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Abstract: Diamond-like nanocomposite (DLN) films (a-C:H:Si:O films) are characterized by their
unique structure and remarkable tribological properties to be pronounced under various environmen-
tal and surface modification conditions. In this paper, we investigated the effects of environments
(humid air, water and oil lubrication, elevated temperatures) and laser surface texturing on tribolog-
ical performance of DLN coatings. Femtosecond laser (wavelength 515 nm) was used for surface
texturing. Comparative tests of DLN films sliding against different counterbodies (steel, Si3N4) in
humid air and water demonstrated the low-friction and low-wear performance under water, in the
absence of chemical interaction of water with the counterbody surface. The wear rates of the film
and Si3N4 ball in water, 7.5 × 10−9 and 2.6 × 10−9 mm3/(Nm), were found to be considerably lower
than the corresponding values 6.8 × 10−7 and 3.8 × 10−8 mm3/(Nm) in humid air, in spite of higher
friction in water-lubricated sliding. Laser surface texturing of DLN films was performed to fabricate
microcrater arrays, followed by tribological testing under oil lubrication at different temperatures,
from 23 to 100 ◦C. The lubricated friction performance of laser-textured films was improved at both
the room temperature and elevated temperatures. The friction coefficient was reduced from 0.1
(original film) to 0.083 for laser-textured film at room temperature, and then to 0.068 at 100 ◦C. The
nano-/microfriction behavior of laser-structured surface characterized by lower friction forces than
the original surface was demonstrated using friction force microscopy in ambient air. The obtained
results demonstrate excellent tribological properties of DLN coatings in various environments, which
can be further improved by femtosecond-laser-surface texturing.

Keywords: diamond-like nanocomposite (DLN) films; tribology; humid environments; laser surface
texturing; oil lubrication; friction force microscopy

1. Introduction

Diamond-like nanocomposite (DLN) a-C:H:Si:O films—a class of SiOx-containing
hydrogenated diamond-like carbon (DLC) films—are characterized by the unique struc-
ture responsible for low internal stresses, high hardness and elastic modulus, enhanced
adhesion to different substrates, and high thermal stability exceeding the thermal stability
of hydrogenated a-C:H films [1–7]. The DLN films exhibit low-friction and low-wear
properties under various sliding conditions [8–18], making them unrivalled protective and
tribological coatings for many applications. The low-friction performance of DLN films in
ambient air has been attributed to interfacial sliding between the DLN film and graphitized
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tribofilm formed on the ball counterface [11,12], confirmed also by later tribological studies
of DLN films [15–17]. Of great interest is the friction and wear properties of DLN films un-
der the conditions changing the graphitized tribofilm formation, e.g., under liquid (water,
oil) lubrication, at elevated temperatures, which would extend the functional capabilities
of the coatings.

Owing to low internal stresses [7], it is possible to produce DLN films of relatively
large thickness (up to 10 µm), retaining the hardness and elastic properties [7,19,20], which
allows a laser surface texturing (LST) technique to be applied for further improvements
of friction and wear properties of DLN coatings [16,20]. It was the small thickness (of
~1 µm) that strongly limited the laser surface texturing of DLC films in early experiments
of lubricated sliding, when the DLC film deposition onto laser-textured steel or silicon
substrates had been proposed as an alternative texturing technique for DLC-coated sur-
faces [21–24]. This technique, alternative to direct laser surface texturing of DLC films, had
disadvantages dealing with the need of mechanical polishing of laser-textured substrates
before deposition of thin DLC films (to remove protruding rims around dimples) [21,23],
and weaker adhesion of DLC coatings at the dimple edges leading to the film delamination
during sliding [22]. Recently, femtosecond (fs) laser processing of DLN films has been
demonstrated as an effective technique to control the friction properties at the nano, micro,
and macroscale [16,20,25–27] and to improve tribological properties of laser-textured DLN
films in lubricated sliding [16,26]. Most of the important findings for fs-laser-textured DLN
films are related to regular patterns of parallel microgrooves and arrays of microcraters
fabricated under certain irradiation conditions limited to a given structure size of ≈10 µm
(groove width, crater diameter), structure depth of a few microns and period of 20 µm. Fur-
ther optimization of laser surface texturing of DLN films is needed, aiming at fabrication
of microstructures of lower size and higher aspect ratio, and increase in the throughput of
microprocessing with high spatial precision.

In this paper we focus on the effects of environments and laser surface texturing on
tribological performance of DLN coatings. Firstly, we present the results of comparative
tribological testing of DLN films in humid air and water under linear reciprocating sliding
against steel and silicon-nitride balls, and demonstrate the friction pair-dependent wear
character of the rubbing materials under water lubrication. Secondly, we present exper-
imental data of high-precision surface texturing of DLN films with fs-laser pulses and
fabrication of microcrater-based structures of hexagonal geometry, followed by tribological
testing of the laser-textured DLN samples under oil lubrication at room temperature and
100 ◦C. In addition, we demonstrate how the nano-/microfriction behavior is changed
in the laser-structured area consisting of microcraters using friction force microscopy in
humid air.

