studied the macro-tribological behavior of 0.5-µm-thick DLC coatings sliding 

against sapphire and steel balls using a ball-on-disk configuration at 50% relative 

humidity (RH) [8]. By Raman analysis of the wear track, they observed, an 

amorphous carbon layer (sp2-rich carbon hybridization) formed at the sliding 

interface by tribo-thermal and tribo-mechanical processes induced by shear 

stresses. This sp2-rich layer was responsible for the low friction and wear of DLC 

coatings. These results were similar to those found by Erdemir et al. [9] [10] for wear 

tracks on H-DLC analyzed by Fourier transform infrared and Raman spectroscopy 

[8]. Later, Tambe and Bhushan carried out nanotribological experiments on 

hydrogen-free DLC films with an atomic force microscope (AFM) working at 50% RH 
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[11]. Using the instrument in friction mode with the AFM-tip operating as a single 

asperity in contact with the DLC surface, they tried to determine whether a 

transformation from sp3 to sp2 was the cause of the low friction and wear observed 

at nanoscale. Their results agree with the suggestions by Voevodin and Erdemir that 

the low shear strength of a single a-C layer formed during the sliding is responsible 

for the good tribological behavior observed for DLC. This tribolayer formed after 

sliding was also observed at the macroscale by Joly-Pottutz et al. for H-free and 

hydrogenated DLC coatings lubricated with glycerol; a 50 nm thick tribolayer on the 

sliding track was correlated to a sp3sp2 transformation [12]. Later, an experimental 

quantification of the sp3 to sp2 phase transformation at the nanoscale induced by an 

in situ transmission electron microscopy sliding experiment was reported by Marks 

et al [13] [14]. They found that the rate of phase transformation under their 

experimental conditions is about 0.018% transformed volume per sliding pass with 

a thickness increase in the top layer.  

Analysis of tribocoupled systems with molecular dynamic (MD) simulations has 

shown that a shear localization mechanism and the formation of an amorphous 

carbon (a-C) tribolayer is responsible for the low friction observed in carbon-based 

materials [15]. The reorientation of the C-C bonds towards the sliding direction and 

a possible clustering of graphene-like sheets characterize this mechanism. Similar 

simulation studies by Pastewka et al, but on tribocoupled systems of diamond [16] 

revealed a transformation from sp3 to sp2 where a mechanochemical mechanism is 

responsible for the low friction and wear observed on the diamond surfaces. In 

additional, those results showed that an amorphous layer grows at the sliding 

interface, as the result of an sp3 to sp2 transition producing a carbon layer at the 

surface with a higher sp2-hybridization fraction than in the diamond bulk. Afterwards, 

the same group performed experimental and MD studies in which they demonstrated 

that sliding induced the formation of an a-C layer on ta-C coatings with increased 

sp2 content [17]. Their results lead them to conclude that, for tribocoupled ta-C/ta-C 

systems, rehybridization is dominated more by tribomechanical plasticity events 

induced by localized shear than by tribothermal processes (i.e., heat-induced 

structural transformations). These plasticity events weaken the top-most layers of 
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ta-C due to shear-induced force-fluctuation that is carried by strong bonds in the 

amorphous network and break its weak bonds [17]. These oscillating forces could 

be consequence of a non-homogeneous distribution of hybridization states for ta-C 

coatings, which have been observed in nanoscale contact mechanics situations at 

amorphous materials such as ta-C [18] and vitreous metallic glasses [19],[20].  

In the particular case of FL-CNx materials, research at the macroscale indicates 

that a thick transfer film initially acts as a precursor to wear but after a certain number 

of sliding cycles this transfer film isolates the probe and the track and provides a 

steady friction coefficient, which also decreases the wear [4,21]. A similar 

performance has been observed in ta-C coatings [22,23]. In these studies, the 

transfer film acts as a lubricant and provides a low and stable friction coefficient while 

also decreasing the wear. At the nanoscale, it has been observed that FL-CNX has 

a lower friction coefficient than amorphous CNX under ambient conditions, indicating 

that the film structure also plays a crucial role in the friction behavior [5].  

