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Abstract: Friction and wear performance of non-reactively magnetron-sputtered hydrogen-free
TiC/a-C coatings were characterized under lubricated oscillating sliding conditions against 100Cr6
steel. The friction mediators, isooctane, ethanol and distilled water, were chosen to address the
actual trend of environmentally friendly green technologies in mobility and the potential use of
carbon-based nanocomposite thin film materials for tribocomponents in contact with gasoline and
alternative biofuels. Sliding pairs of the TiC/a-C coatings showed significantly reduced friction and
wear compared to the reference materials under both unlubricated and lubricated conditions (when
using the aforementioned media isooctane, ethanol and distilled water). Quasi-stationary friction
coefficient of the TiC/a-C sliding pairs after running-in was almost independent of test conditions
and could be traced back to self-lubrication as a result of the formation of a transfer layer on the
steel counter body. Wear of the coatings based on micro-abrasion and tribochemical reaction was
significantly influenced by the environmental conditions. Lowest wear was measured after tests in
non-polar isooctane whereas highest wear was measured after tests in water.

Keywords: carbon-based nanocomposite; thin films; magnetron sputtering; tribology; wear; friction;
wear mechanism

1. Introduction

Carbon-based nanostructured composite thin films of the general form MeC/a-C
(Me: transition metal, MeC: transition metal carbide phase, nanocrystalline; a-C: amor-
phous carbon phase) and their hydrogen-containing variants, MeC:H/a-C:H, have been
intensively discussed as promising low-friction, wear-resistant materials in various tribo-
logical environments for low- to medium-temperature engineering applications for almost
two decades [1–8]. Nanostructure design concepts and fundamental materials science
aspects of such nanocomposite thin films have been continuously described in comprehen-
sive reviews [9–15]. The synthesis and deposition of such thin films via physical vapor
deposition has been addressed in detail in literature. Manifold reports are available for the
non-reactive magnetron sputter co-deposition utilizing different combinations of multiple
metal, graphite, compound and composite target arrangements [3,4,11–23]. Significant
information has also been published for reactive magnetron sputter deposition processes,
very often utilizing target configurations as mentioned above and reactive gases such as
methane, acetylene and admixtures of hydrogen [2,11,22,24–30]. Various modified and
hybrid physical vapor deposition (PVD)/Chemical Vapor Deposition– (CVD) processes
based on sputtering processes have been discussed [1,5,6,15,31–35]). Pulsed magnetron
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sputtering deposition technologies [36–40], especially novel high-power impulse mag-
netron sputtering (HIPIMS) [7,8,41–44], and cathodic arc evaporation, are currently gaining
wider research interest [45–47].

The nanocomposite thin films considered in this article exhibit significant volume
fractions of both the nanocrystalline carbide and amorphous carbon phases, while the dis-
tinction to the so-called metal-containing amorphous (hydrogenated) carbon coatings with
low metal concentration and often lower crystallinity of the carbide phase is smooth and
material-dependent [2,11,14,15]. The synthesis, growth, microstructure and phase forma-
tion and the impact of composition and microstructure on the thin film properties have been
investigated both for hydrogen-free and hydrogen-containing thin film materials such as
TiC/a-C [2–8,11,12,15–19,21,25,26,28–35,38–45], WC/a-C [19,21,22,27,32,34,44,48–51] and
CrCx/a-C [19,28–30,52–54]. Other material combinations such as ZrC/a-C [55–58],
NbC/a-C [59–61], VC/a-C [62–65], TaC/a-C [55,66–68] and more complex thin film designs,
i.e., multiple elements containing coatings, integration of such layers into multilayer and
gradient architectures, have been reported with less attention so far [14,69–73]. Among this
class of promising engineering materials, metal carbide/amorphous carbon nanocomposite
thin films in the system Ti-C(:H) have found widespread interest because the combination
of a transition metal carbide and an amorphous carbon matrix phase allows for relatively
easy thin film synthesis and microstructure and properties tailoring. Exemplarily, the for-
mation of a two-phase nanocomposite structure in such systems is favored due to limited
solubility of carbon in the lattice of a transition metal carbide, i.e., TiC, or when a maximum
Ti vacancy concentration is exceeded in the TiC lattice. The constitution, chemical bonding,
microstructural design and control, as well as the tuning of mechanical and tribological
properties of TiC(:H)/a-C(:H) thin films have been systematically studied [9–15,74–76]. It is
common understanding that both their friction and wear properties (like mechanical prop-
erties in general) are clearly dependent on the Ti:C concentration ratio, the volume fraction
of both the nanocrystalline and amorphous phases, the grain size of the carbide phase and
the thin films hardness, surface roughness and further characteristics, for example H/E
and H3/E2 ratios [1–5,9–15]. Basically, the correlation of friction and wear performances of
TiC(:H)/a-C(:H) thin films with the Ti:C concentration ratio and the mentioned characteris-
tics is widely independent of the thin film synthesis method, and this is similar for both
hydrogen-free and hydrogenated thin films [1–5]. At higher Ti concentration (and larger
volume fraction of the carbide phase), the hardness of the thin films is high, often reach-
ing values close to those of pure TiC coatings (in the range of 30 GPa and higher), while
the wear and friction performance is not always satisfactory (while naturally dependent
on the tribological system under examination). In many studies, Ti-rich nanocomposite
coatings exhibited higher values for wear and coefficients of friction. At higher carbon
concentration (and larger volume fraction of the amorphous carbon phase), the hardness
of the thin films is usually lower (in the range of 20 GPa and below), while the wear
and friction values are significantly reduced. Depending on the testing conditions and
related tribosystems, carbon-rich nanocomposite thin films typically show very low friction
coefficients in the range of 0.15 and even below. A range for the carbon concentration, ap-
proximately between 60% and 75%, has been identified as a major specification to achieve
wear-resistant low-friction nanocomposite coatings (see for example [1–5,9–15]). Such
observations and conclusions are in principle also valid for other types of nanocrystalline
metal carbide/amorphous carbon composite thin films when those are tested under similar
conditions in wear studies.

