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ARTICLE INFO ABSTRACT

Handling editor: P Rios Machining Ni alloys such as Inconel 718 is challenging due to its good mechanical properties, low thermal
conductivity and low elastic modulus, which causes high cutting temperatures at the chip-tool interface. The use
of self-lubricating coatings, such as DLCs coatings has potential to improve significantly the machinability of Ni
alloys. This research work aims to explore how different DLC, DLC-Si, DLC-W coatings behave tribologically
when sliding against Inconel 718. The results will be compared with an industrial AITiSiN coating used to protect
the cutting tools. The morphology, mechanical properties and chemical composition of the coatings were ana-
lysed. To evaluate the tribological behaviour alternative sliding tests were performed under different conditions
(room temperature — RT and 200 °C in dry condition and at RT with lubrication, using CUT-MAX S 50259-1 oil.
The DLC coatings showed remarkable self-lubricating efficiency, with low coefficients of friction even in dry
conditions, demonstrating that their self-lubricating capability is effective without the need for external lubri-
cants. However, at a temperature of 200 °C, a significant increase in wear rate was observed for all DLC coatings,
being 3 to 4 times higher as compared to that at room temperature. This is mainly caused by the conversion of sp®
to sp? bonds coating oxidation. On the other hand, AITiSiN demonstrated consistent specific wear rate, despite of
the unfavourable circumstances, highlighting its suitability to use in extreme environments. These results show
the limitations in film performance and underline the importance of balancing the strength of the coating with its
impact on the opposing surface. Furthermore, it highlights the need to improve the thermal stability of DLC
coatings for application in high temperature environments and dry conditions.
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1. Introduction ceramic tools offer greater wear resistance at high speeds, their high cost

and brittleness limit their use [4,5]. In low-speed processes, such as

Dry machining of nickel alloys has gained prominence due to the
ecological risks of metallurgical fluids and the increasing focus on sus-
tainability. This strategy reduces the carbon footprint of manufacturing
processes [1], but it presents challenges, such as rapid tool wear caused
by high stresses and temperatures. Tungsten carbide (WC) is proving to
be a predominant cutting material for nickel alloys in high-speed
broaching, as it enables higher material removal rates than high speed
steel - HSS [2]. However, it suffers from accelerated wear due to abrasive
and adhesive mechanisms, as well as Co diffusion/loss [3]. Although

broaching, where temperature is moderate, diamond-like carbon (DLC)
coatings can be a viable alternative to protect the surface of the tools due
to their self-lubricating properties, which reduce friction and minimize
thermal rise. This makes them a promising option for dry and near-dry
machining, promoting sustainability in manufacturing [6].

The growing interest in improving productivity and sustainability
has driven the development of more efficient coatings. DLC coatings
stand out for their high hardness, low friction coefficient, and excellent
wear resistance, which reduces machining forces during cutting. This
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positive effect was demonstrated when machining aluminum alloys and
aerospace composites [7,8]. Their tribological behavior varies depend-
ing on the type of counterpart which they interact with [9]. Similarly,
tribological performance heavily depends on the contact environment,
structure, and mechanical properties of the coating. Despite the exten-
sive research on DLC sliding against steel and ceramics [10,11], no
studies have been reported its interaction against nickel alloys as a
counterpart. Recently, in the work of Khan et al. [12], it was reported
that coatings deposited by HiPIMS (DLC-Ar, DLC-Ne) and arc (DLC-Bn)
exhibited low friction and minimal wear against a titanium counter-
surface when subjected to loads of 10-20 N, however, their interaction
with nickel alloys remains largely unexplored. Understanding this
interaction is crucial to optimizing its functionality and ensuring its
reliability in industrial applications.

Non-hydrogenated DLC coatings have an amorphous structure with
sp? (graphitic) and sp® (diamond) carbon-carbon bonds. The ratio be-
tween sp3 and sp2 is important and defines their tribological properties
[13]. The sp3 bonds confer high hardness and wear resistance, while the
sp2 bonds promote self-lubrication [14-16]. However, their thermal
stability is limited, as high temperatures induce graphitization and
mechanical degradation [17]. To improve their high temperature
properties, the DLC coatings were doped with elements such as Ti, Cr,
Co, Ni, Al, Si and W, which modifies internal stress, thermal stability and
wear resistance [6]. Studies have shown that W improves wear resis-
tance at high temperatures (400-500 °C) [18] while Si increases hard-
ness and thermal stability up to 500 °C [19]. These improvements are
essential in sectors such as aerospace and automotive, where operating
conditions are extreme. However, DLC coatings present challenges such
as high internal compressive stress and low adhesion to metal substrates,
which can lead to coatings delamination [20,21]. Previous studies have
shown that the inclusion of a Cr interlayer improves adhesion to the
substrate, which increases the durability of the coating [22,23].

The continuous development of high-performance materials, tools
and components require the development of coatings with superior
properties in terms of wear resistance, friction and thermal stability.
Diamond-like carbon (DLC) films have emerged as an excellent option to
reduce wear and friction in applications involving sliding contacts [13,
24-26]. These coatings stand out for their unique combination of
properties, such as high hardness, low friction, and good chemical
resistance. However, in high stress applications, like machining hard
materials such as Inconel 718, their tribological behaviour and thermal
stability require thorough evaluation. During machining of Inconel 718
at low speed (less than 30 m/min), temperatures closer to 300 °C can be
easily reached [27], which can be considered as a critical condition to
evaluate the efficiency of DLC coatings in such type of industrial
applications.