In this work, we investigate the wear mechanisms acting during a linear 

reciprocating experiment at the microscale on amorphous and FL films of carbon 

and carbon nitride deposited by the filtered cathodic arc method. A method for 

simultaneous in-situ measurement of the wear and friction evolution, previously 

reported by some of the authors [24], was employed to allow for a quantitative 

comparison between the FL and amorphous structures of the carbon and carbon 

nitride films. The results show that both, tribomechanical (i.e., re-hybridization [17]) 

and tribochemical (i.e., surface passivation phenomena [23]) mechanisms, occurred 

depending on material’s microstructure (amorphous or FL) and mechanical 

properties.  

2 Experimental details  

2.1 Film processing 

Carbon and carbon nitride films with amorphous and FL structures were 

deposited on Si(001) substrates using a pulsed filtered cathodic arc. The chamber 

base pressure was ~1×10-6 Torr. The arc was operated using a graphite cathode 
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with a peak current of 1.8 kA giving a growth rate of 0.083 nm/pulse for carbon films 

and 0.029 nm/pulse for carbon nitride films. For carbon nitride deposition, N2 gas 

was introduced into the chamber through a mass flow controller and the total 

pressure was regulated with an automatic throttle valve. All films were deposited with 

5000 arc pulses. The experimental details concerning the deposition, structure and 

mechanical properties were previously reported. [25] In this paper we analyze films 

deposited at the chamber base pressure of ~1×10-6 Torr (labeled PN2 = 0 mTorr) and 

with PN2 = 0.5 and 5 mTorr (~1×10-4, 0.07 and 0.7 Pa, respectively). The substrate 

temperature was either TS = 20°C or 300°C.  

2.2 Friction coefficient and wear measurements 

The mechanical properties of the films deposited with PN2 = 0, 0.5 and 5 mTorr 

at TS = 20°C and 300°C analyzed in this study were previously reported in ref [25], 

and are presented in Table 1. Nanoindentation hardness, reduced elastic modulus, 

and elastic recovery were measured by using the method of Oliver and Phar, and 

taking into consideration all necessary precautions about the nanomechanical 

characterization of thin films [26]. 

The microtribological tests were performed with a Triboindenter TI 950 from 

Hysitron operating with a conical diamond tip (60° opening angle and ~5.02 µm tip 

radius) moving at a speed of 1 µm/s at room temperature of ~23°C and a relative 

humidity (RH) of ~50%. To produce wear, the probe makes passes with a length of 

5 µm, which are repeated 31 times. The applied load during the wear-friction 

experiment was 5 mN, which corresponds to an initial mean Hertzian contact 

pressure of between 4 and 11 GPa depending on the elastic modulus of each sample 

(see Table 1).  
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Table 1 Mechanical properties of carbon and carbon nitride films grown at different substrate 
temperatures and nitrogen pressure [25]. The coatings having a fullerene-like structure are indicated 
with FL.  

 

Substrate 
Tempera-

ture TS 
(°C) 

N2 
Pressure 
(mTorr) 

Structure Hardness 
(GPa) 

Reduced 
Elastic 

Modulus 
(GPa) 

Initial 
mean 

Hertzian 
pressure 

(GPa) 

Plasticity 
index 
H3/E2 

Elastic 
Recovery 

(%) 

 0 - 48.8 ± 2.2 344 ± 5 11.00 0.982 95 
20 0.5 - 29.6 ± 0.4 249 ± 8 8.85 0.418 86 

 5 - 13.3 ± 0.2 142 ± 3 6.08 0.116 68 
 0 FL 21.8 ± 0.4 182 ± 5 7.18 0.312 94 

300 0.5 FL 17.0 ± 0.4 145 ± 1 6.17 0.237 92 
 5 - 8.3 ± 0.1 76 ± 1 4.01 0.099 84 

 
The microtribological measurements were carried out by using the method for 

simultaneous in-situ friction and wear characterization [24]. The instrument head of 

the Triboindenter is a three-plate capacitive transducer that works as both actuator 

and sensor, allowing access to topographical information of less than one nanometer 

with a high load precision [27]. In addition, this method takes into account the thermal 

drift from the topographic profiles to get a good estimate of the wear rate. The 

roughness average (Ra) value is evaluated from the wear track of the topographic 

profiles (see equation 2 in ref. [24]). These controls make possible the quantitative 

assessment of temporal evolution of the tribological data. Technical details and 

applications of the measurement method have been published elsewhere [24,28–

30]. The Triboindenter instrument was also used to produce surface probe 

microscopy (SPM) images using the same diamond tip utilized in the 

microtribological tests.  

