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Abstract

Nanostructured Nb—C thin films were prepared by direct current magnetron sputtering (DC-MS) and
high-power impulse magnetron sputtering (HiPIMS). The films were characterized in depth by X-ray
diffraction (XRD), grazing incidence X-ray diffraction, scanning electron microscopy, atomic force
microscopy, electron probe microanalysis, and Raman spectroscopy. The mechanical properties were
measured by nanoindentation, and the tribological properties were measured by pin-on-disk tests in

ambient air. The wear tracks and ball scars were analyzed by Raman spectroscopy to elucidate the
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tribochemical reactions that occurred at the contact area and to determine the wear mechanism for each
specimen type. The thermal stability of the coatings was studied up to 1000 °C using Raman
spectroscopy and XRD. The samples prepared by DC-MS were very dense, and the phase composition
changed from purely nanocrystalline (Nb2C and NbC) to a mixture of NbC crystals embedded in an
amorphous carbon-based matrix (NbC/a-C(:H)). However, the samples prepared by HiPIMS developed
a marked columnar morphology with a NbC/a-C(:H) nanocomposite structure. The hardness values
ranged from 11 to 20 Gpa depending on the deposition technique and the amount of the soft a-C(:H)
phase present in the sample. The tribological properties of all the coatings were remarkably good when
the carbon content was approximately 50 at.%. The formation of a lubricating sp-rich C tribofilm
between the ball and coating during the pin-on-disk tests was observed by Raman spectroscopy. The
tribofilm formed preferentially on the samples prepared by HiPIMS, which had higher C contents. At
750 °C, the degradation of the NbC phases resulted in the formation of an additional a-C phase and

niobium oxides.
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1. Introduction

Diamond-like carbon (DLC) is a form of amorphous carbon with a certain quantity of sp>- hybridized
bonds [1,2]. DLC films are well known for their excellent properties, including high hardness, high
wear resistance, chemical inertness, and biocompatibility [3]. Some drawbacks of DLC films are their
high residual internal stress, poor thermal stability, and low adherence to metallic substrates [4].
Accepted methods for improving these properties include metal doping (Ti, W, Nb, Cr, etc.) [5-8] and

incorporation in multilayer films or nanocomposites.

Among the various nanocomposite systems, numerous studies have focused on TiN, WC, and CrC
crystals embedded in amorphous and hydrogenated amorphous carbon films [6,9—11] for tribological
applications and electrical contacts. Niobium carbide (NbC) is known to exhibit a high melting point,
high conductivity, and excellent chemical stability [12,13], making it suitable for electrical components
[14], high-temperature environments [15], and biomedical applications [16,17]. NbC thin films have
been deposited by plasma-assisted physical vapor deposition (PVD) techniques, including filtered
cathodic vacuum arc deposition [18], plasma ion implantation [19], non-reactive magnetron sputtering
of Nb and C targets [14], and reactive magnetron sputtering using a hydrocarbon gas as a carbon
precursor (CHa [7,16,20-22] and C2Hz [23,24]). However, NbC thin films obtained using high-energy
PVD techniques have been less studied. Most recently, Nb—DLC systems were deposited using hybrid
pulsed direct current magnetron sputtering (DC-MS) and high-power magnetron sputtering [25]. High-
power impulse magnetron sputtering (HiPIMS) is a variation of conventional DC-MS. This deposition
technique is based on the application of short pulses (~100 ps) with a high power density (up to several
kW/cm?) to the sputtering target. This results in a higher ionization degree of the plasma species, which

in turn causes densification and a change in the properties of the deposited thin films [26-28].
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Sala et al. [29] performed a preliminary comparison of NbC thin films prepared by DC-MS and
HiPIMS. In this work, the chemical composition, microstructure, morphology, thermal stability, and

tribomechanical properties of NbC films were studied to reveal the interrelations between them.