While it is possible to synthesize DLC films with a wide range of
mechanical and tribological properties, with or without the incorpora-
tion of doping elements [28,29], there is a lack of literature regarding
the tribological behavior of these coatings when sliding against Inconel
718 alloy. This superalloy, known for its abrasive potential, poses sig-
nificant challenges in machining processes, particularly at high tem-
peratures generated by friction under high velocity sliding conditions.
However, its interaction with DLC coatings at low velocities, such as
those used in broaching processes, has been explored little, despite its
potential for practical application. In view of this knowledge gap, the
present study analyses the tribological performance of pure, Si and W
doped DLC coatings ¢ and a commercial AlITiSiN coating, which is
widely used in protection of the surface of the cutting tools. For this
purpose, alternative sliding tests were carried out against Inconel 718
under dry conditions (room temperature and 200 °C) and lubricated
conditions. In addition, the structural and mechanical properties of the
coatings were characterized to evaluate their potential for improving the
machining of nickel alloys. The main objective of this work is to identify
the wear mechanisms of different DLC coatings and to determine which
one offers the best tribological performance in contact with Inconel 718,
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using an experimental reciprocating sliding configuration.
2. Materials and methods
2.1. Experimental set-up

The DLC type coatings of this work were deposited in a magnetron
sputtering machine (UDP-650-4 Teer Coatings Ltd. UK) with a closed-
field unbalanced magnetron sputtering system (CFUBMS) with
different conditions as presented in Table 1. The targets are connected to
DC power supplies, while for the substrates a pulsed DC was used. Four
targets were used, two of carbon, one of chromium, one of silicon to
alloy the films with Si and one of carbon with 14 pellets of tungsten with
20 mm integrated to deposit the W alloyed film. Argon (99.999 % pu-
rity) was used as working gas for establishing the plasma. On the other
hand, a commercial AITiSiN coatings used in the protection of cutting
tools and supplied by the Metalestalki company was used for compari-
son proposes. This coating was produced in a PLATIT PL1401-Compact
machine with HiPIMS technology at a higher deposition temperature
than the DLC coatings. Since this coating belong to the portfolio of the
Metalestalki enterprise, which underwent a long optimization process,
the deposition conditions cannot be here disclosed, due to competitive
reasons.

Samples of AISI M2 with mirror finishing were used as substrates
with the final polishing process with 3 mm diamond paste. Silicon wa-
fers were also used as substrates for mechanical and structural charac-
terization of the coatings. M2 samples were used for the tribological
characterization. Before placing the samples in the deposition, all sub-
strates were ultrasonically cleaned in acetone and ethanol baths for 15
min and then air dried with dry air blowing.

Fig. 1 present a cross-section scheme of the deposition chamber with
the arrangement of the targets: chromium, 2 carbon, and 1Si or carbon
with W pellets. For all coatings, a chromium metallic adhesion layer
with a thickness of 0.3-0.35 pm was deposited to improve the adhesion
of the DLC-based coatings to the substrate. The DLC or Si-DLC coatings
were deposited with a thickness in the range of 1.7-2.0 pm.

The deposition procedure starts with the evacuation of the chamber
to a pressure lower than 10723 Pa. Then, for each of the DLC, DLC-Si and
DLC-W targets the following steps followed. For the DLC pure film,
cleaning of the C targets and substrates was performed by applying a
power of 1500 W on each C target and applying a bias voltage of 600 V
on the substrates for 20 min. Then the Cr target was cleaned for 10 min
applying a power of 2000W. For the DLC-Si and DLC-W films cleaning on
the Cr and Si or C-W were conducted at the same time. In the Cr target a
power of 2000 W was applied and on Si or C-W targets a power of 500W
and 1200 W were applied. Independently of the system, then the carbon
pure targets were cleaned applying the power as described for pure DLC
coating. To improve the adhesion of the films, a Cr interlayer was
deposited by applying 2000 W to the Cr target for 10 min and a pulsed
negative bias of —110 V to the substrate support (deposition pressure of
0.37 Pa). A gradient layer of Cr was then deposited, by decreasing
progressively the power applied to the Cr target for 10 min and turning
on the C target. The final layer depositions followed with the parameters
as summarized in Table 1, for the DLC, DLC-Si and DLC-W layers.

2.2. Characterisation of coatings

The elemental composition of the coatings was obtained with the use
of X-ray wavelength dispersive spectroscopy (WDS) on a Zeiss Merlin
SEM equipped with an Oxford Instruments WDS probe. The analysis was
performed with 10 kV of acceleration tension, with a typical energy
resolution of 3-30 eV, with an effective X-ray acquisition angle of 35° for
the spectrometer. Six iterations were performed per sample. The images
of the film’s morphology were obtained in the same SEM device, how-
ever with 2 kV of acceleration of the electron beam. From the SEM
images, the size of cauliflower-shaped top features in DLC coatings was
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Table 1
Main deposition parameters.
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Deposition pressure (Pa) Ar flow (sccm)

Deposition time (min)

Power applied to targets (W)

Samples C Cr w Si
DLC-W 0.45 46 95 2x1750 0 1200 -
DLC 0.45 46 270 2x1750 0 - -
DLC-Si 0.45 46 180 2x1750 0 - 500

oLy

Sample Sint W_m

Sample _—»
holder

Rotary holder

BIG

DLC monolayer

Adhesion layer

|~ Target

Chamber

Magnetron Cathode

Fig. 1. Schematic illustration of the deposition chamber (magnetron sputtering) and distribution of the targets used for the deposited films.

measured using the standard linear intersection technique. To ensure
representative results, three measurements in in four different areas
were made.

The films were analysed by Raman spectroscopy to have information
about the coatings structure. For that a confocal Raman spectrometer
(Renishaw, In Via) was used, with a 532 nm laser and a 20x objective
lens. All the measurements were performed with an exposure time of
30-50 s at 1 % power at room conditions. Three acquisitions were
performed on three different areas of each sample. Raman spectra were
deconvoluted using two symmetric Gaussian functions associated with
the D and G peaks, with a linear background in the range 900-1800
em .