The majority of published studies (especially those cited in this article so far) deal
with pin-on-disc (ball-on-disc) experiments of such thin films under lubricated or unlu-
bricated unidirectional sliding conditions. Frequently, the counterpart ball material is
steel, mostly 100Cr6, while other materials such as cemented carbide (WC-Co), tungsten
carbide, alumina, silicon nitride or others have also been used. The variation of reported
experimental conditions is huge, and covers for example a wide range of normal loads
(1–10 N, sometimes higher, up to 30 N), sliding distances (several 10 m up to 2000 m),
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sliding speeds (0.005–0.3 m/s, in extreme cases even up to 0.5 m/s), diameters of the ball
counter body (mostly 1–6 mm, sometimes up to 10 mm) or values for the radius of the
wear tracks, resulting in different load scenarios, often with an initial Hertzian contact
pressure in the GPa range (0.3 GPa up to 2 GPa, or higher). When experiments were
carried out in humid air, the relative humidity is reported to be mostly in the range 20–80%
(while in many articles this is not specified in detail). It has to be noted that often such
conditions have been marked as dry conditions in literature, while those may be consid-
ered simply as unlubricated conditions. Most studies have been performed at ambient
temperature and pressure, while few deal with wear studies and friction tests at higher
temperature [4–11,16,21,24,30,38–44,49,52,55–57,61,66–70]. The wear mechanisms identi-
fied in tests carried out at ambient temperature and in humid air are abrasive wear and
tribochemical reactions, resulting in third-body conditions; the constitution and microstruc-
ture of the nanocomposite thin films determine the predominant wear and friction scenario
(dependent also on the tribosystem in general). At high carbon content (and thus larger
volume fraction of the amorphous carbon phase), a carbon-based transfer layer can form
on the counterpart body, leading to sustained self-lubrication events, accompanied by low
friction coefficients and wear rates. Under specific conditions (i.e., high contact pressure
and/or high sliding velocities), the temperature in the tribocontact zone can rise up to
350–400 ◦C and result in local graphitization of both the nanocomposite coating and the
transfer layer, which can further contribute temporarily to self-lubrication.

The usage of various lubrication media such as water, oils, fuels and others in pin-on-
disc tribological testing has been described for pure amorphous or diamond-like carbon
coatings and for metal containing amorphous carbon coatings (usually for coatings with
lower metal concentration (see exemplarily [77,78] and various articles in section B in [79],
while fewer studies are available for nanocomposite carbide/amorphous carbon coatings
with significant volume fraction of both phases. Zhang et al. [17] reported wear studies
in pin-on-disc tests of TiC/a-C nanocomposite coatings against a steel ball counterpart
(100Cr6) in both unlubricated (i.e., in air with 75% relative humidity, at 22 ◦C, specified as
dry conditions) and lubricated conditions. In that investigation, the friction tests were car-
ried out with a classical engine oil (Shell Helix 15–50). Under unlubricated test conditions,
the friction coefficient showed a strong correlation with the Ti concentration of the coatings:
it increased continuously with the Ti concentration. Such behavior is characteristic for
many types of carbide/amorphous carbon thin films tested under similar conditions. It
has been attributed to the impact of the Ti:C concentration ratio on the volume fractions
of the crystalline carbide and the amorphous carbon phases, on the surface topography
and the ability to form a lubricious, solid graphite layer in the tribocontact zone [17]. A
TiC/a-C nanocomposite coating with 30 at.% Ti concentration showed different friction
behavior when the test was conducted in oil lubrication. The friction coefficient was signifi-
cantly reduced in comparison to the unlubricated condition; after a certain run-in period, it
decreased moderately but continuously with the sliding distance. Zhang et al. explained
that the oil lubrication prevented the formation of a graphite-rich layer in the contact zone,
resulting in a different friction mechanism in comparison with the situation observed in
humid air. A stable friction regime could be established, dependent on the coatings’ surface
topography (i.e., roughness), coating thickness and stability of the oil film between the
sliding partners [17]. Keunecke et al. [30] presented a study on CrC/a-C:H thin films tested
in oil-lubricated pin-on-disc experiments against 100Cr6 steel. A classical engine oil (SAE
0W-20) was used as lubricant in one experimental series, while the same oil containing
specific additives to impact the tribochemistry and friction performance (i.e., MoDTC)
was used in a second experimental series. The initial Hertzian contact pressure was set
to a high load (2 GPa). All coatings (with systematically varied Cr:C concentration ratio)
under examination showed low friction values in general, while the friction coefficients
were even lower in test conditions applying the oil with additives. Keunecke et al. found,
however, that the wear properties in contact with the additive-loaded oil were strongly
dependent on the Cr:C concentration ratio, and they were optimum in their study in the
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rage of 50 at.% Cr content. They suggested that the interaction of the tribopartners with the
additive should play a vital role for the friction and wear performance in such conditions.
Mandal et al. [80] investigated the wear mechanisms of Cr-containing carbon coatings in
a pin-on-disc test against 100Cr6 under lubrication with a synthetic engine oil (Mobil1
Extended Life™) containing polymer additives. They observed low friction coefficients,
smooth friction curves with only short run-in phase and low wear of the coatings. They
suggested a tribochemical reaction between the coating and the oil, resulting in the for-
mation of a lubricious CrCl3-containing surface in the contact zone, as a major factor for
achieving low friction and wear in the tested system.