2. Materials and methods

Nb—C coatings were deposited using an industrial CemeCon CC800/9 ML magnetron sputtering
machine-#rDC-MS or HiPIMS mode. The coatings were labeled #DC or #Hi according to the
sputtering technique employed (DC-MS or HiPIMS, respectively). Graphite and Nb targets from
CemeCon (99.95% purity) were used to deposit the NbC coatings on single-crystalline silicon wafers
(100) and mirror-polished cold-worked AISI D2 and SS316 steel substrates. Argon was used for
plasma formation, and acetylene was used as a reactive gas to increase the carbon content in specific
samples. The background pressure was 3 X 10 Pa, and the working pressure was 0.3-0.45 Pa. A DC
bias of 120 V was applied to the substrates during the entire deposition process. The sputtering powers
were 3.5-3.6 kW and 1.1-1.2 kW for the Nb and C targets, respectively. The HiPIMS pulse parameters
were as follows: a duty cycle of 28%, duration of 70 pus, and repetition frequency of 4000 Hz. To
improve coating adhesion, a thin layer of pure Nb was initially deposited. Subsequently, the graphite
target was switched on for the deposition of the NbC layers according to the deposition parameters
summarized in Table 1. A third layer was deposited in samples #2DC, #3Hi, and #4Hi by introducing
acetylene at a flow rate of 35 sccm as the reactive gas for the sputtering process of the Nb and C
targets. For sample #4Hi, an extra layer of carbon was added by reducing the power applied to the Nb
target to 0.3 kW during the last 75 min of the process. Further details about the synthesis procedure and

characteristics of the films can be found elsewhere [29].
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The chemical compositions of the coatings were measured using electron probe microanalysis (EPMA,
JEOL JXA-8200 SuperProbe). The cross sections and top surfaces of the samples were analyzed on
silicon substrates by scanning electron microscopy (SEM, Hitachi S4800 and S5200) using a field-
emission gun operating at 5 kV. The coating thickness was measured using SEM. For atomic force
microscopy (AFM) observations, an atomic force microscope (Nano-Observer CSInstruments) with
silicon N-type tips (umasch) was used in contact mode with the coatings prepared on silicon substrates.
X-ray diffraction (XRD, Panalytical Empyrean coupled with a PIXcel Medipix 3 detector) analysis was
conducted using a Cu K, source in the Bragg—Brentano configuration. The NbC crystallite size was
estimated from the (111) reflection at 34.7° using the Scherrer equation. Grazing incidence X-ray
diffraction (GIXRD, Panalytical Empyrean) analysis was conducted using Cu K, radiation at an
incident angle of 1°. Raman measurements (200—-1200 cm™) of the coated D2 steels were performed
using a LabRAM Horiba Jobin Yvon spectrometer equipped with a charge-coupled device (CCD)
detector and a diode-pumped solid-state laser (532 nm) operating at 5 mW. All measurements were
recorded using a 50x magnification objective and a 100 um pinhole with a laser exposure of 150 s. The
fitting of the D and G Raman bands were performed using Lorentzian functions. The hardness of the
films was measured by nanoindentation using a Nanolndenter XP (MTS) system fitted with a
Berkovich diamond tip. A CSM pin-on-disk tribometer was used in the rotary mode to perform all
measurements on the coated D2 steels, and a 100Cr6 steel ball with a diameter of 6 mm was used. The
testing conditions were a linear velocity of 10 cm/s, an applied load of 5 N, 10000 laps, a
circumference radius of 3 or 4 mm, a temperature between 20 and 25 °C, and a relative humidity of
40% to 50% in ambient air. Selected samples were subjected to thermal annealing up to 1000 °C at a
heating rate of 30 °C/min in an Ar flow (40 mL/min). Once the set point was attained, the temperature

was maintained for 60 min before cooling to room temperature.
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3. Results and discussion