 

2.3 XPS analysis of unworn and worn surfaces  

X-ray photoelectron microscopy (XPS) analysis (ThetaProbeTM from 

ThermoFisher) was used on the virgin and worn surfaces of the films deposited at 
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PN2 = 0 and 0.5 mTorr and TS = 300°C to study changes in their structure (sp2 or sp3) 

due to sliding wear of the probe. XPS experiments were carried out on nine locations 

labelled (i,j) as described in Figure 1a. Location (2,2) in this figure corresponds to 

the worn surface. 150 wear experiments were performed on this location as is 

schematized in Figure 1b. A monochromated Al Kα x-ray source (1486.6 eV) was 

focused to a ~ 50 µm diameter beam spot size. The parameters for acquisition of the 

spectra were 10 eV pass energy, 10 ms dwell time, 0.05 eV steps, and totals of 200 

scans for C1s and N1s and 70 scans for O1s. Analysis of the XPS C1s core level 

spectra was executed by simultaneously peak-fitting [31,32], allowing a reliable 

estimation of the different contributions to the spectra [5,18]. It has been 

demonstrated that, with this method, it is possible to identify the centers and widths 

of the different peaks found in amorphous carbon [32,33]. Voigt line shapes and the 

Shirley background subtraction method were used during the fitting with the 

AAnalyzer software [34]. This software also allows estimating the uncertainties in the 

parameters extracted from the spectra; the method accounts for the covariance of 

the reported variables with all other free variables, including the parameters that 

determine the background signal. [35,36].  

 

Figure 1 (Color online) a) Scheme of XPS experiments carried out on the films deposited at PN2 = 0 
and 0.5 mTorr and TS = 300°C. Spectra were obtained on nine locations labelled (i,j). The area of 
each location is about 60×60 µm2; b) Location (2,2) contains 150 wear tracks of 10 µm length each. 
Assuming a width of the wear track of 1 µm, we obtain a percentage of worn area of ~42% [worn area 
(%) = (1 µm × 10 µm×150 experiments) × 100 / (60 µm × 60 µm)]. 
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3 Results and discussion 

The amorphous or fullerene-like nature of the films was revealed by plan view 

TEM images and radial averages of the electron diffraction patterns (see figures 3 

and 4 in ref [25]). Only the films deposited with PN2 = 0 and 0.5 mTorr at 300°C 

present FL structures while the other coatings have amorphous structures. The 

friction coefficient values for all films presented in this work are between 0.06 and 

0.07, which is comparable to the values reported in tribological tests conducted at 

the macroscale [23,37], and slightly higher than values reported at the nanoscale 

under similar environmental conditions [5]. Due to the similarities of the friction in all 

samples, all our tribological results are discussed in terms of wear behavior.  

3.1 Surface morphology 

Figure 2a shows 15 µm × 15 µm topographic scanning probe microscopy 

(SPM) images that allow observation of particles of different dimensions on surface 

of the films. Although the deposition system is filtered, it does not completely prevent 

the incorporation of particles (originating at the graphite cathode) into the growing 

film. These particles can undergo multiple reflections, leading to the formation of 

sub-particles due to fractures, which can be transported by the plasma via 

momentum exchanged with ions, thus having a significant likelihood of reaching the 

substrate [40]. Drescher et al. [41] showed that these particles are the top of 

“nodules” that grow on top of much smaller particles. Their model shows that such 

nodules grow on the film with a cone-like geometry, rather than landing fully-formed. 

These cone-like nodules have a graphitic nucleus at the bottom and a diamond-like 

structure on the top. Grain analysis by edge detection [42] of the images in Figure 

2b indicates that, under the same N2 partial pressure, the films deposited at TS = 

300°C have a particle equivalent radius (Req) lower than films deposited at 20°C, 

because of their higher thermal mobility due to the higher deposition temperature . 