Wear studies on oscillating (reciprocating) sliding friction, both unlubricated and
lubricated, have been reported in detail for a variety of amorphous and diamond-like
carbon coatings [79,81–89] and for metal-containing carbon coatings [90–95]. Less work has
yet been published on the performance of MeC(:H)/a-C:H thin films under reciprocating
sliding friction conditions. Scharf and Singer demonstrated, for such conditions and
three types of metal-carbide-containing amorphous carbon composite coatings, that the
formation of an adherent transfer layer on the counterpart body and the transition from
the run-in phase (accompanied with higher friction coefficient and wear) to a stationary
friction state (at significantly reduced friction coefficient and wear rate) are both material
and tribosystem dependent. Among the materials under examination, both TiC/a-C and
TiC/a-C:H coatings exhibited low friction coefficients and wear rates in reciprocating
sliding tests against sapphire and steel in dry and ambient air at room temperature (relative
humidity: 2%–5%, or ~50%, respectively). Irrespective of humidity, the formation of a
transfer layer occurred rapidly for these coatings, leading to a short run-in phase and a
separation of counterpart material and original coating; sliding of the transfer film against
the original coating surface occurred with a very low friction coefficient. The low friction,
usually attributed to a specific coating, was (again) related to a third body interaction.
Formation of such a transfer layer was much slower in the case of WC/a-C:H coatings,
resulting in different run-in phase and initial friction and wear conditions [96]. Ciarsolo
et al. investigated the friction and wear performance of TiC/a-C:H nanocomposite and
Ti-containing amorphous hydrogenated carbon coatings in reciprocating sliding friction
conditions under oil lubrication and at high initial Hertzian contact pressure (1.7 GPa).
Under the most severe testing conditions (i.e., high contact pressure, high sliding speed
of 100 mm/s, high frequency of 50 Hz), these coatings did not withstand and failure
by coating delamination and wear was observed. The authors concluded that a high
load-bearing capacity of the coatings is required to withstand such harsh tribological test
conditions. This load-bearing capacity is related to hardness and mechanical properties
(i.e., Young’s modulus), with the volume fraction of (hard) crystalline and (softer, more
ductile) amorphous phases, and the ability to form a graphitic-type transfer layer in the
contact zone with low shear strength [97]. These conclusions point both towards the
technological potential and the challenge of tailoring properties and performance of such
carbon-based coatings.

This description of the state-of-the art focuses mainly on mechanical and tribological
properties and wear performance of transition metal carbide/amorphous carbon composite
thin films in ball-on-disc and oscillating sliding friction experiments, and on the correlation
of the thin films’ microstructure and constitution and these properties. It should explicitly
be mentioned that such materials, in the form of thin films and bulk materials, generally ex-
hibit further interesting physical and chemical properties, making them suitable candidates,
for example, for electrical [18,60] and optical applications [63,64,98], medical and biofunc-
tional surfaces [20,59,99,100], electrochemical storage [101,102] and other applications [103].
The opportunity to tune and tailor properties, functionalities and microstructure of such
materials will have a huge impact on future materials research, advanced synthesis and
utilization, as has been demonstrated recently for magnetron-sputter-deposited TiC/a-C
thin films [104–106].
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In this work, we present a tribological study on friction and wear performance of
a non-reactively magnetron-sputtered hydrogen-free TiC/a-C coating under lubricated
reciprocating sliding conditions against 100Cr6 steel. The coating composition has been
chosen to be comparable to major work published in the field on unidirectional sliding
friction studies in pin-on-disk configurations, and has been set to TiC/a-C 30/70, represent-
ing a total carbon content in the range of 75 at.%. Such coatings have been suggested to
exhibit optimum friction and wear performance in pin-on-disk testing in various tribosys-
tems [1–5]. The testing conditions realized in the reciprocating sliding friction experiments
encompass the utilization of three different lubricant media, as well as variation of the
lubricant supply and the normal load during testing. The lubricants are isooctane, ethanol
and distilled water, reflecting a recent societal discussion on potential environmentally
friendly green technologies in mobility, utilizing new alternative, synthetic or biofuels. The
TiC/a-C coating has been chosen as a model thin film material with regard to the already
existing knowledge of its materials science and deposition technologies, its technology
readiness level and its ability to tailor its microstructure and mechanical and tribological
properties over a wide range.