3.1. Chemical composition

The elemental chemical compositions of the NbC coatings obtained by EPMA are shown in Fig. la.
Depending on the synthesis conditions, the carbon content varied from 12 to 66 at.%, and the niobium
content varied from 29 to 83 at.%. The number of oxygen impurities was relatively low (< 5 at.%),
except for in coating #3Hi (~10 at.%). Similar oxygen contents (2—11 at.%) can be found in earlier
studies [16,17]. The amount of oxygen can be attributed to the oxygen absorbed by the coating during
synthesis (residual gases) and exposure to an open atmosphere [30]. Fig. 1b shows the C/Nb ratios of
the prepared coatings. In the #1DC sample, the amount of carbon was very low compared to that of
niobium because of the synthesis conditions (non-reactive mode).

After the acetylene precursor was introduced in the process, the carbon content increased considerably,
up to ~1.1 in samples #2DC and #3Hi. The sample with the highest percentage of carbon was #4Hi

(C/Nb > 2) because an extra hydrocarbon layer was deposited on top of the third layer.

3.2.  Microstructure

Figure 2 shows secondary electron (SE, left) and backscattered electron (BSE, middle) SEM images of
the cross sections of the deposited coatings and as well as top-view (right) images of the samples.
Several microstructures were observed corresponding to different sequences of stacked layers. Table 1
shows the coating thickness for each layer measured using SEM and the calculated growth rate. The
first layer of coating #1DC (Nb adhesion layer) was approximately 500 nm thick, which changed into a
denser structure when carbon was incorporated in the second stage. Coating #2DC exhibited a three-

layer structure, in which the additional top layer was generated by the introduction of acetylene as a
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carbon precursor. The top layer had a more columnar structure. It is worth noting that the HiPIMS
samples developed a clear columnar morphology from the substrate interface to the top surface.
Samples #3Hi and #4Hi had very similar microstructures, but sample #4Hi had an extra carbon-rich top
layer, which can be clearly observed in the BSE-SEM images. From the top view, samples #1DC and
#2DC present considerably more compact structures than those of the HiPIMS samples. The degree of

definition of the columnar boundaries increases in the sequence #1DC < #2DC < #3Hi < #4Hi.

Figure 3 displays AFM topographic images (5 x 5 um?) of the Nb—C coatings. The columnar growth of
the coatings resulted in an increase in the surface roughness. The estimated mean average (Ra) and root
mean square (RMS) roughness values of the coatings are shown in Fig. 4. In good agreement with the
SEM observations, the DC-MS samples had smoother surfaces than those of the HIPIMS samples. The
selected HiPIMS conditions appear to favor more columnar and less compact structures with increased

roughness.

3.3. Phase composition

The crystallographic structure of the coatings was previously analyzed by XRD in a conventional
coupled Bragg—Brentano configuration [29]. Asymmetric and broad peaks were observed, indicating
nanocrystallinity and lattice defects. In this study, GIXRD diffractograms were analyzed to minimize
the substrate effect and to gain more information about the top layer. The following JCPDS diffraction
charts were used to identify the crystalline phases present in the samples: 34-0370 (Nb), 71-4649 (Fe),
38-1364 (NbC), and 19-0870 (Nb2C). Fig. Sa shows the diffractograms measured under the
conventional (6—20) and grazing incidence angle (1°) configurations. The dominant peaks in the

coupled 620 diffractograms are the Fe and Nb peaks,which were due to the steel substrate and the Nb
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adhesion layer, respectively. Different phases (either NboC or NbC) formed in the films, depending on

the carbon content and sputtering process.