On the other hand, films deposited at PN2 = 5 mTorr show a considerably higher Req 

than those films deposited at PN2 = 0 and 0.5 mTorr, and some particles have a Req 

>1000 nm when TS = 20°C. This behavior is probably due to the energy loss of 

carbon particles in the plasma by collisions with nitrogen species.  
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Figure 2 (Color online) a) Topography SPM images obtained over 15 µm × 15 µm. The images were 
corrected with the blind estimation algorithm [38] [39] to avoid overestimations of the particle size 
presented in (b). The inset in (a) shows the indenter-end reconstruction. The load applied on the 
indenter tip to acquire the SPM images was 2 µN. The images indicate that the coating has a 
fullerene-like structure. 

 

3.2 Analysis of roughness and wear 

Figure 3 shows the evolution of the track roughness as a function of the number 

of probe cycles. The initial track roughness for the film deposited at TS = 20 °C 

(higher than those for films deposited at TS = 300°C under the same PN2) indicates 

that the surface atomic mobility at the higher TS leads to a relaxed surface. Note that 

this initial track roughness depends on the probe position on the sample surface, 
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however, the roughness values follow the surface morphology observed in Figure 

2a (a similar behavior has already been described for carbon nitride thin films 

deposited by HiPIMS [43]). As noted in the surface morphology section, the nodules 

resulting from incorporation of particles from the target produce changes in 

roughness but they are almost completely removed during the first friction-wear 

cycles due to the high-applied force, as is visually confirmed in the wear evolution 

maps presented in Figure 4. This produced a smoother or unchanged track in 

comparison with the initial track as observed in Figure 3.  

 

 

Figure 3 (Color online) Evolution of the track roughness as a function of number of probe cycles.  

 

In addition to roughness, the wear evolution maps (Figure 4) show the evolution 

of the sample surfaces with sequential probe passes. Amorphous films deposited at 

TS = 20°C with PN2 = 0 and 0.5 (Figure 4a and Figure 4b, respectively) show a similar 

behavior in wear: i) during the passes 1-7, instead of wear, a layer of material swells 
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during sliding of the tip reaching a maximum additional thickness of 2 nm for the PN2 

= 0 films and <1 nm for the PN2 = 0.5 film; ii) this material layer is dragged towards 

the track edges during passes 8-13, and subsequently acts as a wear precursor (in 

agreement with previous reports [17,21]); iii) finally, for passes 14-31, wear due to 

an abrasive or chemical process appears with depth values of <1 nm for the PN2 = 0 

film and ~3 nm for the PN2 = 0.5 N2 film. The high hardness of these films (49 and 30 

GPa for PN2 = 0 and 0.5, respectively) contributes to the low wear rate observed. 

The phenomenon of a local swelling, manifested as apparent layer growth in the 

beginning of the experiment, is in agreement with the experimental and simulation 

results reported for diamond [16], nanocrystalline diamond [44], and diamond-like 

carbon [12,17] coatings under contact pressures in the range 0.3 - 5.0 GPa.  

FL films deposited at TS = 300°C with PN2 = 0 and 0.5 (Figure 4d and Figure 4e 

respectively) also present interesting behavior during the wear test. Their wear 

tracks show negative wear (i.e., local swelling of material surface) for the first thirteen 

passes with excess thicknesses of ~3-4 nm, indicating the formation of a layer in the 

sliding interface probably induced by local plasticity events, similar to the 

phenomena described by Kunze et al [17]. This has already been discussed in the 

introduction section. In this case, the top layer (formed by local swelling) does not 

follow the behavior previously described for the films deposited at TS = 20°C with 

PN2 = 0 and 0.5, i.e., that the material layer is the precursor to wear, since the 

experimental result reveals a continuously expanding material layer. The results in 

Figure 4d and Figure 4e could obey a cyclical phenomenon, i.e., when the top layer 

is apparently worn off (as is observed in the track borders) the surface layer is 

recovered. Such cyclical phenomenon also would explain the low wear rate of 

fullerene-like structures observed for large sliding distances at the macroscale [4,45]. 

The cyclical phenomenon is controlled principally by a tribomechanical process due 

to plasticity events induced by localized shear as discussed in ref [17], but in our 

case, the good mechanical properties of the FL structure (hardness above 16 GPa 

and elastic recovery higher than 90%) allows an anelastic behavior [46] of the bulk 

while the surface presents a lower shear resistance than the amorphous films 

deposited at TS = 20°C with PN2 = 0 and 0.5 mTorr. In addition, the low average 
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roughness in the track during the start of the wear test helps observation of the low 

wear behavior because it prevents tip-asperity interactions that could lead to peeling-

off of surface material, which would contribute to wear. Further tribological tests done 

in our samples under the same conditions have confirmed the repeatability of the 

swelling phenomena. 