2. Materials and Methods
2.1. Thin Films

TiC/a-C thin films were deposited by non-reactive D.C. magnetron sputtering in
a laboratory-scale commercial PVD unit (Z 550, Leybold GmbH, Cologne, Germany).
The sputtering target was an isostatically hot-pressed homogeneous compound target,
manufactured from a nominal powder composition of 70 mol.% graphite and 30 mol.%
titanium carbide (TiC). Its dimensions were 75 mm diameter, 5 mm thickness, with a
mass density above 95%. This target was operated in D.C. power supply mode with a
power of 500 W. The deposition processes were carried out with an argon gas pressure of
0.6 Pa (69 sccm argon gas flow). For the thin film samples used in this study, no additional
substrate bias was applied (i.e., zero bias, grounded substrates). The target-to-substrate
distance was 5 cm. The thickness of the TiC/a-C thin films for the wear tests was adjusted
to 5 microns [23,107,108].

Substrate materials used for thin film characterization and wear studies were commer-
cial cemented carbide plates with geometry 12.5 × 12.5 × 4.5 mm3 (SNUN 120608/401;
composition: 88.5 wt.% WC, 11 wt.% Co, 0.5 wt.% Ta-Nb-C; supplier: Walter AG, Tübingen,
Germany). The substrate materials were mirror-polished, ultrasonically cleaned for 15 min
in acetone and blasted by dry air before being placed in the vacuum chamber. The PVD
chamber was pumped to a pressure of 5 × 10−6 mbar. Prior to thin film deposition, the
substrates were 15 min plasma-etched in an R.F.-powered argon discharge at a pressure
of 0.6 Pa (800 W power, 980 V substrate bias). This pretreatment has been found to be
optimum to support thin film adhesion on the substrate samples intended for the wear
study. To enhance the adhesion further, a 300 nm thick pure Ti interlayer was deposited
before the TiC/a-C thin film deposition. For this purpose, a commercial titanium target
(purity 3N5) was used and operated in D.C. mode with power of 500 W, argon gas pressure
of 0.6 Pa and 0 V substrate bias. After the deposition of this interlayer, the substrate table
was moved to the position of the TiC-C compound target for immediate deposition of
the nanocomposite coating without breaking vacuum. Both sputter targets were operated
sequentially only, with the use of appropriate shutters.

The TiC/a-C thin films exhibited a Vickers microhardness of 1634 HV0.05 and showed
a critical load of failure, LC1, in scratch testing of 40 N. Their elemental composition was
determined by electron probe micro-analysis (EPMA, Cameca Camebax system, CAMECA,
Gennevilliers, France): 23.4 at.% Ti, 75.4 at.% C, 1.2 at.% contamination by Ar, O, N. These
values correspond well with the composition of the compound target. Microstructural
characterization by means of X-ray diffraction, transmission electron microscopy (cross-
sectional dark field imaging, selected area diffraction) and Raman spectroscopy revealed
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the coexistence of a nanocrystalline TiC phase with grain size in the range of 5 nm, homo-
geneously dispersed in an amorphous carbon matrix [23,107,108].

2.2. Tribology

The thin films deposited on polished substrates of submicron cemented carbide had a
hardness of 1634 HV0.05 (Figure 1a). In all tribological tests, balls (KGM, Fulda, Germany)
with a diameter of 20 mm made of bearing steel 100Cr6 were used as counter bodies. The
steel, quenched and tempered to 800 HV, was characterized by a microstructure of tempered
martensite and spherical carbides (Figure 1b). 100Cr6 plates with comparable hardness
and microstructure (Figure 1c) were used as reference material under all test conditions. In
addition, engineering ceramics, namely SiC (EKasic F, ESK Ceramics, Kempten, Germany),
Al2O3 (F99.7, Friatec, Mannheim, Germany) and ZrO2 (ZN101B, Ceramtec, Plochingen,
Germany) were included in the investigations under selected conditions. The engineering
ceramics showed homogenous microstructures with an average grain size of 1.9 µm (SiC),
7.5 µm (Al2O3) and 0.3 µm (ZrO2) and high hardness of 2540 HV (SiC), 1670 HV (Al2O3)
and 1311 HV (ZrO2) (Figure 1d–f).

Figure 1. SEM micrographs of (a) a cross-sectional view of the TiC/a-C-coated cemented carbide,
showing a featureless, homogeneous microstructure of the coating, and cross-sectional views showing
the microstructures of (b) 100Cr6 ball, (c) 100Cr6 plate, (d) SiC, (e) Al2O3 and (f) ZrO2.