Figure 5b shows a magnified view of the region of the diffractograms where the main peaks were
detected (31°-43°). The diffractogram of #1DC was primarily due to the Nb adhesion layer and the top
layer of NboC, which was promoted by the incorporation of carbon. Sample #2DC, where acetylene
was used as an extra source of carbon, showed very similar phases to those in #1DC, with an additional
top layer that was richer in carbon and identified as crystalline NbC. However, sample #3Hi, which was
prepared following the same stacking sequence as that of #2DC but via HiPIMS, showed a very
different result from the DC-MS samples. In the coupled configuration, the cubic form of niobium
carbide (NbC) was identified instead of hexagonal Nb>C. It has been reported that with the HiPIMS
technique, the density of the plasma and the number of ionized species are higher than those in the
conventional DC-MS [31,32]. This could favor the incorporation of carbon into the films because of
the increased population of C* and the assistance of Ar' ions present in the high-density plasma. The
resulting increase in the C/Nb ratio could lead to the formation of NbC instead of Nb,C. The #Hi4
sample did not exhibit significant crystallographic differences from #Hi3, indicating that the additional
a-C:H top layer was essentially amorphous. The crystal size decreased from 14 nm (sample #2D) to 8

and 9 nm for the HIPIMS samples (#3Hi and #4Hi, respectively).

Figure 6 shows the Raman spectra of the as-deposited coatings. The spectra were measured under
identical conditions to allow a direct comparison of their intensities. Disordered graphite can be
observed in the Raman spectra with two bands located at approximately 1580—-1600 cm™ (G) and 1350

cm’! (D), which can be attributed to the stretching of sp> C—C bonds and the breathing mode of sp?> C—C
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aromatic rings, respectively [33]. The Nb—C coating with the lowest carbon content (#1DC) did not
present the characteristic D—G bands, indicating the absence of segregated a-C. The presence of
disordered carbon was nevertheless confirmed in the remaining coatings, for which the D and G peaks
were clearly observed. Significant peak narrowing and an increase in intensity were observed for
sample #4Hi owing to the top carbon-rich layer. Comparing samples #2DC and #3Hi, which had
similar carbon contents (approximately 45 at.%), HIPIMS promoted the formation of a-C(:H) more than
DC-MS.

To obtain complementary information about the carbon structure and chemical bonding, the G- band
position, intensity ratio between the D and G peaks (ID/IG), and G-peak width (GFWHM) were
determined from the Raman spectra, as shown in Fig. 7. According to Ferrari and Robertson [33], the
features of these Raman peaks allow the classification of samples in transition between nanocrystalline
graphite and disordered carbon, with a predominance of sp2 bonding. Samples #2DC and #3Hi had
very similar Raman spectra, exhibiting broad D and G bands typically observed in a-C films. Similar
ID/IG ratios (1.2 to 1.5) were found for NbC-based nanocomposites prepared by reactive magnetron
sputtering [23,24]. Sample #4Hi, with a G peak at 1600 cm-1, a small GFWHM value, and an ID/IG
ratio of ~0.9, is in agreement with region 1 of the three-stage model, representing the transition from
bulk to nanocrystalline graphite [1]. This may be attributed to the final top C-rich layer that was grown
only on this sample, which generated a more ordered graphitic structure. Fig. 8 schematically
summarizes the different structures and compositions of the prepared coatings based on the XRD,

GIXRD, SEM, AFM, and Raman spectroscopy characterization results.

3.4. Mechanical properties

The film hardness and reduced Young’s modulus values are presented in Fig. 9. The hardness varied
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between 11 and 20 GPa, in good agreement with the values presented by Nedfors et al. for NbCx-based
coatings (16-23 GPa) [34]. The reduced Young’s modulus did not vary significantly among the
samples (~220 GPa). The samples prepared by DC-MS had higher hardness values (18-20 GPa) than
those of the samples prepared by HiPIMS (11-12 GPa). Comparing #2DC and #3Hi, which had similar
carbon contents (~50 at.%) and stacking layer sequence, the sample prepared by HiPIMS had a lower
hardness. This can be attributed to the higher fraction of amorphous carbon, as shown in the Raman
spectra, and less crystalline structure, as determined by the decrease in crystalline size estimated by

Scherrer’s equation. A similar decrease in hardness was observed for NbCx thin films prepared by

reactive and non- reactive PVD as a function of the C/Nb ratio [24].