Since the wear behavior of the amorphous (TS = 20 °C) and FL (TS = 300°C) 

material deposited with PN2 = 0 and 0.5 mTorr is considerably different, it is clear 

that the material structure plays an important role. The top layer formed during sliding 

can contain structural similarities to the bulk from which it was removed, but also, its 

interaction with the humidity of the surroundings should be considered. For the case 

of amorphous surfaces, previous studies have shown that they have a water 

adsorption level higher than FL surfaces, which means that the amorphous surfaces 

have a high concentration of unsaturated bonds that can be rapidly passivated [47]. 

Konicek et al [23] have estimated that an unterminated diamond (111) surface 

exposed to 1% RH and ambient temperature, where ideally every H2O molecule is 

dissociated, takes around 2.5×10-5 seconds to become fully passivated. For the case 

of FL surfaces, density functional theory studies have shown that the energy cost for 

dangling bond formation is 1.34-1.39 eV, about ~2.9 and ~2.5 times higher than for 

amorphous carbon and carbon nitride materials, which means less probability of 

material interaction with water molecules 45. Based on the above, surfaces with the 

FL structure are less likely than amorphous surfaces to react with ambient moisture 

during the sliding, which leads us to conclude that the process leading to thickening 

of the surface layer is predominantly tribomechanical rather than tribochemical.  

Amorphous films grown at PN2 = 5 mTorr and TS = 20 and 300 °C (Figure 4c 

and Figure 4f, respectively) exhibit the highest wear depth values (~5 nm). Here, the 

passivation phenomenon [23] is dominant during the wear-friction experiment since 

the wear produced by the tip is the highest, but the friction coefficient remains low  

(µ ~ 0.07). In addition, the top layer that is formed during the first sliding passes for 

the previously discussed FL films is absent. Further, the low hardness of these films 

(see Table 1) contributes to their high wear rates. 
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Figure 4: (Color online) Wear evolution maps for films with TS = 20°C (a, b and c) and 300°C (d, e 
and f) at PN2 = 0, 0.5 and 5 mTorr. The y-axis indicates the number of passes, and the x-axis is the 
width of exploration and the scale bar represents the wear depth in nanometers (negative values 
indicate wear). A load of 5 mN was used to produce wear 
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3.3 XPS analysis of unworn and worn surfaces 

 

In order to evaluate possible structural changes after friction-wear experiments 

on FL films deposited at TS = 300 with PN2 = 0 mTorr (DLC) and 0.5 mTorr (CNx), an 

XPS analysis was performed taking spectra on the nine locations as shown in Figure 

1.  

Spectra of C1s for both DLC and CNx films exhibit four contributions (C0-C3), 

Figure 5a and b, respectively. For the DLC film, the C0 peak corresponds to sp2 

hybridized carbon, the C1 peak has been associated with sp3 hybridized carbon and 

the C2-C3 peaks correspond to adventitious carbon (C-O and C=O), in agreement 

with previous reports [18,22,32] for H-free DLC coatings. 

In the case of CNx films, the assignment of the C 1s peaks remains a challenge. 

Recently work by Hellgren et al. [48], and Roy et al before [49], has indicated that 

the different peaks forming the spectra are due to differences in the number of 

nitrogen neighbors on the C atoms. Thus, they have assigned the C0 peak to sp2 

hybridized carbon. The C1 peak can correspond to sp2 carbon bonded to pyiridinic 

N on one side and two carbons on the other (>C=N-). The C2 peak can be assigned 

to sp2 carbon single bonded to graphitic nitrogen and two carbons (≥C-N<), and C3 

corresponds to carbonyl groups (>C=O). Previous work has indicated that the C1 

peak must be related to sp3 hybridized carbon while C2 resembling sp3 or sp2 

hybridized C-N bonds [5,50–52]. A study of the assignment of each peak in the XPS 

spectrum of carbon nitride films is out of the scope of this work. 