The hardness and reduced Young’s modulus of the films were
determined using a depth-sensing indentation technique (Micro Mate-
rials NanoTest platform). To avoid the influence of the substrate, a
maximum load of 10 mN was applied, ensuring that the maximum
indentation depth did not exceed 10 % of the total coating thickness
[10].

2.3. Tribology tests

Alternative sliding friction tests were performed using a multifunc-
tional tribometer (MFT-5000, RTEC Instruments) at ambient tempera-
ture of 25 °C + 0.5 °C, in dry and lubricated conditions, and at 200 °C +
0.5 °C, in dry conditions. A ball-on-plate configuration was used, ac-
cording with ASTM G133 standard, with the parameters presented in
Table 2. During the sliding tests, the dynamic coefficient of friction
(COF) as a function of time was recorded. Three tests, for each condition,
were performed, and the average specific wear rates were determined. A
load of 10 N was applied to reach a maximum Hertzian pressure of 22.5
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Table 2
Parameters for reciprocating sliding test of sphere against coated samples.
Parameters Values
Normal force 10N
Frequency 7 Hz
Stroke length 8 mm
Test Duration 12 min
Total distance 160 m
Average velocity 4 mm/s
Counter-body Inconel 718 (@ ~10 mm)
Lubrication Yes/no

Test environment condition ~ Unlubricated RT, Unlubricated 200 °C, Lubricated RT

MPa. The lubricant used was CUT-MAX BR 500, a refined paraffinic
mineral oil, with anti-corrosion and extreme pressure additives, suitable
for severe metal machining.

After the tribological tests, the wear scars on the sliding partner were
observed with an Alicona™” Infinite Focus G5 microscope. The worn
surfaces and debris were investigated using SEM-EDS and Raman
spectroscopy to determine the dominant wear mechanisms. In addition,
contact profilometry measurements were performed with a Taylor
Hobson Form Talysurf 50L, equipped with a sensor tip radius of 2 pm
diamond-tipped stylus with a resolution of less than 10 nm. The mea-
surements were analysed with the educational version of Origin soft-
ware to produce visual images and obtain depth and transverse wear
data. Three measurements were acquired for each condition and the
mean values were calculated. The area was multiplied by the track
length to obtain the worn volumes. The specific wear rate, k, is calcu-
lated by dividing the worn volume V (mm?) by the sliding distance (mm)
and multiplying by the normal load N (N) Eq. (1) [30].
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\%4
= N Eq. (1)

To estimate the worn volume of the sliding counterpart (Inconel 718
sphere), the concept of ‘apparent volume’ was used (Fig. 2b). This es-
timate makes it possible to evaluate the contribution of the sphere to the
total wear in the mutual interaction of the two bodies and to determine
whether its wear is significant or negligible when it is minimal. The
volume of a spherical section is calculated geometrically by Eq. (2).
However, when scanning or capturing an image of the wear under mi-
croscopy, it is only possible to measure the worn area of the sphere.
Therefore, this study proposes a way to estimate the worn volume “V},”
using Eq. (3), starting from Eq. (2) and determining a mean diameter “d”
using Eq. (4).

2
V,= %-(3}% —h) Eq. (2)
2
n D D2 d2 D D D2 d2
i=z\lz2 Va3 P2 (2 Va3 Eq. (3
d:dmax‘zi’dmin Eq (4)

3. Results and discussion
3.1. Cross-sectional morphology and structure

Fig. 3 present the SEM cross-section morphologies of the as-
deposited coatings. As expected, the DLC-based coatings present a
columnar growth morphology. The AITiSiN coating, presents a more
compact morphology. Since the last coating was deposited in a HiPIMS
power supply, the compact structure can be explained by the higher
level of bombardment of the growing film and higher temperature used
in the deposition [31].

The surface morphologies of the deposited films, obtained by SEM,
are presented in Fig. 4. All DLC base coatings presents the typical
cauliflower type surface morphology of DCMS sputtered coatings as
observed in other works [10]. The surface morphologies are related with
the cross-section morphology with the coatings with more compact
columns showing smaller cauliflower morphology. The AITiSiN coating
presented a much more compact morphology that results in a more
homogeneous surface morphology. Nonetheless, during the deposition
process there are some instabilities, such as arching that might result in
the formation of some defects on the coatings surface such as individual
microdroplets [32].

The elemental chemical composition, thickness and deposition rate

(a)

dm X

Inconel 718 .
sphere
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are presented in Table 3. The DLC-W and DLC-Si alloyed coatings pre-
sent a similar alloying content near to 15 at. %. The lowest deposition
rate was observed for pure DLC, since only two C targets were used to
deposit the coating. The DLC-W and DLC-Si coatings have similar
thicknesses; however, the deposition rate for the DLC-W is significantly
higher as compared to other DLC base coatings due to the significant
higher power applied on the target with the W pellets. The thickness of
the coatings was set based on previous works [10,33].

Fig. 5 shows the surface topography of the DLC coatings obtained by
3D profilometry. The DLC coatings showed shallow protrusions with Sz
values < 82 nm. Pure DLC and DLC-W presented the smoothest surfaces,
with surface roughness (Sa) of 4.15 nm, 4.75 nm and maximum surface
roughness height (Sz) of 42 nm and 45.7 nm, respectively (Fig. 5a and
b), as compared to DLC-Si, whose surface roughness was Sa = 6.69 nm
and Sz = 81.5 nm (Fig. 5c). Considering that in this study the bias
voltage was kept constant in all the depositions, it appears that the main
factor influencing the surface topography is the dopant elements [21].
This effect was observed in other studies such as that of Juan et al. [34].
However, for AITiSiN film, the distribution of the surface perturbations
(Fig. 5d), the Sz values are in average of 75 nm and maximum of
approximately 150 nm. The higher Sz value of this film is attributed to
the microdroplets found on their surface.