2. Materials and Methods
2.1. DLN Film Properties

DLN films were grown on silicon and steel substrates using a plasma-assisted chemical
vapor deposition (PACVD) from polymethylphenylsiloxane (PMPS) vapors [1,7]; PMPS is
an organic-silicon liquid and its molecular formula is (CH3)3SiO(CH3C6H5SiO)3Si(CH3)3.
The main parameters of the CVD system were described in our recent paper [7]. Briefly, the
PACVD setup had two different sources (plasmatron and magnetron) for precursor supply
into a vacuum chamber that allowed us to deposit either undoped DLN or metal-doped
DLN films onto different substrates. The high-frequency potential (1.76 MHz, 0.1–1.5 kV)
applied to the substrate holder provided the appearance of a negative constant bias voltage
on the substrate; the bias voltage was in the range of −200 to −700 V. During DLN film
growth, the PMPS vapor pressure did not exceed the value of 2.6 × 10−2 Pa. The film
growth rate was 1–2 µm/h. The Si (100) plates of 20 mm × 20 mm × 0.52 mm size (cut
from 4-inch Si wafers) and polished stainless steel (type 1.4301) plates of 24 mm × 24 mm
× 2 mm size were used as the substrates. In tribotests at elevated temperatures the DLN
film-on-steel samples were used.
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The thickness (h) of the DLN films was in the range from 2.4 to 5.2 µm. The chemical
composition of the films was determined by the energy-dispersive X-ray spectroscopy analy-
sis: the concentration of elements (excluding hydrogen) was in the range of [C] = 70–78 at.%,
[O] = 9–14 at.% and [Si] = 12–17 at.% The content of hydrogen in the films was 0.1–0.4 of the
atomic concentration of carbon, with the typical composition around (CH0.15)0.7(SiO0.4)0.3 [1,12].
The hardness (H) and elastic modulus (E) of the DLN films were measured by nanoinden-
tation using the nanoindenter NHT2-TTX, CSM Instruments SA at the load of 1–5 mN of a
Berkovich diamond indenter. The H and E values were in the range of H = 15–28 GPa and
E = 96–182 GPa, mainly dependent on the bias voltage and rate of PMPS vapors supply
into the vacuum chamber. The internal (compressive) stresses in the films were in the range
of 150–300 MPa. More details about the hardness, elastic properties, internal stresses, and
adhesion evaluation of DLN films are given in ref. [7].

2.2. Tribological Testing

Tribological tests of DLN films in humid air (RH = 50%) and in distilled water were
performed using a ball-on-flat tribometer TRB-S-CE-0000, CSM Instruments SA under
linear reciprocating sliding against 100Cr6 steel and Si3N4 balls of 6-mm diameter. The RH
was determined using a psychrometric hygrometer. The test conditions were as follows:
(i) the stroke length 8 mm, (ii) the normal load 0.5 N, (iii) the sliding speed 5 cm/s, (iv) the
number of cycles 2 × 104, and (v) ambient temperature 20–25 ◦C. During the tests, the
water was evaporated, and therefore, periodic addition of water to the contact zone was
made. The above sliding parameters were selected similar to those used in our previous
studies of DLN films [16,19,20].

Tribological tests of the laser-textured sample under oil lubrication at two tempera-
tures (23 and 100 ◦C) were carried out using a high-temperature ball-on-disc tribometer
THT-S-AE-0000 (Anton Paar TriTec., Corcelles, Switzerland) against Si3N4 balls of 6-mm
diameter. The normal load was 1 N, and the sliding speed was 5 cm/s. Other conditions
of lubricated sliding are specified below in Section 3.2. In lubricated sliding tests, the
MS-20 mineral oil without additives [28] was used. The MS-20 oil is characterized by high
viscosity, high oxidative and thermal stability. The kinematic viscosity (ν) of the MS-20
oil is ν = 945 mm2/s at 23 ◦C, ν = 268 mm2/s at 40 ◦C and ν = 20.4 mm2/s at 100 ◦C [29].
In preparation to lubricated sliding, DLN film samples with laser-textured areas were
completely covered by the oil lubricant and kept for at least 24 h. Then the samples were
centrifuged at 3000 rpm for 2 min to obtain a uniform lubricant film on the surface. After
the lubricated sliding tests, the DLN samples were rinsed with n-heptane to remove the oil
films. The wear tracks on the film surface and wear scars on the ball surface were examined
with optical microscopy (OM), stylus profilometry, and white light interferometry (WLI)
(Zygo New View 5000, Middlefield, CT, USA) to determine the wear rates of the materials.

The surface relief and friction properties of laser-textured DLN films at the nano
and microscale were studied with an atomic force microscope of the NTEGRA Spectra
system (NT-MDT, Moscow, Russia) using a lateral force mode (LFM). AFM Si probes with
the spring constant of 1–1.5 N/m and tip radius of Rtip~0.5–1 µm were used. The LFM
measurements were carried out in ambient air at relative humidity RH = 30–50% (measured
with a humidity sensor installed in the system) and room temperature T = 25 ◦C.