In this study we are more interested in taking advantage of the changes in the 

contributions from C0 and C1. The C1/C0 ratio, i.e., the changes in the area 

intensities for the nine locations evaluated on DLC and CNx are displayed in Figure 

5c and 5d, respectively. The error bars are the uncertainties on the C1/C0 ratio with 

a confidence of one sigma. Two fits were employed on the C1s spectra, the first it is 

assuming the same Gaussian for the four peaks (labeled as Fit 1). The second it is 

assuming the same Gaussian for the first two peaks and another for the 3rd and the 
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4th peaks (labeled as Fit 2). Table 2 summarizes the peak parameters for Fit 1 and 

Fit 2.  

As seen in Figure 5, The C1/C0 ratio has a minimum at the location (2,2) in 

both DLC and CNX films; this location corresponds to the worn surface. The other 

neighbor locations correspond to unworn surfaces. It is important to mention that it 

was difficult to center the spot, for the acquisition of spectra, on the worn area. The 

complication arises since, as seen in Figure 4 d and e, the samples present swelling 

instead of typical wear. Thus, although we placed marks during the wear 

experiments to identify the location (2,2) in the XPS study, we did not rule out the 

fact that we acquired XPS spectra from unworn areas with a small contribution from 

the worn region.  

The decrease in the ratio C1/C0 could indicate that the sliding of the probe 

produces structural changes. Nevertheless, wear and surface exposure to the 

environment can also cause an increase in C0 because the surface is covered with 

hydrocarbons.[48] However, this possibility is ruled out since the absolute area of 

peak C1 is affected. Thus, for the case of the DLC film, the decreasing of the C1/C0 

ratio with respect to unworn surfaces indicates that the local swelling of material 

surface observed in Figure 4d is accompanied by a sp3sp2 carbon transformation, 

in agreement with observation reported by other authors [8–17]. In addition, since 

the wear test covers only ~42% of the worn area, we expect that the content of the 

sp2 hybridized carbon (C0) inside the wear tracks is higher than that presented in 

Figure 5c.  

For the case of the CNx film, the C0 and C1 peaks have a similar behavior as 

in DLC film, which indicate that the worn surface has more sp2 hybridized carbon. 

The C1 peak assigned either to >C=N- or sp3 hybridized carbon decreases for the 

worn surface. In a first scenario, this would indicate that the swelling observed in 

Figure 4e is accompanied by a reduction of >C=N- bonds, while in the second case 

(sp3 hybridized carbon) could be consequence of sp3sp2 carbon transformation. 

The C2 and C3 do not present significant changes in their area intensities. 
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Figure 5. (Color online) Fit of the C1s spectra for unworn and worn surfaces of a) FL-DLC and b) FL-
CNx. C1/C0 area ratio from the C1s spectra for c) FL-DLC and d) FL-CNx films. Fit 1 is assuming the 
same Gaussian for the four peaks. Fit 2 is assuming the same Gaussian for the first two peaks and 
another for the 3rd and the 4th peak. Location (2,2) is the worn surface.  
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Table 2 Peak parameters for the two fittings presented in Figure 5 c and d.  

Peak parameters for DLC          

  Fit 1 - Peak Width  Fit 2 - Peak Width 

Component Energy (eV) Gaussian Lorentzian 
Energy 

(eV) Gaussian Lorentzian 
C0 284.40 0.854 0.35 284.39 0.843 0.35 
C1 285.31 0.854 0.35 285.23 0.843 0.35 
C2 286.43 0.854 0.35 286.16 1.877 0.35 
C3 287.75 0.854 0.35 288.44 1.877 0.35 

 

Peak parameters for CNx          

  Fit 1 - Peak Width  Fit 2 - Peak Width 

Component 
Energy 

(eV) Gaussian Lorentzian 
Energy 

(eV) Gaussian Lorentzian 
C0 284.40 0.961 0.35 284.35 0.880 0.35 
C1 285.40 0.961 0.35 285.10 0.880 0.35 
C2 286.50 0.961 0.35 285.98 1.773 0.35 
C3 288.12 0.961 0.35 288.32 1.773 0.35 

 

Depending on the structural and mechanical properties of the films, we have 

observed different mechanisms that contribute to differences in wear behavior. Films 

deposited at TS = 20°C and PN2 = 0 and 0.5 mTorr, i.e., amorphous carbon and 

carbon nitride films with hardness of 49 and 30 GPa, respectively, exhibit a notable 

local swelling during sliding. This local swelling has been explained for 

ultrananocrystalline diamond (UNCD) coatings under macrotribological tests as a 

crystalline to amorphous transition accompanied by a notable expansion of the 

amorphous phase due to an increase in the atomic volume [44]. A rapid saturation 

of surface dangling bonds helped by H2O molecules from environment prevents the 

cold welding with a possible increment of the friction coefficient [44]. Experiments by 

other authors have indicated that the absence of passivation leads to high friction 

coefficient, as was observed for DLC [8] films (sliding again sapphire ball in high 

vacuum conditions) and self-mated UNCD a H-free DLC films under 1% RH [23]. 

