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Abstract: This article compares the tribological performance of coatings produced by PVD sputtering.
Transition metal dichalcogenide (TMD) coatings doped with carbon (WSC and MoSeC) and nitrogen
(WSN and MoSeN) and a conventional diamond-like carbon (DLC) coating are compared. The
tribological evaluation was oriented towards the use of coatings on piston rings. Block-on-ring tests
in a condition lubricated with an additive-free polyalphaolefin (PAO 8) and at temperatures of 30,
60, and 100 °C were carried out to evaluate the coatings in boundary lubrication conditions. A
load scanner test was used to evaluate dry friction and scuffing propensity. In addition to WSN,
all other TMD coatings (WSC, MoSeC, and MoSeN) exhibited lower friction than DLC in dry and
lubricated conditions. The study reveals that WSC, among TMD coatings, offers promising results,
with significantly lower friction levels than DLC, while demonstrating reduced wear and a lower risk
of metal adhesion. These findings suggest that WSC may be a viable alternative to DLC in piston
rings, with potential benefits for reducing fuel consumption and increasing engine durability.

Keywords: PVD sputtering; TMD coating; DLC coating; mixed lubrication; piston ring

1. Introduction

Until the mid-1960s, machine design was based solely on functionality, neglecting
aspects related to friction and wear. This resulted in technological backwardness, un-
necessary energy expenditure, and component replacement. Only with the report of the
Committee of the British Department of Education [1] were the economic aspects related
to friction and wear of materials analyzed; this analysis led to significant advances in
mechanical design. Following the British example, governmental studies in countries such
as Germany, the United States, Canada, and Japan served as a basis for accelerating this
process globally [2,3].

In more recent studies, the research group led by Holmberg [4] estimated the impact
of friction and wear on energy consumption, economic expenditure, and CO; emissions
from passenger cars, trucks, and buses [5]; paper machines [6]; and the mining industry [7].
The conclusions were that approximately 23% of the world’s total energy consumption
originates from tribological contacts. Of that, 20% is used to overcome friction, and 3%
is used to remanufacture worn parts and spare equipment due to wear and wear-related
failures [8]. Nonetheless, according to Holmberg [4], 28% of the fuel energy is wasted
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in an average passenger car due to direct contact (with braking friction excluded). The
internal combustion engine alone is responsible for around one-third (30 to 35%) of the
total friction losses in a passenger car. From this, most of the friction losses (45%) are
consumed in the piston assembly. Therefore, an obvious way to reduce fuel consumption is
the reduction of friction losses in the piston ring—cylinder liner assembly. For this reason,
choosing appropriate tribopairs for the piston ring—cylinder liner contact is an excellent
way to optimize the tribosystem [9].

Conventional coating material for the piston ring part mainly uses chromium-based
coatings and, more recently, DLC coatings [10]. The DLC coating represents one of the
most advantageous carbon-based material solutions. Its amorphous structure combines
graphite (providing superlubricity) and diamond (offering a high hardness), which are
both required for good wear resistance [11]. Compared with the conventional CrN coatings,
its superior tribological resistance increases the service life and improves the piston ring’s
performance [12]. Due to those excellent tribological properties, the DLC coating solution
was adopted as a protective material for piston rings as an alternative to chromium-based
solutions [11]. Although the DLC coatings deposited over the surface of the piston rings
are often produced by arc deposition [13], in this work, the optimized DLC coating used
was produced by sputtering. Arc deposition allows a higher sp2/sp3 ratio, boosting
their hardness to the maximum. Indeed, a higher and lower sp2/sp3 ratio is related to
a more lubricious behavior or a harder and more resistant surface [14]. However, arc
deposition is well known to produce droplets, which are often reported to lead to the
coatings’ early /premature failure [11,15]. Sputtering deposition was thus used (i) to avoid
the problems often caused by the presence of droplets; (ii) because it allows a lower sp2/sp3
ratio, which improves friction, although it decreases hardness; and (iii) because it is a well-
established and widespread technology to coat a wide range of components for different
applications, and therefore, it is of industrial interest to test solutions produced with the
same sputtering deposition setup. It should be noted that the cost of the thin solid coating
solution technology is extremely high, and enterprises choose to acquire the most versatile
technology.