2.3. Femtosecond-Laser Surface Microstructuring (Texturing) of DLN Coatings

Laser processing of DLN film samples was carried out using a SATSUMA HP2 fem-
tosecond laser system [30,31] (from Amplitude Systèmes, Pessac, France) generating pulses
of τ = 320 fs duration at the wavelength λ = 515 nm. The average power (P) was varied
from 25 to 125 mW at the pulse repetition rate f = 100 or 500 kHz; the pulse energy (ε)
was changed from 0.1 to 0.25 µJ. In a number of laser surface structuring experiments,
the 2-pulse-burst mode of irradiation was used due to higher ablation rates compared
to the single-pulse irradiation regime [26]. A scheme of the burst generation with an
ultra-short pulsed laser system was reported in [32]. The laser beam was focused with a
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100-mm telecentric objective, and the beam radius measured with a scanning slit beam
profiler from Thorlabs amounted to wo = 7.1 µm. A high precision galvanometer scanner
intelliSCANse from Scanlab (Puchheim, Germany) was used to control the scanning beam
velocities (Vs) and the spacing between spots (Vs/f) in the range of 10 to 40 µm, providing
the fabrication of regular microcrater arrays of different periods. In this work we consider
the fs-laser-produced surface structures consisting of microcraters, while the fabrication
and properties (tribological, wettability) of linear microstructures consisting of parallel
microgrooves were reported elsewhere [16,20,27].

For regular microcrater arrays, the scanning beam velocity and the number of pulses
(N) per spot were the two main parameters to produce the patterns with the required
period (Λ) and depth (d) of microcraters. Two irradiation regimes, differed primarily
by the beam scanning conditions and pulse repetition rates, were used to produce the
surface structures from microcraters. The first series of experiments was performed at
f = 100 kHz and corresponding scanning speed to obtain the spacing of Λ = 20 µm between
neighboring spots. During scanning along the X direction, the laser beam was stopped at a
given distance ranged from Λ to nΛ (n is the number of craters along the X axis), and each
spot was irradiated by N pulses to produce a crater of a predefined depth. After structuring
of a line of 5–10 mm length along the X axis, the beam was returned to X = 0, shifted along
the Y axis by a distance equal to Λ to continue the structuring along the next line and to
repeat the procedure m times (m is the number of lines along the Y axis). This resulted in
fabrication of laser-patterned surface areas of the (nΛ) × (mΛ) size and “square” geometry
(i.e., with location of craters in the corners of squares of Λ × Λ size). AFM image and
surface profile of such a microcrater array are shown in Figure 1a,b. It should be noted that
the above structuring regime provided high precision but proved to be time-consuming
due to specifics of the beam scanning for irradiation of each spot by N laser pulses.
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Figure 1. Femtosecond-laser produced surface micropatterns on DLN films of 3–5 µm thickness: (a,b) AFM image and
surface profile of a microcrater array of “square” geometry (crater diameter 10 µm, depth 2.2 µm, and period 20 µm),
f = 100 kHz, ε = 0.25 µJ, N = 34 pulses per crater; and (c,d) WLI image and surface profile of a microcrater array of hexagonal
geometry (crater diameter 6 µm, depth 3 µm, and period 15 µm), f = 500 kHz, ε = 0.2 µJ, N = 100 repetitions per line.

To enhance the throughput of the fs-laser microprocessing, the second series was
performed at f = 500 kHz, higher scanning velocities to obtain the period of Λ = 10–40 µm,
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and by making N repetitions of the laser beam scanning along each line of microcraters
in the X direction (to reach the required crater depth). The positioning accuracy of the
scanning system provided the high-precision ablation of microcraters, thus allowing the
heat accumulation effects [33] to be avoided at the high frequency because of increasing
the time, from 1/f = 2 µs to l/Vs ~ 1 ms (l is the pattern length in the scanning direction),
between each two successive pulses during ablation. The difference of the two scan-
ning regimes/strategies in fabricating microcrater patterns was described in more detail
in [34,35]. Using the high-frequency regime, the microcrater arrays of hexagonal geometry
(shown in Figure 1c,d) are produced on DLN film surface areas of 10 mm × 10 mm size.
The AFM and WLI data in Figure 1 evidence highly precise and reproducible fabrication
of microcrater arrays in thin DLN coatings. The surface structures of hexagonal geome-
try were used in the study of lubricated sliding properties of DLN coatings at different
temperatures.

3. Results and Discussion
3.1. Comparative Tribological Testing of DLN Films in Air and Water

The comparative tribological tests in ambient air and distilled water were performed
with the DLN films (on Si substrate) of 2.4 µm thickness and high hardness H = 28 GPa and
elastic modulus E = 182 GPa, sliding against 100Cr6-steel (H = 8 GPa, E = 210 GPa) and
Si3N4 (H = 15 GPa, E = 310 GPa) balls of 6 mm-diameter. The use of the steel and ceramic
balls was aimed at investigating the friction pair-dependent tribological behavior of the
hard DLN films under water lubrication and specifics of the corrosive effect for DLN-steel
tribological contacts which was not discussed in the early studies [8,9] of DLN films in
water environment.