3.2. Raman analysis

Fig. 6a presents the Raman spectra of the deposited films, between
900 and 1800 cm™! of the Raman shift. The two peaks named D and G,
typical of DLC coatings, are observed at approximately 1350 and 1580
em ™!, respectively. From the peak deconvolution three main parameters
are obtained, the peak position, Full Width Half Maximum of the G peak
(G-FWHM) and the G and D peaks intensity. Those parameters were used
to determine the ID/IG ratio. The G peak is associated with vibrations of
carbon atoms in a graphite structure (spz), while the D peak indicates the
presence of defects or disorder in the structure (spz) [35].

The undoped DLC film shows a typical Raman spectra for this type of
materials with the G-peak position at approx. 1568 cm ™! an ID/IG ratio
of 1.19 and a G-FWHM of 286 cm™!. The addition of an alloying element
results in a variation of those parameters. Alloying with Si, results in a
shift the G-peak position to 1514 cm ™, while the ID/IG ratio decreases
from 1.19 to 0.94. This shift of the G-peak and reduction of the ID/IG
ratio are the result of changes of the type of bonding present and its
clustering. This shift of the G-peak and the reduction of the ID/IG ratio
led to changes in the microstructure of the undoped DLC films [36]. On
the other hand, W doping increases the ID/IG ratio from 1.19 to 1.59 and
the FWHM (full width at half maximum) from 286 to 353, without
significantly affecting the relative position of the G peak at 1560 cm.
This suggests an improvement in the quality of the coating, possibly due

(b)

Apparent wear volume
.- of the sphere, Vp

. Apparent sphere
wear area, Ap

Fig. 2. Schematic representation for the determination of the wear volume in the Inconel 718 ball sphere. a) projected view of the wear zone with maximum and
minimum diameters of the wear contour, and b) variables involved in determining the apparent wear volume.
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Fig. 3. Sectional structural morphology of the: pure DLC, DLC-W and DLC-Si and AITiSiN coatings.
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microdroplet
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500 nm

Fig. 4. SEM images of surface morphology of the deposited coatings (a). Size of cauliflower-shaped nanoclusters in DLC coatings (b).

to a higher disorder in the carbon structure, which may be related to a possible combinations of vibrational modes in the structure [38].
higher fraction of sp® bonds.
As for the Raman spectra of the AITiSiN coating provided by the

commercial company, it shows the common peaks characteristic of this 3.3. Mechanical properties

film. The band around 258 cm ™! is associated with the vibrations of the

Al-N and Ti-N bonds in the coating structure [37]. In contrast, the band The hardness - H and reduced Young’s modulus - Er of the coatings
around 600 cm ™! may be related to the vibrations of the Si-N bonds and were determined by nanoindentation with a maximum load of 10 mN

and are shown in Fig. 7. The loading unloading curves are presented in
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Table 3
Coatings chemical composition obtained by WDS, and depositions rate.
Coating C(at. Of(at. Cr Alloying Thickness Deposition
%) %) (at. (W, Si) (pm) Rate (nm/
%) (at. %) min)
DLC_ W 82.7 0.7 0.3 16.4 1.37 14.4
DLC 98.1 1.7 0.1 0.0 1.78 6.6
DLC Si 84.6 0.5 0.2 14.7 1.30 7.2
Al Ti N Si (at. %)
(at. (at. (at.
%) %) %)
AITiSiN 3.3 55.2 61.6 4.2 1.69 19.9

Fig. 7a. The average reduced modulus (Er) of the three DLC coatings are
similar, within the range of 170-190 GPa, while the Er for the AITiSiN
coating showed a significant higher value compared to the DLC films.
The average hardness (H) of AITiSiN is shown to be more than twice than
that for the DLC coatings, resulting in the same increasing trend for the
H/Er ratio (Fig. 7b).

Non-hydrogenated DLC coatings typically exhibit hardness values
ranging from 10 to 20 GPa [16]. In the works of Hofmann [19], it was
reported that incorporating 5 %20 % Si into DLC coatings results in
hardness (H) variations from 12 to 21 GPa. Similarly, Ferreira et al. [39]
found that adjusting the bias voltage from floating to —100 V leads to
hardness variations between 8 and 22 GPa. Previous studies, such as that
of Evaristo et al. [33], reported hardness values of 16.1 + 1.3 GPa for
DLC-W and 17.7 + 1.0 GPa for DLC-Si. Additionally, the reduced
modulus (Er) was approximately 190 + 1.3 GPa. Therefore, the hardness
values obtained in this study for DLC coatings are comparable and
consistent with those reported in the literature.

3.4. Frictional behaviour

The evolution of the coefficient of friction (COF) for all coatings,
under the different test conditions, are presented in Fig. 8. In dry con-
ditions, the DLC coating shows an instability in the first 25 m of sliding

Topography layer

(a)

nm
40
35
30
25

20

Sa=4.35, Sz=42.0

Topography layer
nm

45 20

30 40 um

10

40
35
30

25

Sa=4.15, 3z=45.6
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and then stabilizes. The test of the pure DLC film starts with a slight
oscillation of the COF that normally are associated with the accommo-
dation of the surfaces in contact (running in stage). Then, in the first 15
m there is a gradually decrease the COF from 0.2 to 0.15 until 25 m of
sliding, that could be associated with the formation of the tribolayer
with self-lubricant characteristics. After reaching 25 m, the COF remains
constant until the end of the test. The COF for the test at RT in dry
conditions for the DLC-W film decreases faster than pure DLC to 0.15 at a
sliding distance of 2 m of sliding and then increases slightly to 0.17 at 25
m of sliding distance and stabilizes at this value until the end of the test.
The DLC-Si film showed the lowest COF reaching 0.09 at 4 m of sliding
and then gradually increases with some oscillations and until 30 m and
then stabilizing with lowest COF of all coatings. On the other hand, the
AITiSiN film showed a COF 3 times higher and with high instability
compared to the DLC coatings, remaining between values of 0.68 and
0.73 showing that this coating does not have self-lubricant
characteristics.