Over the last decades, tribologists have developed and investigated new low-friction
coatings due to the eminent need for friction and wear reduction and greener and more
innovative industrial solutions [16—-18]. Those efforts rendered fruitful results in the form of
the most famous low-friction coatings. i.e., transition metal dichalcogenides (TMDs) [19-26].
TMDs are solid lubricant materials, specifically intrinsic solid lubricants, whose crystal
structure facilitates interfacial sliding/shear to achieve low friction and wear in sliding
contacts and low torque in rolling contacts [27]. They are known as excellent dry lu-
bricants, forming a thin tribolayer that simultaneously protects the coating [28]. The
TMDs have a weak bond (Van der Waals) force within the structure. This unique bonding
characteristic leads to easy slipping of different layers, resulting in low friction. TMDs
are not used/recommended in pure form due to their low load-bearing capabilities, low
hardness, and susceptibility to environmental degradation during sliding in diverse envi-
ronments [29]. Thus, after extensive efforts, researchers introduced C- and N-doped TMD
coatings as possible solutions for the abovementioned problems. These efforts rendered
excellent results; therefore, optimized C- and N-alloyed TMD coatings have been reported
in the past few years [30-32]. Although extensive research has been carried out on those
coatings, a study comparing the tribological performance of TMDs and DLC is still missing
from the literature. At the same time, there is limited research on the potential application
of TMD:s in the piston rings of internal combustion engines.

The current research investigates the tribological performance of various TMD coatings
doped with carbon (WSC and MoSeC) and nitrogen (WSN and MoSeN), comparing them to
a conventional DLC (diamond-like carbon) coating. The tribological tests were performed
under dry and lubricated conditions, and the results regarding friction and wear properties
were examined. One of the main objectives is to provide a starting point for the discussion
of using TMD coating instead of DLC for piston ring—cylinder liner contact in internal
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combustion engines. In this study, minimizing friction is crucial for efficiency, leading to
reduced fuel consumption, while maximizing wear resistance is essential for durability,
ensuring a longer service life for the piston ring.

2. Materials and Methods
2.1. Coating Deposition Parameters and Properties

Coatings based on C- and N-doped TMD (WSC, WSN, MoSeC, and MoSeN) and
DLC were deposited by PVD sputtering (TEER Coating). The coatings were produced
at IPN—Instituto Pedro Nunes, Portugal, a non-profit institution that interfaces with the
industry and has a wide range of optimized coating solutions for different applications.
The chamber used for the depositions had four cathodes evenly distributed in relation to
the chamber’s center, performing unbalanced close-field magnetron sputtering using DC
power supplies. The purity of all targets used in the depositions was approximately 99.99%,
and the coatings were deposited on polished M2 steel discs with a diameter of 25 mm
and a thickness of 8 mm. Before the depositions, these substrates underwent an ultrasonic
cleaning process involving 15 min of acetone and ethanol bath exposure. The specimens
were then mounted on the rotating substrate holder of the chamber and revolved at 10 rpm
in its shaft. The distance from the substrates to the targets was kept at 150 mm for all the
depositions. The chamber was then evacuated down to a base pressure lower than 0.003 Pa.
The substrates were then etched with Ar ions for 40 min, applying —600 V to the substrate
table at a frequency of 250 kHz and a reverse time of 1.6 pus with a pulsed DC power supply
(Pinnacle Plus, Advanced Energy) to remove contamination. Simultaneously, the different
targets used for the depositions were cleaned by applying power to each of them while
having the shutters in front to avoid substrate contamination. For each coating, before the
final layer deposition, an interlayer and a gradient layer with chromium were deposited to
improve the coating’s adhesion to the substrate. After that, the final coating layers were
deposited. Wavelength dispersive spectroscopy (WDS) was used to determine the elemental
composition of the coatings. The WDS detector was coupled to a field emission scanning
electron microscope (FESEM) and operated using INCA software (https:/ /www.etas.com/).
The analysis was conducted with an accelerating voltage of 15 kV. Table 1 presents the main
deposition parameters, hardness, and elemental compositions of the analyzed coatings. It

also includes references where additional information on optimizing these coatings can
be found.

Table 1. Coating designations, main deposition parameters, properties, and references.

. Base Working ces (o Hardness Thickness Reference
Coating Pressure (Pa)  Pressure (Pa) Elemental Composition (%) (GPa) (um) (DOD)

DLC 0.0003 ?::) C:99.3 0:0.7 214 2 10.1016/j.diamond.2016.10.024
MoSeN 0.0004 (A?EéN) Mo: 26 Se: 41 N: 33 4.8 2 10.1016/j.matlet.2022.131967
MoSeC 0.0003 (OASrl) Mo: 52 Se: 30 C:18 7.2 1.8 10.1016/j.surfcoat.2020.125889

WSN 0.0003 027 W: 39 5:38 N: 23 46 1 10.1016/jjmrt.2022.02.116

. (Ar + N) : : : . . jjmrt. .02.