3.5. Tribological properties

Figure 10 displays representative friction curves for the four different coatings. Except for #1DC, the
Nb—C samples exhibited low and steady friction coefficient (i) values of approximately 0.25. For
sample #DC1, the friction coefficient curve increased suddenly to 1 after a short initial running-in
period. Subsequent tests on this sample always led to the same behavior, which is consistent with
strong adhesive ball-film interactions, film delamination, or cracking failure. As determined by Raman
spectroscopy, this coating did not have amorphous carbon phase.

Therefore, the top surface was essentially a layer of a hard metal carbide. The use of a metal ball for the
tribological test resulted in strong metal-to-metal bonding, which increased the adhesion forces at the
film interface and caused the sudden rise in the coefficient of friction [35]. The variation at the
beginning of the test could be due to polishing of the sample because it had some initial roughness. Fig.
11 summarizes the average measured friction coefficients and estimated ball and coating wear rates. No

significant variations were observed in the tribological properties(p = 0.25, and k = 10°® mm?/Nm)
10
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except for sample #1DC, which failed prematurely. A deeper investigation of the friction mechanism

was conducted through Raman spectroscopy of the ball scars and coating wear tracks.

3.6. Raman analysis of the friction contact regions

Figure 12 shows the worn ball surface and wear track of sample #1DC together with the corresponding
Raman spectra. The wear was relatively small because the test was stopped after a sudden increase in
the friction coefficient. The Raman spectra of the material adhered to the ball had two broad bands
between 650 and 850 cm! associated with Nb and Fe oxides from the coating [36] and the ball,
respectively. The presence of free amorphous carbon in metal carbide/a-C nanocomposites allows the
formation of a lubricant layer between the ball and the coating, decreasing friction and excessive wear
[6,37]. The absence of a free amorphous carbon in this sample, as evidenced by Raman spectroscopy,

explains the sudden increase in the friction coefficient and the failure of the film.

The Raman spectra of various positions on the wear track of the #2DC sample were similar to those of
the as-deposited state (Track P1) and other colored zones, indicating the presence of oxides (Track P2).
On the ball scar, (Ball P1), analysis of debris outside the worn area provided evidence of graphitization
of the original disordered carbon phase of the coating. The D and G bands could be clearly identified
and were even more pronounced than those of the original sample. In the center of the ball (Ball P2),
no transfer material was identified, indicating that it was not present or that it was too thin to be

detected (Fig. 13).

The black spots observed on the wear track of the #3Hi sample (Fig. 14) appear to indicate that some
local delamination occurred during the test. However, the corresponding Raman spectra were
consistent with the presence of amorphous carbon at all positions. On the ball scar, an increase in the

11
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carbon content was observed together with some poorly formed FeOx/NbOx oxides at approximately
650 and 850 cm™! [38-40].

The Raman spectra of the wear track of sample #4Hi and the ball scar (Fig. 15) indicate that the
nanocrystalline graphite initially present in the film transformed into more disordered carbon during the
test. This sp>-rich layer on both counterfaces lubricated the contact, which reduced the friction
coefficient and wear rates of the ball and track. Oxides were observed only in small regions on the top

of the ball.

3.7. Thermal stability and oxidation resistance

To obtain further insight into the two types of coatings with similar carbon contents but prepared by
different methods, samples #2DC and #3Hi underwent further thermal behavior and oxidation
resistance analysis. Fig. 16 shows the Raman spectra of both samples after thermal treatment at 500,
750, and 1000 °C in an argon atmosphere. Niobium oxides and carbon were the main phases identified
during the successive annealing treatments. NbO2 and Nb>Os are denoted by the presence of two
double bands at approximately 280 and 650 cm™ and a narrow peak at 920 cm™, as shown by Cao et al.
and Kreissl ef al. [40,41]. The formation of amorphous carbon was confirmed by the presence of the
two characteristic D and G peaks of sp? bonds of disordered carbon at 1350 and 1585 cm™!,
respectively. The D and G bands became more intense and defined, and the G-peak position shifted
toward higher wavenumbers as the temperature increased to 750 °C. These transformations are
indicative of an increased presence of free carbon and increased clustering of the sp? carbon phase. At
500 °C, none of the coatings showed clear signs of oxidation, but at 750 °C, the spectra diverged owing
to their different thermal stabilities. Coating #2DC developed a smooth band at 670 cm™!, which is