The tribological ball-on-plate tests were run under oscillating sliding conditions in a
laboratory tribometer (SRV, Optimol, Munich, Germany) at room temperature, lubricated
with isooctane, ethanol or distilled water, as well as unlubricated in ambient atmosphere
with a relative humidity of about 50% (Figure 2). The lubricants were selected with regard
to the possible use of the materials for tribocomponents in contact with gasoline and
alternative biofuels. The liquid media were continuously fed by drip lubrication to ensure
continuous immersion of the contact zone. A normal load of 20 N (Hertzian pressure of
about 875 MPa for the TiC/a-C thin films), a stroke length of 2.5 mm and a frequency of
20 Hz were chosen as standard conditions, resulting in a total sliding distance of 360 m
after 60 min. Additional tests with a normal load that stepwise increased from 20 N up to
160 N were run under lubrication with isooctane. During all tests, the friction force was
continuously measured and recorded. Linear wear of the plates Wl,plate was measured after
the test using a stylus profilometer (Hommel Ematic T8000 R, Jenoptic, Jena, Germany) and
linear wear of the balls Wl,ball was calculated from the diameter of the circular wear scars.
All results presented are average values of at least two individual tribological tests.
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Figure 2. Tribological model test setup and experimental parameters.

3. Results

The evolution of friction coefficient versus sliding path of all sliding pairs tested
under lubrication with isooctane and in unlubricated contact is shown in Figure 3. Lowest
friction was measured for TiC/a-C with an average quasi-stationary friction coefficient
(last 100 m of sliding path) of about 0.16 for both isooctane lubricated and dry conditions.
Lubricated with isooctane bearing steel 100Cr6 showed the highest friction coefficient, with
pronounced fluctuations throughout the test and quasi-stationary values of about 0.31.
Friction coefficient of the isooctane-lubricated ceramics increased from values of about 0.2 at
the very beginning of the tests to quasi-stationary values between 0.24 (SiC) and 0.29 (ZrO2).
In particular, the pairing of the alumina was characterized by very pronounced fluctuations
in the coefficient of friction. Under unlubricated conditions with 50% relative humidity,
TiC/a-C was characterized by distinct running-in behavior with friction coefficients up to
1.2 at the very beginning of the test and a sharp decrease to values of about 0.16 after 30 m.
Both bearing steel 100Cr6 and the engineering ceramics showed high friction coefficients in
dry contact along the entire sliding path with values between 1.0 (100Cr6, SiC, Al2O3) and
1.25 (ZrO2) at the end of the tests.

Figure 3. Friction coefficient versus sliding path for (a) tests under lubrication with isooctane and
(b) unlubricated tests in ambient atmosphere with 50% relative humidity (FN = 20 N, ∆s = 2.5 mm,
f = 20 Hz, 100Cr6 ball with Ø 20 mm).

The favorable frictional behavior of the TiC/a-C thin film was also reflected in the
amount of wear determined after a sliding distance of 360 m, which was about 1 µm under
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isooctane lubrication and about 2 µm in dry tests, as shown in Figure 4. The wear of the
steel ball used as counter body was 2.5 and 5.6 µm, respectively. The engineering ceramics
showed an even lower linear wear of less than 1 µm when lubricated with isooctane.
However, SiC and Al2O3 in particular led to significantly higher wear of the steel ball.
Therefore, the total wear of the ceramic sliding pairs between 4.2 µm (ZrO2) and 11.6 µm
(Al2O3) was higher than for the TiC/a-C sliding pair (3.6 µm). Compared to the TiC/a-C
nanocomposite, the wear of the 100Cr6 bearing steel was only slightly higher (1.5 µm),
but the wear of the mated ball (10 µm) was about a factor of three higher than after tests
versus TiC/a-C. Under unlubricated conditions, wear of balls and plates of all sliding pairs
increased compared to the tests with isooctane lubrication. While the total wear of the pair
with the TiC/a-C thin film doubled to about 8 µm, it was about 5 to 8 times higher for the
ceramic sliding pairs (33 µm for SiC to 63 µm for ZrO2) and 15 times higher (85 µm) for the
steel sliding pair.

Figure 4. Linear wear of plate and ball after a sliding distance of 360 m (a) under lubrication with
isooctane and (b) unlubricated in ambient atmosphere with 50% relative humidity (FN = 20 N,
∆s = 2.5 mm, f = 20 Hz, 100Cr6 ball with Ø 20 mm).

The worn surfaces of plates and balls of the sliding pairs of TiC/a-C thin film, bearing
steel and SiC after a sliding distance of 360 m under isooctane lubrication are shown in
Figure 5. In good agreement with the relatively low friction coefficients, the surfaces of the
plates are very smooth and show only slight grooving (Figure 5a–c). In particular for the
steel plate, layers of compacted wear particles are visible on the worn surface (Figure 5b).
The surface of the steel ball paired with the TiC/a-C thin film is almost completely covered
by a transfer film from the coating (Figure 5d). The surface of the ball running against SiC
exhibits not only strongly smoothed areas but also clear grooving due to the very hard
counter body (Figure 5f).