The friction behavior of the DLN films during sliding in humid air and under water
is shown in Figure 2. For the load F = 0.5 N and ball radius Rb = 3 mm, the mean contact
pressure (P), estimated from Hertz theory relationships [36], amounts to P = 0.35 GPa and
0.37 GPa for the DLN-steel and DLN-Si3N4 contacts at the beginning of sliding. As follows
from Figure 2, the average values of the friction coefficient (µav) in humid air are nearly
the same for the two friction pairs: µav = 0.065 for the DLN-steel and µav = 0.07 for the
DLN-Si3N4. Under water lubrication the friction coefficient increases to µav = 0.14 for both
friction pairs. Some friction instabilities during sliding in water seem to be caused by water
evaporation and varying thickness of the water layer. The comparative data of the wear
tracks profiles and wear scars images are shown in Figure 3.
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Figure 3. WLI surface profiles across the wear tracks (a,d) and OM images of the wear scars (b,c,e,f) on the ball surface
formed after 2 × 104 cycles of Si3N4 ball (a–c) and steel ball (d–f) sliding on the DLN films in humid air and in water.

Characteristics of the wear rates of the DLN film and ball surfaces in humid air and
under water are summarized in Figure 4. The wear rate values are the averaged values
of 2–3 tribotests performed for each sliding condition. The most pronounced effect of the
aqueous environment on the wear behavior was observed in the sliding tests against the
Si3N4 ball, as shown in Figure 3a–c. The wear of the DLN film under water lubrication is
very low compared to the friction tests in humid air, as directly follows from comparison of
the wear track profiles in Figure 3a. The wear rate of the DLN film under water lubrication
amounts to W = 7.5 × 10−9 mm3/(Nm), two orders of magnitude lower than the wear
rate W = 6.8 × 10−7 mm3/(Nm) of the film in humid air, see Figure 4. In addition, the
wear rate of the Si3N4 ball under water lubrication, W = 2.6 × 10−9 mm3/(Nm), is signif-
icantly lower than the wear rate W = 3.8 × 10−8 mm3/(Nm) in ambient air. However,
the friction coefficient µav = 0.14 is twice higher in water-lubricated sliding, as shown
in Figure 2. The observed inconsistency between the higher friction and low wear per-
formance under water lubrication and the lower friction and high wear performance in
humid air becomes understandable if the mechanism of friction in DLN films controlled
by the transfer film formation [11,12] is taken into consideration. For hydrogenated DLC
films, the presence of graphitized transfer layers on the surface of counterface materials is
known as one of major factors to influence the frictional behavior of the coatings [37,38].
Under water lubrication, the formation of the graphitized transfer film (responsible for the
low friction in ambient air) is complicated because of the very low wear rate of the film
surface, resulting in the increased friction during sliding. Note, the COF values during
sliding in water were lower at higher loads [8,9], and strongly depended on the structure of
Si-containing DLC films when tribochemical layers formation resulted in super low friction
performance [39] (not observed in our experiments). In contrast to the DLN-Si3N4 friction
pair, the wear characteristics of the DLN-steel pair were not improved in water-lubricated
sliding. The wear rates of the DLN film were comparable in humid air and water environ-
ments: W = 5 × 10−7 mm3/(Nm) and W = 4.8 × 10−7 mm3/(Nm), respectively. The wear
rate of the steel ball increased from the W = 5.5 × 10−8 mm3/(Nm) in humid air to the
W = 2.8 × 10−7 mm3/(Nm) under water, which was caused by corrosion of steel known as
a detrimental process for the DLC-steel contacts [40] in water environment. The observed
friction and wear performance of the DLN films in water can be called superior compared
to conventional a-C:H films which were reported to be quickly removed from the substrate
during water-lubricated tests [40]. Generally, the obtained results have demonstrated the
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excellent tribological performance of the hard DLN films under water lubrication, in the
absence of chemical interaction of water with the counterbody surface.

Coatings 2021, 11, x FOR PEER REVIEW 7 of 16 
 

 

of the wear track profiles in Figure 3a. The wear rate of the DLN film under water lubri-
cation amounts to W = 7.5 × 10−9 mm3/(Nm), two orders of magnitude lower than the wear 
rate W = 6.8 × 10−7 mm3/(Nm) of the film in humid air, see Figure 4. In addition, the wear 
rate of the Si3N4 ball under water lubrication, W = 2.6 × 10−9 mm3/(Nm), is significantly 
lower than the wear rate W = 3.8 × 10−8 mm3/(Nm) in ambient air. However, the friction 
coefficient μav = 0.14 is twice higher in water-lubricated sliding, as shown in Figure 2. The 
observed inconsistency between the higher friction and low wear performance under wa-
ter lubrication and the lower friction and high wear performance in humid air becomes 
understandable if the mechanism of friction in DLN films controlled by the transfer film 
formation [11,12] is taken into consideration. For hydrogenated DLC films, the presence 
of graphitized transfer layers on the surface of counterface materials is known as one of 
major factors to influence the frictional behavior of the coatings [37,38]. Under water lu-
brication, the formation of the graphitized transfer film (responsible for the low friction in 
ambient air) is complicated because of the very low wear rate of the film surface, resulting 
in the increased friction during sliding. Note, the COF values during sliding in water were 
lower at higher loads [8,9], and strongly depended on the structure of Si-containing DLC 
films when tribochemical layers formation resulted in super low friction performance [39] 
(not observed in our experiments). In contrast to the DLN-Si3N4 friction pair, the wear 
characteristics of the DLN-steel pair were not improved in water-lubricated sliding. The 
wear rates of the DLN film were comparable in humid air and water environments: 
W = 5 × 10−7 mm3/(Nm) and W = 4.8 × 10−7 mm3/(Nm), respectively. The wear rate of the 
steel ball increased from the W = 5.5 × 10−8 mm3/(Nm) in humid air to the W = 2.8 × 10−7 mm3/(Nm) 
under water, which was caused by corrosion of steel known as a detrimental process for 
the DLC-steel contacts [40] in water environment. The observed friction and wear perfor-
mance of the DLN films in water can be called superior compared to conventional a-C:H 
films which were reported to be quickly removed from the substrate during water-lubri-
cated tests [40]. Generally, the obtained results have demonstrated the excellent tribolog-
ical performance of the hard DLN films under water lubrication, in the absence of chemi-
cal interaction of water with the counterbody surface. 