At 200 °C (Fig. 8b), all DLC-based coatings (DLC and DLC-Si)
exhibited an increase in friction compared to the room temperature
(RT) tests. The increased friction is attributed to the removal of moisture
from the sliding contacts as the sample is heated to 200 °C, as it is well
known that moisture plays a crucial role in reducing friction for non-
hydrogenated DLC coatings. The coefficient of friction (COF) of the
DLC-W coating at 200 °C is not reported due to premature failure of the
coating during the test. The DLC-Si coating displayed an increase in COF
from 0.33 to 0.45 after the running-in stage. On the other hand, the pure
DLC film displayed the lowest COF under these conditions with a value
of 0.15 that was maintained up to a sliding distance of 415 m. The
AITiSiN film, shows a stable COF throughout the test, maintaining a
value of 0.62, demonstrating a certain stability with temperature
changes during sliding.

When the test was performed under lubricated conditions at room
temperature, three different behaviours were observed. The DLC-W
coating displayed the highest COF with a gradual decrease of the fric-
tion during the sliding test with some instabilities of the COF during the

Topography layer

(b)

40 um

Sa=6.69, 5z=53.7

Topography layer

20

ao 40 um

Sa=22.9, 5z=208

Fig. 5. Surface topography Sa of deposited coatings: (a) DLC, (b) DLC_Si10 %, (c) DLC_W, and (d) AITiSiN.
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test. The DLC and the DLC-Si presented remarkably similar COF with a
gradual decrease of the friction during the test reaching a value lower
than 0.05. The AITiSiN coating presented a friction coefficient in be-
tween the other coatings, which was stable throughout the whole test.

3.5. Specific wear rate of coatings

Fig. 9 shows the results of the wear performance of the coatings and
its sliding partners. The wear rate of the coatings measured from the
“sliding wear track (Swt)”, for the different test conditions are presented
in Fig. 9a. The wear rate of the balls was calculated, by the “Projected
wear area (Apw)” and the results are presented in Fig. 9b.

The specific wear rate of the coatings varies significantly under
different testing conditions, including dry, room temperature (RT), and
200 °C. Swt graph reveals that under dry conditions, all coatings expe-
rience higher wear due to increased friction and the absence of a
lubricating layer to minimize direct contact between surfaces. At room
temperature, DLC exhibits moderate wear resistance, but its wear rate
rises sharply at 200 °C, which can be attributed to graphitization-
induced structural degradation. The silicon-doped - DLC_Si) demon-
strates lower Swt as compared to pure DLC under all conditions, indi-
cating that silicon enhances thermal stability and wear resistance. The
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tungsten-doped -DLC_W coating did not outperform the undoped DLC
coating tested at dry room temperature conditions. However, under
lubricated conditions, it exhibited the lowest specific wear rate,
although it did not surpass the performance of AITiSiN. Generally,
tungsten-doped DLC is known for its hardness and thermal stability,
which enhances its resistance to sliding wear. Nevertheless, in this test,
it showed lower resistance against Inconel 718, possibly due to inade-
quate adhesion The AITiSiN coating consistently shows the lowest spe-
cific wear rate in all conditions, particularly at 200 °C, reinforcing its
superior thermal stability and resistance to oxidative and adhesive wear.
The projected wear area (Apw) on the Inconel ball confirms the wear
trends observed on the sliding tracks of the DLC coatings. At room
temperature (RT), the Apw values are similar for the DLC coatings, with
the lowest wear on pure DLC, followed by DLC-Si and finally DLC-W. In
contrast, the Apw in the case of sliding on AlTiSiN showed the highest
value among all conditions evaluated, indicating a higher wear of the
Inconel sphere, evidenced by a larger footprint. Fig. 10 presents the
profile of the footprint for the different tests. The width of the profile is
proportional to the Apw on the Inconel sphere, which is logical: the
wider the footprint, the greater the wear on the sphere. However, the
profiles also reveal that the smaller footprint depth in the AITiSiN
coating is due to its high wear resistance, which results in a lower wear
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rate, as shown in Fig. 9a. The higher specific wear rate of the counterpart
on the tests conducted against the AITiSiN coating is caused by the much
higher hardness of this coating as compared to DLC coatings and due to
the high friction generated.

At 200 °C, the transverse wear profiles of the DLC coatings show
wider and deeper tracks, which is evidence of higher material loss due to
thermal softening and adhesive wear mechanisms. The only exception is
the AITiSiN coating, whose profile and Apw are lower. In dry and high
temperature conditions, the interaction between surfaces intensifies,
increasing friction and wear. These results agree with the literature,
which points out the limitations of DLC at high temperatures and the
benefits of dopants such as silicon and tungsten. Furthermore, the
exceptional wear resistance of AlTiSiN under all conditions confirms its
suitability for applications requiring high durability in dry and high
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temperature environments, such as cutting tools and tribological
components.

Under lubricated sliding conditions, the Apw remains low and similar
for all coatings. However, this effect is particularly beneficial in the case
of AITiSiN, as it reduces the Apw and minimises the loss of coating
material. This indicates that the lubricant decreases the contact and
friction between the Inconel sphere and the coating. In contrast, for the
DLC coatings, the lubricant does not have a significant impact, as the
Apw retains similar values to those observed at RT conditions, with only
a minimal reduction.