After 360 m of sliding in unlubricated contact, both plate and ball surfaces of the steel
sliding pair were very rough and were covered by a thick layer of partially compacted
wear particles (Figure 6b,e), while the surfaces of the SiC plate and the mated ball were
characterized by uniformly grooved surfaces (Figure 6c,f). The TiC/a-C nanocomposite,
on the other hand, was very smooth and showed only minimal traces of microabrasion
(Figure 6a). A thin, very smooth transfer layer had formed on the mated ball and had also
partially detached from the surface (Figure 6d).
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Figure 5. SEM images of worn plates (a–c) and balls (d–f) after a sliding distance of 360 m under
lubrication with isooctane: (a,d) 100Cr6 sliding pair and (b,e) TiC/a-C sliding pair and (c,f) SiC
sliding pair (FN = 20 N, ∆s = 2.5 mm, f = 20 Hz, 100Cr6 ball with Ø 20 mm).

Figure 6. SEM images of worn plates (a–c) and balls (d–f) after a sliding distance of 360 m in ambient
air with 50% relative humidity: (a,d) 100Cr6 sliding pair and (b,e) TiC/a-C sliding pair and (c,f) SiC
sliding pair (FN = 20 N, ∆s = 2.5 mm, f = 20 Hz, 100Cr6 ball with Ø 20 mm).

The influence of the stepwise increased normal load on friction of TiC/a-C and steel
100Cr6 under lubrication with isooctane is shown in Figure 7a. Friction coefficient of the
TiC/a-C sliding pair decreased with increasing normal load from values of about 0.2 at the
beginning of the tests and a normal load of 20 N to a final value of 0.11 for 160 N at the end
of the test. In contrast, the coefficient of friction for the self-mated steel 100Cr6 increased
from values of around 0.3 to values around 0.8 as the normal load was increased from 20 to
40 N. After a further increase in the normal load to 80 N, the test had to be stopped due to a
sharp increase in the coefficient of friction and galling in the contact zone. The linear wear
of the steel pairing after a sliding distance of 720 m was 15 µm for the plate and 31 µm for
the ball (Figure 7b). Despite the higher load and a twice as long sliding distance of 1440 m,
the TiC/a-C thin film showed linear wear of only 3.8 µm at the end of the test. The wear of
the steel ball was 6.4 µm for the TiC/a-C sliding pair.
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Figure 7. (a) Friction coefficient versus sliding path for tests under lubrication with isooctane and
stepwise increased normal load and (b) linear wear of plate and ball after tests of TiC/a-C and steel
100Cr6 (FN = 20/40/80/160 N, ∆s = 2.5 mm, f = 20 Hz, 100Cr6 ball with Ø 20 mm).

With regard to a possible use in biofuel applications, the tribological performance of
TiC/a-C nanocomposite thin film and bearing steel 100Cr6 was additionally characterized
under lubrication with ethanol and distilled water (Figure 8). The TiC/a-C nanocomposite
thin film sliding pairs showed a quasi-stationary coefficient of friction below 0.2 for all test
conditions. For tests with ethanol and distilled water, the final friction coefficient of 0.14
was somewhat lower than for lubrication with isooctane (Figure 8a). A significant influence
of the interfacial medium on friction was observed for the steel sliding pair (Figure 8b).
Under water lubrication, the coefficient of friction of around 0.45 at the end of the test was
about 50% higher than that under isooctane lubrication. The lowest friction coefficient
slightly below 0.2 was observed for the self-mated steel when lubricated with ethanol.
Comparable to the TiC/a-C sliding pair, the self-mated steel showed the lowest fluctuations
in the friction coefficient curve under ethanol lubrication.

Figure 8. Friction coefficient versus sliding path for (a) tests under lubrication with isooctane and
(b) unlubricated tests of TiC/a-C and steel 100Cr6 in air with 50% rh (FN = 20 N, ∆s = 2.5 mm, f = 20
Hz, 100Cr6 ball with Ø 20 mm).

For both sliding pairs, the lowest total wear was found when lubricated with ethanol
(Figure 9). For the steel sliding pair, the total linear wear of 6 µm was about half of that
under isooctane lubrication (Figure 9b). The linear wear of the TiC/a-C thin film was
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almost unmeasurable, with less than 0.1 µm in ethanol, and the total wear of the sliding
pair was below 3 µm (Figure 9a). Distilled water resulted in a significant increase in linear
wear of the plates to values of about 3 µm (100Cr6) and 4 µm (TiC/a-C) in both pairings
compared to isooctane. For the TiC/a-C thin film, the wear under water lubrication was
about twice as high as under unlubricated conditions.

Figure 9. Linear wear of plate and ball after a sliding distance of 360 m lubricated with isooctane,
ethanol or distilled water and unlubricated in ambient atmosphere with 50% rh for (a) bearing steel
100Cr6 and (b) TiC/a-C coating (FN = 20 N, ∆s = 2.5 mm, f = 20 Hz, 100Cr6 ball with Ø 20 mm).