 
Figure 4. Wear rates of the DLN film and the ball surfaces in humid air and in water, measured 
after the friction tests shown in Figure 2. 

3.2. Lubricated Friction Performance of Laser-Textured DLN Films 
Tribological tests of laser-textured DLN films under oil lubrication were performed 

with the DLN-on-steel sample (film thickness h = 2.4 μm, hardness H = 14.7 GPa, elastic 
modulus E = 96 GPa) using a ball-on-disc tribometer. The optical microscopy image of the 
fs-laser-textured surface is shown in Figure 5 together with the WLI surface profiles of 
individual microcraters. The microcrater array of hexagonal geometry was produced over 

Figure 4. Wear rates of the DLN film and the ball surfaces in humid air and in water, measured after
the friction tests shown in Figure 2.

3.2. Lubricated Friction Performance of Laser-Textured DLN Films

Tribological tests of laser-textured DLN films under oil lubrication were performed
with the DLN-on-steel sample (film thickness h = 2.4 µm, hardness H = 14.7 GPa, elastic
modulus E = 96 GPa) using a ball-on-disc tribometer. The optical microscopy image of
the fs-laser-textured surface is shown in Figure 5 together with the WLI surface profiles of
individual microcraters. The microcrater array of hexagonal geometry was produced over
10 mm × 10 mm surface area at the average laser power 75 mW (frequency f = 500 kHz)
and 100 repetitions of the scanning laser beam over each 10-mm line along the X direction,
taking in total 8.5 min. The fabricated surface structure is characterized by the crater
diameter 5 µm, depth 1.8 µm, and period 15 µm, which define the microcraters area density
of 10%.
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In order to see how the above structure parameters (crater diameter, period) correlate
with the contact area between the DLN film and Si3N4 ball, the radius of the contact area
(Rcont) was estimated using the known formula from theory of elasticity [36]

Rcont = F1/3{0.75 × [(1 − ν1
2)/E1 + [(1 − ν2

2)/E2] × Rb}1/3 (1)

and taking the values of Young’s modulus and Poisson’s ratio of the DLN film (E1 = 96 GPa,
ν1 = 0.3) and Si3N4 ball (E2 = 310 GPa, ν2 = 0.27), the load F = 1 N and ball radius Rb = 3 mm.
This gives the values of the radius Rcont = 30.4 µm and mean contact pressure P = F/π(Rcont

2)
= 344 MPa at the beginning of sliding. The dashed circle, representing the contact area of the
2Rcont diameter, is shown in Figure 5a. It is seen that the contact area (of ~61 µm diameter)
covers 4 periods of the patterned DLN film surface, corresponding to the non-conformal,
relatively high-pressure contact during sliding [41].

Lubricated sliding performance of the laser-textured DLN film was studied at different
temperature conditions: (i) at the room temperature T = 23 ◦C, (ii) at the temperature
varied from T = 23 ◦C to T = 100 ◦C, and (iii) at T = 100 ◦C. The first task was to study an
influence of laser surface texturing on lubricated friction at the room temperature. The
second task was to study an influence of the oil viscosity, changed with temperature from
ν = 945 mm2/s at 23 ◦C to ν = 20.4 mm2/s at 100 ◦C, on the lubricated friction behavior
of the laser-textured DLN surface at elevated temperatures close to engines operation
conditions. A scheme of the lubricated friction measurements on the DLN sample with the
laser-structured 10 mm × 10 mm region in the center is shown in Figure 6a. The sequence
of experiments was as follows: (i) lubricated sliding on the original film surface at T = 23 ◦C
and track radius R = 7 mm, (ii) lubricated sliding on the laser-textured surface at T = 23 ◦C
and R = 4.5 mm, (iii) successive sliding tests on the laser-textured surface at the same
track R = 3 mm, starting from T = 23 ◦C to continue at the varying temperature and
finally at T = 100 ◦C, and (iv) successive sliding tests repeated in a week at the same track
(R = 3 mm) and different temperatures. The sliding length (L) was L = 20,000 revolutions
in the tests at constant temperature (T = 23 and 100 ◦C), and L = 10,000 revolutions at the
varying temperature. The results of the lubricated friction tests of the original film and
laser-textured surface at T = 23 ◦C are presented in Figure 6b.
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Figure 6. (a) Schematic of the friction measurements on the laser-textured DLN film, and (b) lu-
bricated friction performance of the original film (R = 7 mm) and laser-textured (R = 4.5 mm and
R = 3 mm) surface at T = 23 ◦C; load 1 N, sliding speed 5 cm/s.