Finally, Fig. 11 shows the specific wear rate (k) of the coatings in the
different experimental conditions, both for the coatings (Fig. 11a) and
for the Inconel ball (Fig. 11b). The trends observed are consistent with
the volume and area wear results previously shown in Fig. 9a and b
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because of their direct relationship. However, these values also show the
aggressiveness of Inconel for coating wear, as the study by Jiang [40]
reports lower specific wear rates even when the load is increased to 20 N
and 40 N, or despite similar or higher surface roughness (Ra). In this
study, the average substrate roughness is Ra = 0.05 pm. It is likely that
the higher value of k is due to the combination of the short reciprocating
distance (8 mm) and the frequency used (7 Hz), which creates a con-
centration of heat in the contact zone. This effect is particularly detri-
mental to DLC coatings.

3.6. Surface analysis of worn areas

The surface analysis of the worn areas provides crucial insights into
the wear mechanisms governing each coating under different testing
conditions, including dry, room temperature (RT), and elevated tem-
peratures of 200 °C. The worn surfaces of DLC coatings reveal distinct
wear characteristics depending on the testing environment. Under dry
conditions, DLC exhibits abrasive wear features, with ploughing marks
and micro-fractures indicating material removal due to the absence of
lubrication (Fig. 12). At room temperature, DLC shows relatively
smoother worn surfaces but still displays signs of adhesive wear, sug-
gesting localized material transfer between the coating and counter-
body. However, at 200 °C, the wear surface becomes rougher with ev-
idence of severe material degradation, consistent with graphitization,

3444

which reduces the coating’s mechanical strength and accelerates wear.
The DLC Si coating demonstrates a more stable wear surface with
reduced micro-cracks and wear debris, indicating improved thermal
resistance and lower material loss compared to undoped DLC. This
aligns with the lower specific wear rate and projected wear area (Apw)
observed for DLC_Si, reinforcing the beneficial role of silicon in
enhancing wear resistance.

Under room temperature (RT) conditions, tungsten-doped DLC
(DLC_W) exhibits more pronounced wear than pure DLC, with more
severe surface damage. Worn surfaces show increased adhesive patchi-
ness, intense plastic deformation and micro-cracks, suggesting prema-
ture coating failure due to severe dry contact. In addition, the formation
of nickel and chromium oxides from Inconel 718 could intensify abra-
sive and adhesive wear, as observed on the surface of the sphere.
However, under lubricated conditions, the wear rate of DLC_W is lower
than that of DLC-Si and pure DLC, which prevents concluding a low
overall performance. Under these conditions, its wear rate is like that of
AITiSiN, although the latter shows less surface damage in all tests, with
minimal wear scars and shallow imprints, even at 200 °C.

The worn surface of AITiSiN remains relatively smooth, with only
slight polishing effects observed, confirming its superior resistance to
adhesive and abrasive wear. Transverse wear profiles (Fig. 10) further
corroborate these results, revealing that the depth of wear tracks is
significantly greater for DLC at 200 °C compared to RT, highlighting the
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role of thermal degradation in increasing material loss. In contrast,
DLC_Si shows shallower wear tracks, demonstrating its higher wear
resistance under high temperature conditions. AITiSiN, on the other
hand, maintains the lowest wear depth at all conditions, confirming its

exceptional thermal stability. The counter-body interaction is also
evident in the cross-sphere wear profiles, where higher material transfer
and surface roughness is observed at 200 °C for the DLC coatings, while
AITiSiN shows minimal counter-body wear, reducing overall friction
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and wear rates. These observations are consistent with existing litera-
ture, which highlights the thermal limitations of DLC coatings and the
advantages of doping elements such as silicon to improve wear resis-
tance at high temperatures. The findings further validate the superior
performance of AlTiSiN, making it the most suitable coating for appli-
cations involving extreme temperatures and high loads, such as cutting
tools and tribological components.

The EDS results of the wear track under RT conditions show no
significant difference from the pristine surface composition, meaning
that the wear of the coatings was very superficial. However, in the
DLC_W track, which experienced the most significant amount of wear,
and the wear profile demonstrates this. On the worn surface there is
evidence of iron oxide particles adhering to the entire track, where the
DLC film had degraded substantially and had almost lost its full thick-
ness. The wear track of the AITiSiN coating was characterised by debris
corresponding to common oxides resulting from the wear of the Inconel
sphere. As illustrated in Fig. 9a, the temperature of 200 °C resulted in an
increase of the wear rate for all DLC coatings, with the DLC-Si coating
presenting the lowest value. Raman spectroscopy of the abraded sur-
faces showed in Fig. 13, for the DLC coating an increase in the intensity
of peaks D and G, accompanied by slight shift to higher frequencies and
broader full width at half-maximum (FWHM) values, for peak D. This
suggests that the heating process influenced the structural integrity of
the coatings. Pure DLC showed signs of graphitization, reflected in the
changes in peaks G and D. In contrast, DLC-Si showed better thermal
stability since only small variations on ID/IG were observed, while DLC-
W experienced accelerated graphitization potentially attributable to the
presence of W.

As predicted, the interaction between the coatings and Inconel 718 in
lubricated conditions created a favourable tribological environment,
which significantly reduced friction-induced wear, particularly adhesive
wear. Only residual AITiSiN coating particles resulting from abrasion
were observed. Raman analysis revealed that mineral oil mitigated the
severity of structural changes in the DLC coatings, although it did not
completely eliminate surface graphitization, especially for DLC-W.
Notably, DLC-Si exhibited the highest resistance to structural changes
due to silicon’s stabilizing effect, whereas pure DLC and DLC-W were
more susceptible to structural transformation, as reflected in the Raman
spectrum by more intense and shifted peaks (Fig. 13a). This effect is
evident in the changes of the ID/IG ratio for each condition tested
(Fig. 13b).