associated with the formation of Nb—O bonds, while maintaining the D and G doublet. An optical
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micrograph of the surface did not reveal significant surface modifications. However, the #3Hi sample
had a heterogeneous surface (as shown in the optical micrograph), on which various spots were
detected. Analysis of these different areas indicated that they had a different degree of oxidation
compared with the that of the surrounding areas. The spectrum obtained from these spots indicated the
carbonaceous phase disappeared, while the niobium oxide bands centered at 280 and 650 cm™ were
enhanced. Furthermore, the spectrum of the surrounding areas was very similar to that of #2DC,
indicating that oxidation progressed to a minor extent. When the samples were subjected to thermal
annealing at 1000 °C, the peaks originating from the niobium oxides (NbO, and/or Nb>Os) and the
silicon substrate at 520 cm™! were clearly identified, indicating the total oxidation of the coating
[40,42,43]. The total disappearance of the carbon bands at 1000 °C can be explained by the formation
of volatile CO,. Oxidation of the samples could originate from oxygen and water impurities in the
tubular furnace or the film composition. The #3Hi sample had the lowest threshold temperature for the
onset of oxidation, and the localized oxidation (pitting) can be correlated with the columnar

microstructure, which allowed inward diffusion of oxygen through the open intercolumnar boundaries.

Figure 17a shows the evolution of the diffractograms with increasing thermal annealing treatment
temperature (500, 700, and 1000 °C) for the #2DC sample in argon. The main crystalline phases
identified for the pristine sample were Nb, Nb,C, and NbC (as shown in detail in Fig. 5a and 5b). The
diffractogram at 500 °C shows the presence of the NbC phase and a growing Nb,C phase, which could
be formed by partial decomposition of the cubic NbC phase. Differences in thermal stability and
oxidation resistance can be observed at 750 °C. At this temperature, the initial NbC coating of #2DC
began to transform into one of the multiple Nb2Os polymorphic forms, specifically the TT phase (JCPDS

#28-0317) [44]. 1t is believed that the high relative intensity of this new phase made it difficult to
13
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distinguish the remaining NbC nanocrystals. At 1000 °C, the niobium atoms were completely oxidized,
and H-Nb20O5 (JCPDS #32-0711), which is the most thermodynamically stable niobium oxide phase at

atmospheric pressure, became the predominant phase [44].

Figure 17b shows the diffractograms of sample #3Hi after thermal treatment at the same temperatures
(500, 750, and 1000 °C) in argon. The main phases identified for the pristine sample were Nb and NbC
(as shown in detail in Fig. 5a and 5b). When the sample was heated to 500 °C, a new phase, Nb2C, was
detected, which was probably due to the loss of carbon in the sample (as shown by Raman
spectroscopy). The diffractograms of the sample annealed at 750 °C indicate the presence of the TT-
Nb2Os phase and a new NbO; phase not detected in sample #2DC. It is believed that this NbO; phase
transformed into the most stable high-temperature and oxidized phase (H- Nb,Os) when the sample was
heated to 1000 °C. Similar phase transformations have been found in WC/a-C and TiBC/a-C
nanocomposite coatings, where the samples did not show significant signs of degradation and
maintained an almost unaltered structure [45,46]. At 750 °C, the degradation of the TiBxCy and WC

phases proceeded by the formation of an additional a-C phase and metal oxides.