Comparison of the friction curves in Figure 6b shows the lower COF values for the
laser-textured surface, µav = 0.085 at R = 4.5 mm and µav = 0.081 (averaged over two friction
tests) at R = 3 mm, than the friction coefficient µav = 0.1 for the original film. The WLI
images of the wear tracks and surface profiles across the tracks, measured after removal of
the oil film with n-heptane, are shown in Figure 7, which give information about the wear
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character of the DLN film surface during lubricated sliding. The depth of the wear tracks
on the original film (Figure 7a,d) and laser-textured surface at R = 4.5 mm (Figure 7b,d)
is very small—dtr = 19 nm and dtr = 28 nm, respectively. The difference of ~10 nm in
the track depth could be due to (i) a thin layer of ablated material on the laser-textured
surface easily removed from the track area during sliding [26], or (ii) slightly increased
wear because of protruding edges of microcraters. The width of both the tracks is about
wtr = 48 µm, smaller than the estimated value of the contact area diameter of 2Rcont~61 µm.
The wear of the ball surface is also very small, which is pronounced in the appearance of
individual scratches in the wear scars surface less discernible for the ball sliding on the
original surface, as shown in Figure 8a,b. Under the observed low-wear rates of the film
and ball counterparts the friction reduction on the laser-textured film (shown in Figure 6b)
is due to lubricant film pressure lift in the mixed lubrication regime of sliding, consistent
with our previous experiments with the microcrater patterns of higher area density (20%
and 40%) and lubrication with synthetic motor oil of high viscosity [26]. Compared with
the previous results [26], the influence of the relatively small (10%) dimpled area density
on the lubricated friction performance of the fs-laser-textured DLN films seems significant,
implying that the texture optimization is needed for a given tribosystem used and for each
particular application of laser-patterned DLC films.
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Figure 7. WLI images of the wear tracks formed on (a) the original film at R = 7 mm and (b) laser-
textured surface at R = 4.5 mm after lubricated sliding at T = 23 ◦C, and (c) after all the successive
lubricated sliding tests of the laser-textured film at R = 3 mm and different temperatures; (d) surface
profiles across the tracks measured along the marked lines in the WLI images.
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Figure 8. OM images of the wear scars on the Si3N4 ball surface formed after lubricated sliding on: (a) the original surface
at T = 23 ◦C, R = 7 mm, (b) laser-textured surface at T = 23 ◦C, R = 4.5 mm, (c) laser-textured surface at R = 3 mm in the first
series of the successive tests at different temperatures, and (d) in the repeated tests at R = 3 mm at different temperatures.

The results of lubricated friction tests of the laser-textured film at elevated tempera-
tures are presented in Figure 9. An interesting temperature-dependent friction behavior
was observed in the course of the sample heating from T = 23 ◦C to T = 100 ◦C (Figure 9a).
Figure 9a shows the gradual change of the temperature from T = 23 ◦C to T = 100 ◦C and
corresponding changes of the friction coefficient during lubricated sliding at variable oil
viscosity, with the friction curves µ(1) and µ(2) relating to two tribotests carried out on
the same sliding track with the time gap of one week. The data of the oil viscosity vs
temperature [29] is replotted vs sliding distance and shown by a dashed curve. A principal
difference between the two tests, marked as the µ(1) and µ(2) curves, is that the second
test starts on the already formed wear track, similar but less deep than the wear track
in Figure 7c. At the beginning of the lubricated tests, the friction coefficient increases
with temperature from µ = 0.09–0.095 at room temperature to µ = 0.11 at T ≈ 90 ◦C and
L ~ 3.5 × 103 revolutions for both µ(1) and µ(2) curves. Then the µ(1) continues to increase
to µ = 0.12 at T = 107 ◦C and L = 6 × 103 revolutions, followed by a gradual decrease to
the µ = 0.095 when the sample temperature is stabilized at T = 100 ◦C. In contrast, the µ(2)
decreases and stabilizes at the level of µ = 0.1, starting to decrease again at the end of the
test. In the continued sliding tests at T = 100 ◦C (which were restarted in a few minutes after
the tests in Figure 9a, the µ(1) is decreased to µ = 0.073 (averaged over 2 × 104 revolutions)
and the µ(2) is decreased to even lower value of µ = 0.068, as shown in Figure 9b.
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Figure 9. (a) Change in the temperature of the DLN sample during heating from T = 23 ◦C to T = 100 ◦C and corresponding
change of the friction coefficient in the two tests of lubricated sliding on the laser-textured film; the oil viscosity data (taken
from [29]) replotted vs sliding distance is shown by a dashed curve. (b) Lubricated friction performance of the laser-textured
film at T = 100 ◦C; load 1 N, sliding speed 5 cm/s. Two series of the successive lubricated sliding tests, corresponding to the
friction curves µ(1) and µ(2) in both (a) and (b), were made at the same sliding track of R = 3 mm.
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The initial rise of the friction coefficient with temperature for both µ(1) and µ(2) curves
is mainly caused by the decrease in the oil viscosity (with temperature), which is known
to result in reduced thickness of the lubricant film and higher friction [42,43]. The fact of
the identical friction behavior (in the range from L = 0 to 3.5 × 103 revolutions) on the
original textured surface of higher roughness and the track surface smoothed during the
first sliding test clearly supports the above reasoning. As soon as the oil viscosity (and
lubricant film thickness) is strongly reduced, the roughness factor, dealing with swelling
edges of microcraters, becomes chiefly responsible for the increase of the friction coefficient
in the µ(1) curve at 3.5 × 103 < L < 6 × 103 revolutions. While for the smoothed surface, the
friction reduction and subsequent stabilization at T > 90 ◦C and L > 3.5 × 103 revolutions
in the µ(2) curve (in Figure 9a) is controlled by the balance between high stresses generated
around microcraters in the contact area, acting as “artificial” roughness, and lubricant
film pressure lift in the non-conformal sliding contact [41,44]. An additional important
parameter is an increasing wear of the ball, which leads to a gradual increase in the contact
area, transition from the boundary to the mixed lubrication regime, and to the friction
reduction [42].