The evidence of adhesive wear suffered by the Inconel sphere is
shown in Fig. 14. The compositions of the transfer layers evaluated at
different points on the Inconel spheres were similar for all the DLC films.
They show the presence of free C, and doping elements of each coating
(Si-C, W-C, Si-O, W-0). As expected, the presence of free C is higher in
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the Inconel sphere, as evidenced by black zones on the surface (Fig. 14,
lower left image). Likewise, the chemical composition of the wear debris
scattered around the corresponding wear tracks suggests the presence of
Fe-O and Cr-O.

EDS analysis on the abraded surface of the Inconel sphere reveals the
presence of carbon layers (Table 4). In the wear zone that slide against
pure DLC, free carbon residues were observed. The presence of carbon
on the surface that slide against DLC-Si was also detected. The presence
of dopant elements is observed on the abraded surface of the sphere in
the form of particle that most probably are Si oxides in the case of sliding
against DLC-Sil0 %. For the DLC-W similar behaviour was observed
with the presence of W on the transfer layer on the ball with the presence
of O suggesting the formation of oxides. On particles e other hand, upon
friction with AITiSiN, the presence of Al and Ti residues adhered on the
entire worn surface of the Inconel sphere was evidenced. This reflects
the higher friction observed of this coating. High amounts of C are also
detected in surface of the counterpart. However, contrary to the test
conducted against the DLC coatings the C does not come from the
coating. In fact, this coating is C free and therefore his concentration can
only come from contamination due to specimens handling.

When the test temperature was increased to 200 °C, the transfer layer
formed on the worn Inconel surface increased significantly upon test
with the DLC coating (Fig. 15). The carbon-rich transfer layer is evident
in the EDS spectra obtained at different zone of the sliding surface. This
suggests an increase in the adhesive wear mechanism on the sphere since
it was also observed am increase of the friction. In contrast, when sliding
occurs against AlTiSiN, there is a reduction in wear (Fig. 9b), accom-
panied by an increase in oxidation. The growth of oxide layers may have
responsible for the reduction in the coefficient of friction, which could
have mitigated the aggressive wear experienced under room tempera-
ture conditions.

On worn ball surfaces the material transfer is minimal. The surfaces
are relatively clean, and the dominant abrasive wear mechanism is
observed. The EDS analysis detects carbon residues as well as the pres-
ence of S, Ca, Cl, K, Mg. The percentage of oxygen does not differ, so the
presence of sulphur oxides is minor, accompanied by possible sulphates
and chlorates due to the reaction with the mineral lubricating oil.

3.7. Discussion

The tribological interaction between DLC, DLC-Si, DLC-W, and
AITiSiN coatings with an Inconel 718 sphere under ambient temperature
(RT), 200 °C, and mineral oil lubrication conditions shows differentiated
behaviours in terms of wear and friction (COF). AlTiSiN presented the
lowest wear rate with similar values for the three conditions tested due
to its high hardness, approximately twice of DLC. However, this high
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Table 4
Result of EDS analysis on worn areas of Inconel 718 spheres after reciprocating sliding against coatings under RT conditions. The analysed spectra are over the lo-
cations shown in Fig. 11.

Spectrum C N o Si Al Ar Ti Cr Fe Ni Nb w Mo
671 11.36 - 10.43 - 1.48 - 1.01 17.63 17.07 37.29 2.19 - 1.52
673 47.36 - 35.98 - 0.27 - - 3.79 5.46 6.37 0.40 - 0.37
667 51.34 - 33.94 6.69 - - - 1.86 1.78 4.03 0.22 - 0.14
669 23.41 - 55.46 17.62 - - - 1.23 - - - - -
679 38.95 - 19.15 - - 0.49 0.35 5.97 22.80 8.23 0.41 3.38 0.27
683 12.83 - 65.99 - - - - 2.26 6.12 1.25 - 11.55 -
684 6.06 - 66.07 - 0.43 - 1.15 5.53 6.69 12.49 0.77 - 0.50
686 12.24 - 6.29 - 0.91 - 1.01 17.60 19.78 38.54 2.21 - 1.41

Worn area
wear meehanism)

cps/eV
16 | Spectrum 695| -
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Spectrum © O Al Ti Cr Fe Ni Nb Mo
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Fig. 15. EDS analysis of the transfer layer formed on the abraded surface of Inconel 718 sphere sliding on DLC coating at 200 °C.
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hardness caused higher wear in the Inconel counterpart, showing its
significant abrasive and adhesive wear. Suppliers of state-of-the-art
AITiSiN coatings [41] claim that they can withstand service tempera-
tures up to 1100 °C, demonstrating their stability by retaining their
hardness and toughness under extreme service conditions. On the other
hand, DLC coatings experienced a considerable increase in wear rate at
200 °C, being 3 to 4 times higher compared to RT, reflecting a higher
susceptibility to thermal degradation, by sp® to sp? bond transformation
and surface oxidation, evidenced in Raman and EDS analysis respec-
tively. Despite this, among the DLC coatings, the Si doped one was more
resistant to wear at 200 °C because its presence stabilizes the sp® bonds
when the temperature increases [42]. Likewise, the Si-O phase in the
contact benefited the friction attenuation which allowed to have the
lowest COF at RT as previous works have shown [43].