Worn surfaces after the tests under ethanol lubrication are shown in Figure 10. No
significant wear-related alterations were observed on the TiC/a-C thin film apart from
further smoothing (Figure 10a). Rather, original topographic features of the deposited
layers are still very clearly visible (Figure 10b). The steel ball of the TiC/a-C sliding pair
exhibits a smoothed surface with some scratching (Figure 10c). The worn surfaces of
the 100Cr6 steel plate and ball are both characterized by grooving parallel to the sliding
direction and a pronounced relief-like surface topography (Figure 10d–f), which indicates a
selective corrosion attack.

Figure 10. SEM images of worn plates (a,b,d,e) and balls (c,f) after a sliding distance of 360 m
under lubrication with ethanol: (a–c) 100Cr6 sliding pair and (d–f) TiC/a-C sliding pair (FN = 20 N,
∆s = 2.5 mm, f = 20 Hz).
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After tests under water lubrication, the TiC/a-C thin film was characterized by macro-
scopically uneven material removal and a microscopically extremely smoothed surface
without any scratches (Figure 11a,b). The 100Cr6 ball was partially covered by a layer;
build up from compacted debris and transferred material form the thin film (Figure 11c).
Worn surfaces of both steel plate and ball show fine scratching along the sliding direction
(Figure 11d–f). In particular, the worn surface of the steel ball is largely covered by a layer
of finely ground and compacted wear particles (Figure 11f).

Figure 11. SEM images of worn plates (a,b,d,e) and balls (c,f) after a sliding distance of 360 m under
lubrication with distilled water: (a–c) 100Cr6 sliding pair and (d–f) TiC/a-C sliding pair (FN = 20 N,
∆s = 2.5 mm, f = 20 Hz).

4. Discussion

TiC/a-C nanocomposite thin films with an amount of about 75 at.% of carbon were
tribologically characterized under oscillating sliding conditions in contact with a 100Cr6
steel ball. In a first step, the tribological performance of the thin film was compared to steel
100Cr6 and engineering ceramics SiC, Al2O3 and ZrO2. The TiC/a-C sliding pair showed
the lowest friction both under unlubricated conditions in ambient atmosphere with 50%
relative humidity and in the mixed lubrication regime with isooctane. The quasi-stationary
friction coefficient of about 0.16 for TiC/a-C under both conditions could be attributed to
the formation of a transfer layer on the steel ball (see Figures 5d and 6d), which determined
the friction behavior in the further course of the tests. This favorable behavior is described
in the literature for both DLC and various MeC/a-C thin films (e.g., [3,6,8,77,109]). The
values determined for the coefficient of friction of the TiC/a-C thin films in this study
are significantly higher than typical values of less than 0.1 often published for tests of
comparable thin films under unlubricated sliding conditions. This can be attributed to
the fact that the investigations presented here were carried out under much less favorable
oscillating conditions and not under unidirectional sliding conditions.

The low-viscosity isooctane did not significantly reduce the friction coefficient, but
had a positive effect on the running-in behavior at the beginning of the test, since it reduced
the proportion of solid/solid contacts, causing increased friction in the unlubricated sliding
couple during the first approximately 30 m of sliding distance until the surface of the thin
film was smoothed and a stable transfer layer was built up (see Figure 3a,b). As a result,
wear was about halved compared to the unlubricated contact. The effective formation of the
transfer layer could also be illustrated by an additional experiment in which the supply of
isooctane was stopped after a sliding distance of 30 m (Figure 12). For the 100Cr6 reference
sliding pair, this led to an abrupt increase in the friction coefficient after the isooctane had
evaporated and a transition from the mixed lubrication regime to the adhesion-controlled
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high friction and wear regime at a sliding distance of about 150 m. In contrast, the friction
coefficient for the TiC/a-C sliding pair decreased continuously in the further course of
the test. When lubricated with isooctane, the engineering ceramics consistently showed
a significantly higher coefficient of friction compared to the TiC/a-C thin film, but also
slightly lower wear. While in the pairing with TiC/a-C, the formation of a transfer layer
associated with a transfer from the thin film to the steel ball led not only to a reduction in
friction but also to wear protection of the steel ball, such transfer layer formation was not
observed on the steel balls paired with the ceramics. Here, the hard ceramic surfaces led
to pronounced abrasive wear on the steel balls (see Figure 5f). The highest wear occurred
for the pairing with the Al2O3 ceramic, which is attributed to the increased roughness
of the initial surface compared to the other two ceramics. Despite their significantly
higher hardness compared to the 100Cr6 steel, SiC and ZrO2 resulted in less wear on the
steel ball. This can be attributed to the reduced adhesion tendency of the ceramic/metal
pairings compared to the metal/metal pairing. Under unlubricated conditions, the high
friction coefficients typical of metal/ceramic pairings led to an increase in wear on both the
ceramic plates and the steel balls in particular [110,111]. Compared to Al2O3 and ZrO2, the
significantly harder SiC plate exhibited higher wear both in unlubricated contact and under
lubrication with isooctane. In [112], tribological investigations of SiC under unlubricated
sliding conditions with various steels revealed the unfavorable influence of the alloying
element Cr, which favors tribochemical attack of SiC through the formation of chromium
oxides, which, for example, were successfully used for tribochemical polishing of SiC and
Si3N4 ceramics [113,114]. The very smooth SiC surfaces with fine scratches at the end of
the test are a further illustration of this effect (see Figures 5c and 6c).