The data of the wear character of the film and ball surfaces during lubricated sliding
at elevated temperatures are shown in Figure 7c,d and Figure 8c,d. The wear track at
R = 3 mm, shown in Figure 7c, was formed after all the successive lubricated sliding tests
of the laser-textured film at different temperatures, giving information about the total effect
of the six sliding tests on the wear of the film surface. This total effect is pronounced in the
increased width wtr = 83 µm and depth dtr = 60 nm of the wear track at R = 3 mm compared
to the wear track at R = 4.5 mm formed during sliding at T = 23 ◦C. The images of the wear
scars indicate the increased wear of the ball after each of two lubrication tests at elevated
temperatures. It is the lubricated sliding at elevated temperatures which results in the
increased wear of the ball, due to a strongly reduced thickness of the lubricant film. So the
friction reduction at T = 100 ◦C, shown in Figure 9a,b, is controlled by the total effect of high
stresses at the crater edges (“artificial” roughness), lubricant film pressure lift, and wear
of the ball, characteristic of the mixed lubrication regime of sliding. It is also important
to note that the adhesion of the laser-texture film to steel substrate is sufficiently high to
provide the low-friction performance of the film under oil lubrication at T = 100 ◦C, typical
of the engine’s operation conditions in harsh environment. To conclude, the laser-textured
DLN coatings on steel, with the surface micropattern characterized by high-symmetry
hexagonal geometry and small (10%) dimpled area density, have demonstrated excellent
tribological properties under oil lubrication and elevated temperatures. The lubricated
friction performance of the laser-textured films has been improved at room temperature,
compared to the original non-patterned surface, and elevated temperatures.

3.3. Nano/Microfriction Behavior of Laser-Textured DLN Films

The nano-/microfriction behavior of laser-textured DLN films was studied using
contact-mode AFM techniques, including lateral force microscopy (LFM) and force–distance
curve measurements. The LFM technique allows the surface relief and lateral (friction)
force images to be measured simultaneously during tip scanning [45,46], and for relatively
large scanning regions (from 20 µm × 20 µm to 160 µm × 160 µm) it enables the friction
forces to be determined in laser-patterned and original surface areas of DLC films. Mea-
surements of the force–distance curves [47,48] are used to determine the capillary forces
between the AFM tip and film surface on the laser-patterned and non-patterned regions.
These contact-mode AFM methods were applied to study the nano and microscale friction
properties of laser-produced microgrooves on DLN films, described in detail in refs. [16,25].
In this paper, the AFM techniques are used to examine the surface properties of the laser-
structured surface area consisting of microcraters, particularly, the laser-structured film
shown in Figure 1a.

The surface relief and friction force (FF) images of the laser-patterned DLN film are
shown in Figure 10. A region near the corner of the microcrater structure was examined
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to compare the friction forces on the original and laser-patterned DLN surface. Similar
to the previous studies [25], the LFM imaging was carried out using worn Si tips with
the tip radius of 0.5–1 µm. The friction contrast is clearly seen and characterized by
considerably lower friction forces in the laser-patterned region than on the original surface,
see Figure 10b. Because of relatively deep craters, the contribution of the surface relief
slope to the lateral force signal is not fully compensated during subtraction of two lateral
force images [46], leading to “higher friction” at the crater edges.