At room temperature, DLC-W, DLC and DLC-Si coatings exhibited
lower coefficients of friction (0.16, 0.14 and 0.12, respectively), indi-
cating good tribological performance and less interaction with the
Inconel surface. However, as the temperature was raised to 200 °C, the
COFs increased, indicating a partial decrease in the stability of the
protective layer. With the increase of the temperature to 200 °C all the
moister is removed from the sliding surfaces and it is known for non-
hydrogenated DLC coatings the moister contributes for the low fric-
tion performance. In contrast, AlTiSiN had a high COF at room tem-
perature (0.68), with a slight decrease to 0.60 at 200 °C, showing
significant debris and oxidation, yet demonstrated wear stability in all
three conditions tested. According to the literature, aluminum titanium
nitride (AITiN) offers high oxidation resistance compared to DLC-based
coatings [12,37], which explains its wide application in
high-performance cutting tools. Several studies have pointed out that
AITiSiN represents an evolution of AITiN, due to the incorporation of
silicon in its composition [32,44,45]. This element significantly im-
proves the thermal stability of the coating by promoting the formation of
an amorphous and dense silicon nitride phase, which acts as a barrier
against element diffusion [32]. As a result, AlTiSiN has demonstrated
superior performance in applications involving high speeds and friction
at elevated temperatures, such as machining [44,45]. Its excellent
sliding behaviour against Inconel 718 reinforces its suitability for
demanding environments where wear resistance and thermal stability
are critical factors.

Looking at the AltiSiN film in particular, its achieved hardness of 35
GPa confirms its excellent wear resistance and its ability to withstand
plastic deformation [46]. This value, within the typical range of 30-35
GPa [47], makes it ideal for components exposed to severe sliding
conditions. However, its reduced modulus (Er) of 180 GPa is signifi-
cantly lower than the usual range of 350-400 GPa, suggesting a lower
elastic stiffness. As for its H/Er value of 0.125, it represents a reasonable
balance between toughness and elasticity. While it does not reach the
upper limit of crack resistance (usual H/Er is between 0.1 and 1.20
[48]), it would still be suitable for applications with moderate loads or
controlled impacts. The coefficient of friction (COF) of 0.68 at room
temperature is slightly above the typical range (0.4-0.6), indicating
higher initial friction. However, its reduction to 0.61 at 200 °C suggests
better tribological performance at elevated temperatures, probably due
to the formation of protective oxide layers. On the other hand, The
Raman spectrum of the AITiSiN coating reveals distinct peaks at 230,
290 and 600 cm-!, providing valuable information about its amorphous
structure. The peak at 230 cm-! is probably associated with vibrational
modes of metallic bonds, such as Ti-N or Al-N, which are commonly
found in coatings based on metal nitrides [37,38]. This suggests the
presence of an amorphous network dominated by metal bonds. The 290
cm-! peak may correspond to vibrational interactions between
aluminium and titanium atoms within the amorphous matrix, which
could indicate the existence of disordered phases or interactions be-
tween the various components of the coating. The 600 cm-' peak,
associated with high energy vibrations, is probably linked to strong Si-N
bonds, implying that silicon contributes to the structural rigidity and
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complexity of the amorphous network [49]. In addition, a characteristic
peak near 480 cm-!, commonly associated with amorphous silicon [49,
50], was also detected in this study, confirming the presence of disor-
dered Si bonds. Taken together, these spectral features suggest that the
AITiSiN coating possesses a mixed amorphous structure with both
metallic and covalent bonds, which may influence the improvement of
its mechanical and thermal properties as reported in the literature [41,
45,471].

Under lubricated conditions, DLCs and their doped variants
demonstrated a notable reduction in COF (0.052 for DLC and 0.053 for
DLC-Si), confirming the self-lubricating effectiveness of these coatings in
the presence of mineral oil, with minimal changes in structure detected
by Raman spectroscopy. However, no clear reduction of the wear rate
was observed, which remained at levels like those observed under dry
conditions, indicating that the inherent self-lubricating effect of DLCs is
highly efficient even without external lubrication. In contrast, AlTiSiN
showed a moderate COF of 0.079 under lubrication, but its wear
remained constant, highlighting its exceptional wear resistance even
compared to DLCs, at the cost of higher aggressiveness towards Inconel
due to its hardness.

4. Conclusion

In this work, the tribological behaviour of DLC coatings with
different doping elements and AlTiSiN when sliding against Inconel 718
spheres has been experimentally investigated and compared, and the
following conclusions have been drawn.

- The AITiSiN coating presented the highest coefficient of friction
(COF) among the coatings studied, showed the lowest wear rate in all
conditions tested (RT, 200 °C and under lubrication). This is attrib-
uted to its high hardness, approximately twice that of the DLC
coatings, which provides excellent wear resistance even at elevated
temperatures and under lubrication. This high hardness also resulted
in significantly higher wear of the Inconel 718 counterpart, sug-
gesting a more aggressive abrasive and adhesive mechanism in the
tribological interaction.

DLC, DLC-Si, and DLC-W coatings demonstrated excellent self-
lubricating behaviour with low COFs (0.14-0.16), especially in
lubricated conditions (0.052-0.11), although with identical wear
rates was observed in dry conditions. This suggests that the self-
lubricating capability of DLCs is sufficient to maintain low friction
with the lack of lubricant, which may be advantageous in applica-
tions where the use of lubricant must be avoid.

DLC coatings and their doped variants showed a significant increase
in wear rate when subjected to 200 °C, with values 3 to 4 times
higher than at room temperature conditions, indicating increased
susceptibility to thermal degradation. Raman analyses indicated that
the graphitization of the sliding surfaces with the formation of oxides
of the doping elements are the main wear mechanisms, especially in
DLC-W.

Despite the aggressive nature of sliding against Inconel 718, DLC and
AITiSiN coatings demonstrated specific benefits: DLC significantly
reduced the coefficient of friction, while AITiSiN showed improved
wear resistance. Therefore, AlTiSiN is emerging as a promising op-
tion for coatings on cutting tools intended for machining Inconel
718. In contrast, DLC coatings may be suitable for low-speed appli-
cations and temperatures below 300 °C. Future studies will address
the performance of these coatings under real mechanical conditions.
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