Based on the previous arguments, and the friction-wear behavior of our films, the 

local swelling observed in Figure 4 a and b for amorphous carbon and carbon nitride 

films, respectively, and their low friction indicates that there is enough passivation. 
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This lead to a re-hybridization mechanism and formation of a layer rich in sp2 

hybridized carbon, i.e., a tribomechanical mechanism followed by a tribochemical 

one. The localized shear in the formed layer produces cold welding of asperities that 

suffer separation after necking or even debris formation [17]. Here, the surface of 

the formed layer has a high density of dangling bonds that are rapidly passivated 

resulting in a low friction coefficient (0.06-0.07). 

FL carbon and carbon nitride films with hardness of 21.8 and 17 GPa, 

respectively (films deposited at TS = 300°C and PN2 = 0 and 0.5 mTorr) display local 

swelling of the film surface throughout wear-friction test associated with a re-

hybridization mechanism [17], which follows a cyclic phenomenon that inhibits the 

wear. The tribological behavior of these FL films is controlled more by 

tribomechanical than tribochemical processes. The tribological results suggest that 

these films could find a larger range of applications because they maintain low wear 

and friction coefficient.  

Finally, films deposited at TS = 20 and 300°C with a PN2 = 5.0 mTorr, having 

weaker mechanical properties, exhibited a wear mechanism dominated by a 

tribochemical process, i.e., the surface passivation phenomenon is dominant 

because they show a low friction coefficient, similar to amorphous and FL films, but 

have considerable wear.  

In brief, after the whole analysis of our experimental results, we can say that 

the swelling phenomena observed in our experiments is a structural transformation, 

accompanied by an increase in local volume, mechanically activated 

(tribomechanical events - re-hybridization).  

- For amorphous carbon surfaces with good mechanical properties, the swelling 

is accompanied by wear debris, which are precursors of the observed wear. 

- For FL surfaces with good mechanical properties, there is swelling but the 

formation of wear debris is much lower than on amorphous surfaces. 

Furthermore, there is no significant agglomeration of wear debris on the wear 

track. 
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4 Conclusions 

A study of the micro-tribological performance of amorphous and fullerene-like 

(FL) carbon and carbon nitride coatings deposited by filtered cathodic arc was 

presented. The tribological results of the films were obtained through a linear 

reciprocating test using a conical diamond tip as the counterpart subjected to 5 mN 

applied load under 23°C temperature and 50% relative humidity. All films have low 

friction coefficients with values between 0.06 and 0.07 throughout the tribological 

test; however, they showed different wear mechanisms. Amorphous carbon and 

carbon nitride films, deposited at a substrate temperature of 20°C and N2 pressures 

of 0 and 0.5 mTorr, presented a wear mechanism dominated by tribomechanical 

events (re-hybridization) rather than tribochemical processes (surface passivation 

phenomena). Wear results of the amorphous films, produced at substrate 

temperatures of 20°C and 300°C deposited under a N2 pressure of 5 mTorr, indicate 

that the dominant mechanism is probably dangling bond passivation and, 

additionally, the low hardness of these films contributes to the highest wear. Films 

with FL structures, deposited at a substrate temperature of 300°C and N2 pressures 

of 0 and 0.5 mTorr, present a swelled layer of material of 3-4 nm thick that is 

maintained during entire test. The wear results indicate that this swelling material 

acts like a lubricious layer that inhibits wear and is consequence of a re-hybridization. 

X-ray photoelectron spectroscopy analysis on virgin and worn surfaces of these FL 

carbon and carbon nitride films indicates that the lubricious layer, formed during the 

sliding due to plasticity events induced by localized shear, is rich in sp2 hybridized 

carbon.  
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