Figure 12. (a) Friction coefficient versus sliding path and (b) linear wear of plate and ball after
a sliding distance of 360 m for tests of TiC/a-C and steel 100Cr6 during which the supply with
isooctane was stopped after a sliding distance of 30 m and the remaining tests were run without
further lubrication (FN = 20/40/80/160 N, ∆s = 2.5 mm, f = 20 Hz, 100Cr6 ball with Ø 20 mm).

Further investigations on the influence of the lubricant on the friction and wear
behavior of the TiC/a-C thin film were carried out using the self-mated steel as a reference.
All three liquid media used for lubrication were characterized by low viscosity. At 20 ◦C,
ethanol (1.26 mPas) had slightly higher dynamic viscosity than water (1.02 mPas), while
isooctane had the lowest value of only 0.5 mPas. Looking at the results of the tribological
model tests (Figure 8a), the differences in viscosity of the three lubricating media do
not appear to play a significant role in the friction of the TiC/a-C thin films. This can
be attributed to the fact that friction of the sliding couples with the TiC/a-C thin films
was largely determined by the material transfer to the steel ball and the following self-
lubrication effect. These transfer films were found on the steel balls after the tests with
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TiC/a-C for all tested conditions (Figures 5d, 6d, 10c and 11c). In contrast to the TiC/a-C
couples, the self-paired steel showed a very clear influence of the lubricating media on
the frictional behavior under the prevailing mixed lubrication conditions. However, the
magnitude of the measured friction coefficient did not correlate with viscosity here either.
The highest friction coefficient was observed for lubrication with water and the lowest for
lubrication with ethanol. This indicates that tribochemical interactions between the media
and the mated steel surfaces may play a decisive role. Isooctane, which has the lowest
viscosity of the lubricants used, but at the same time as a non-polar liquid in contrast to
the highly polar-distilled water, did not lead to any significant tribochemical interaction
with the steel surface, and thus favored the formation of very smooth surfaces (Figure 5b,e).
Under water lubrication, on the other hand, thick layers of compacted, mainly oxidic wear
particles were formed due to the corrosive attack of the steel surfaces, especially on the
steel balls, which were in contact over the entire test duration (Figure 11d–f). This can
explain the lower friction under isooctane lubrication. The very low friction coefficient
of the steel pairing under ethanol lubrication can be traced back to the in situ forming
surface topography in the contact zone with a high material ratio and simultaneously
sufficient lubricant reservoirs (Figure 10d–f). This topography was formed as a result of a
less pronounced, selective corrosion attack by the ethanol compared to water, which was
also observed in other tribological investigations of steel pairings in ethanol or ethanol-
containing media [115,116]. The observed friction-reducing surface topographies are similar
to those produced by adapted finishing (e.g., honing and subsequent chemical etching) of
AlSi cylinder bore surfaces [117] or by laser surface texturing [118].

While the three lubricating media had no significant effect on the frictional behavior
of the TiC/a-C thin films, they certainly influenced the wear behavior of the coatings. The
highest wear was measured after tests in water. This, together with the microscopically very
smooth surfaces of the thin films after the end of the experiments, suggests a tribochemical
wear mechanism triggered by the strongly polar water molecules. This observation is
consistent with the fact that the reactive hydroxyl group (-OH) constitutes almost the entire
water molecule, while in ethanol it forms only a minor part of the molecule (CH3-CH2-OH)
and hence there is a less severe triboreaction. Accordingly, the interactions were also more
pronounced under water lubrication than in moist air, so that less wear was measured
in the unlubricated tests in ambient atmosphere with 50% relative humidity than under
water lubrication. Under the conditions of oscillating sliding contact chosen in this study,
the formation of a stable tribochemical reaction layer is clearly more difficult than in
unidirectional sliding contact, which can explain not only the higher friction but also the
increased wear compared to other studies [119,120]. On the other side, the lowest wear of
the TiC/a-C thin film was not found for the tests with the non-polar isooctane but for the
hygroscopic ethanol. Besides viscosity and polarity of the liquid media, further influencing
factors must be considered. One might argue that the ethanol’s OH group may interact with
the polar surfaces of metals and metal oxides, leaving the non-polar ethyl end (CH3-CH2-)
in the direction of the friction counterpart. In this way, it may protect the underlying solid
surface and may even favor the formation of bilayers, which would mediate friction forces
by shearing displacement of such bilayers with respect to each other. No interactions of
this type are possible in isooctane, and hence its lubricating action is not as efficient as
that of ethanol. The corrosive attack of the surfaces observed for the steel self-pairing
did not occur to this extent for the steel ball in pairing with TiC/a-C. Quite obviously, a
sufficient passivation of the steel surface was already achieved by the very low removal
and transfer from the TiC/a-C thin film, which reduced further wear. However, within
the framework of this study, the effective mechanisms could not yet be fully elucidated, so
further investigations are planned.
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