The lower friction forces in the laser-patterned region are accompanied with much
lower pull-off forces (Fpull-off) than on the original film, as confirmed by the force–distance
curves (Figure 11a) measured in different positions in the FF image in Figure 10b, namely:
(1) Fpull-off = 1290 nN on the original film, (2) Fpull-off = 990 nN near the region of redeposited
material, (3) Fpull-off = 63 nN in the region of redeposited material, and (4) Fpull-off = 16 nN in
the center of a crater. This means that the ablated and redeposited material changes the
nanoscale surface properties within and around the laser-produced microcraters. The area
of the low-friction region with redeposited material covers the distance of 10–12 µm from
the crater edge and, including the crater, it covers a circle area of 15–17 µm radius. The
occurrence of the region “2” with slightly lower friction and pull-off force (than on original
surface) is probably caused by mass distribution of ablated clusters/particles, leading to
variation in the structure and/or thickness of the redeposited layer.
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structure (shown in Figure 1a), load on Si tip ~120 nN. The marked points (1,2,3,4) in the FF image are the places of
force–distance curves measurements, shown in Figure 11.
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Figure 11. (a) The force–distance curves measured in different points on the DLN film (marked in the FF image in Figure 10b):
(1) original film, (2) near the region of redeposited material, (3) in the region of redeposited material, (4) in the center of a
crater, and (b) schematic of the capillary force action on Si tip.
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In the case of humid atmosphere, hydrophilic surfaces, and large tip radius (hun-
dreds nm and more), the dominant component of the pull-off force is the capillary force
(Fcap) caused by the Laplace pressure in a water meniscus formed between the tip and
film surface [49–51], i.e., Fpull-off ≈ Fcap. As follows from the force–distance curves, the
capillary force is changed by 1–2 orders of magnitude from ~1300 nN on the original
film to 16–63 nN on the laser-structured surface of the DLN films. At the very light loads
on the tips (F ~ 120 nN) during LFM measurements, the real loads on micro-sized Si tips
become much larger on the original film (F = 1410 nN) than on the fs-laser-modified
surface (F = 136–183 nN) due to the action of the capillary force, schematically shown in
Figure 11b. So the observed friction contrast in the FF image (Figure 10b) is caused by the
large difference between the real tip loads on the DLN surface regions with different surface
properties. For the regions between microcraters (marked as point “3” in Figure 10b), the
surface properties are defined by a thin layer of nanoparticles of the redeposited material,
the thickness of which depends on the fs-laser surface structuring conditions: ~50–100 nm
thick for microgrooves patterns [25,27] and ~20 nm thick for microcrater arrays [26]. The
contact angle measurements evidenced that the fs-laser-modified surface remained hy-
drophilic (although more hydrophobic than the original DLN surface), so the nanoscale
surface roughness was suggested to be a major factor accounting for the huge difference
in the pull-off and capillary forces [25,27]. The nanoscale surface roughness was reported
to increase from Ra = 0.6 nm on the original surface to Ra = 3 nm on the surface regions
between microcraters [26]. The higher roughness results in smaller areas of water menisci
formed between the Si tip and film surface and, therefore, to lower capillary and friction
forces in the laser-patterned areas [25]. This reveals an unusual interrelation between
the friction and roughness occurring at the nano/microscale, when the lower friction
corresponds to the higher roughness, opposite to the friction-on-roughness dependence at
the macroscale. For the microcrater pattern shown in Figures 1a and 10, the effect seems
to be even more surprising than for the microgroove patterns because of a significantly
thinner layer of nanoparticles formed during fs-laser processing. These findings are of
great interest in fundamental nanotribological studies of carbon-based films [52], and
they clearly demonstrate the efficiency of fs-laser ablation processing of DLN films to
control the nano-/microfriction behavior of the hard coatings with potential applications
in micro/nanoelectromechanical systems and small-scale devices operating in humid air
environments.

4. Conclusions

Tribological properties of the DLN coatings deposited on silicon and steel substrates
have been studied under various conditions influenced by environments (humid air, water
and oil lubrication, elevated temperatures) and laser surface texturing. Comparative
tribological tests of hard DLN films in humid air and under water sliding against different
counterbodies (steel, silicon-nitride) have demonstrated the low-friction and low-wear
performance of the films under water lubrication, in the absence of chemical interaction
of water with the counterbody surface. A strong impact of the aqueous environment on
the wear behavior was revealed for the DLN/Si3N4 tribopair: the wear rates of the film
and Si3N4 ball in water, W = 7.5 × 10−9 mm3/(Nm) and W = 2.6 × 10−9 mm3/(Nm), were
found to be considerably lower than the corresponding values W = 6.8 × 10−7 mm3/(Nm)
and W = 3.8 × 10−8 mm3/(Nm) in humid air, in spite of higher friction in water-lubricated
sliding. Particular attention in this work has been paid to the high-precision surface
texturing of DLN films with femtosecond-laser pulses and fabrication of microcrater-based
structures of hexagonal geometry, followed by tribological testing of the laser-textured DLN
samples under oil lubrication at different temperatures, from 23 to 100 ◦C. The influence
of laser surface texturing is found in the improved friction performance at both the room
temperature (compared to the original films) and elevated temperatures, when the oil
viscosity changed from ν = 945 mm2/s at 23 ◦C to ν = 20.4 mm2/s at 100 ◦C (mineral oil MS-
20). The friction coefficient was reduced from µav = 0.1 for the original film to µav = 0.083
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for the laser-textured surface at room temperature, and then to µav = 0.068 at 100 ◦C. The
obtained results evidence that the friction reduction at elevated temperatures is controlled
by the total effect of high stresses at the crater edges (“artificial” roughness), lubricant film
pressure lift, and wear of the counterbody, characteristic of the mixed lubrication regime
of sliding. In addition to the macroscale friction studies of the laser-textured films, it is
shown that the nano-/microfriction behavior of the microcrater-based surface structure is
characterized by considerably lower friction forces than the original surface due to strong
influence of the capillary forces on friction forces in humid air environment. The findings
of this work evidence about excellent tribological properties of the DLN coatings in various
environments, which can be further improved by high-precision surface texturing with
femtosecond-laser pulses.
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