4. Conclusions

Nanostructured Nb—C coatings with various contents of nanocrystalline niobium, niobium carbides,
and amorphous hydrogenated carbon phases were prepared with a controlled architecture and phase
composition via DC-MS and HiPIMS. The obtained coatings exhibited significant differences in their
structure, chemical bonding, and tribomechanical properties as a function of the carbon content. The
coatings deposited by HiPIMS developed a considerably more columnar structure comprising

nanocrystalline Nb and NbC (vs. Nb2C that formed under DC-MS) in conjunction with a higher amount

14
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of a-C(:H). These features could be related to the higher carbon and argon ionization under the high-
power impulse conditions, which favors a higher incorporation of carbon atoms. Nevertheless, these
changes did not necessarily improve the mechanical properties (approximately 11-12 GPa), thermal
stability, and oxidation resistance (< 750 °C) owing to the marked columnar growth and open porosity.
Regarding the tribological properties, both sets of coatings (DC-MS and HiPIMS) demonstrated
protective behavior (i = 0.25, and k = 10”7 mm?/Nm) when the carbon content was above 50 at.%,
which allowed the formation of a lubricating sp?-rich C tribofilm in the contact area. The thermal
stability was improved by a more compact structure, which helped to stabilize the niobium carbide
phases and increased the oxidation resistance. In summary, these results highlight the importance of
film compactness, disrupting the columnar growth, and/or decreasing the intercolumnar distance for
enhancing the mechanical properties and oxidation resistance of Nb—C coatings. The use of HiPIMS
technology does not necessarily improve the film microstructure and functionality.

Rather, the plasma conditions must be optimized to select an appropriate ion bombardment (type,

energy, and flux) to guarantee film densification.
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List of figure captions

Figure 1. (a) Atomic elemental composition and (b) C/Nb ratio of the prepared Nb—C thin films.

Figure 2. Cross-sectional (left, SE; middle, BSE) and top-view (right) SEM images of the Nb—C films.

Figure 3. AFM images of the Nb—C coatings.

Figure 4. Surface roughness values (Ra and Rms) obtained by AFM measurements of the Nb—C
coatings.

Figure 5. (a) XRD patterns of the Nb—C coatings deposited under different conditions measured under
Bragg—Brentano and grazing incidence angle (1°) configurations; (b) detail of the region of interest.

Figure 6. Raman spectra of the different coatings. Note that the spectra are plotted in counts (not in
arbitrary units); thus, the changes in band intensity are significant.

Figure 7. G-peak position, ID/IG ratio, and GFWHM for the samples containing disordered carbon.

Figure 8. Schematics of the Nb—C coatings based on the XRD, GIXRD, SEM, AFM and Raman
spectroscopy characterization results.

Figure 9. Hardness and reduced Young’s modulus measurements.

Figure 10. Friction coefficient vs. sliding distance for the various coatings.

Figure 11. Friction coefficients and wear rates (ball and disk) for the various coatings.
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Figure 12. Optical micrographs of the (a) wear track of coating #1DC and (b) ball wear scar; (c)
corresponding Raman analysis of the specified zones.

Figure 13. Optical micrographs of the (a) wear track of coating #2DC and (b) ball wear scar; (c)
corresponding Raman analysis of the specified zones.

Figure 14. Optical micrographs of the (a) wear track on coating #3Hi and (b) ball wear scar; (c)
corresponding Raman analysis of the specified zones.

Figure 15. Optical micrographs of the (a) wear track of coating #4Hi and (b) ball wear scar; (c)
corresponding Raman analysis of the specified zones.

Figure 16. Raman spectra of the (a) #2DC and (b) #3Hi coatings at temperatures up to 1000 °C. Optical
micrographs corresponding to some investigated zones are included as examples. Note that the spectra
are plotted in counts (not in arbitrary units); thus, the changes in the band intensity are significant.

Figure 17. XRD patterns of the (a) #2DC and (b) #3Hi coatings at temperatures up to 1000 °C.
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