WSC 0.0003 (&i) W: 19 S: 31 C: 50 5.8 1.8 10.1016/j.triboint.2020.106363

The roughness (arithmetic [Ra] and root mean square roughness [Rq]) of the samples
surfaces used in the block-on-ring (BoR) tests was measured using a surface measuring
instrument (Mitutoyo—Surftest SJ-500), as shown in Table 2. The directions of the measure-
ments were the same as the relative motion during the BoR tests.
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Table 2. Coating designations, main deposition parameters, and properties.

Coating Ra [um] Rq [um]
DLC 0.032 £ 0.002 0.042 £+ 0.003
WsC 0.028 £ 0.002 0.036 £ 0.002
WSN 0.034 £ 0.001 0.044 + 0.001

MoSeC 0.026 £ 0.002 0.035 £ 0.002

MoSeN 0.021 £ 0.003 0.026 £ 0.003
Ring 0.261 + 0.026 0.323 £ 0.035

2.2. Coatings’ Tribological Performance

Two test conditions, dry and lubricated, were designed for the tribological tests. A
load scanner (LS) test was used in dry conditions; the objective was to evaluate the wear
mechanism in the absence of lubricant. This condition was set to reproduce a “lubrication
failure”, thereby generating scuffing, which is characterized by localized damage caused
by solid phase welding between sliding surfaces without local surface fusion [33]. Scuffing
can also occur due to very high temperatures, causing a reduction in lubricant viscosity
and material properties [34,35].

To test the coatings in a lubricated condition, a block-on-ring (BoR) tester was used
under low sliding velocity (0.05 m/s) to reproduce mixed and boundary lubrication condi-
tions, similar to what occurs near a piston’s dead points. In this way, the aim was to subject
the coatings to more severe conditions, i.e., higher friction and wear.

In the LS tests (Figure 1a), a steel ball (AISI 52100) with a diameter of 5.5 mm and
a roughness of Ra = 0.025 um (ANSI/AFBMA 10-1983, grade 10) was slid against the
coatings for a stroke length of 8 mm (sliding velocity of 0.44 mm/s). A progressively
increasing normal force ranging from 0 to 45 N was used. The normal and friction forces
were measured and allowed the calculation of the friction coefficient throughout the sliding
process. The wear marks produced on the coatings and balls were analyzed using a 3D
digital microscope (Hirox, HRX-01) and a scanning electron microscope (Hitachi, SU3800)
equipped with energy-dispersive spectroscopy (Bruker, Quantax).

normal
force

block with

/ the coating

friction

: . force
Increasing

normal force

friction

force . oekwith

—_— _~ the coating
P

I 1

Figure 1. Representative schemes/illustrations of the (a) load scanner (LS) and (b) block-on-ring
(BoR) tests.

a) b)

For the lubricated tests performed on the BoR (Figure 1b), a ring made of AISI 3415
annealed steel, with hardness 244 & 2.8 HV2 (Duramin, Struers), was used. This ring had
an outer diameter of 115 mm and was 12 mm wide. The ring rotated to produce a relative
velocity of 0.05 m/s against the coated blocks, low enough to minimize hydrodynamic
effects [36]. A synthetic oil (polyalphaolefin—PAO 8) without additives was used as a
lubricant so that it could interfere with the contact mechanisms between the ring and the
coatings. The temperature of the ring was controlled at three different levels during the
BoR tests: 20 °C, 60 °C, and 100 °C. The increase in the temperature of the ring—and
consequently of the oil in contact with the block—was intended to reduce the 0il’s viscosity,
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thereby inducing wear processes and increasing friction. The BoR tests were performed
under a normal force of 10 N between the block and the ring, resulting in an average contact
stress of 19 MPa, according to the Hertz theory of contact for purely normal loading of
solids [37-39]. The total sliding distance of each run was 196 m. Data were recorded using a
data acquisition device (National Instruments, USB 6009) with an acquisition sampling rate
set at 1 kHz. A total of 7200 points per revolution were used for post-processing analysis.
A summary of the operational parameters used in the BoR tests is shown in Table 3.

Table 3. Summary of the operating parameters used in the block-on-ring (BoR) tests.

T sty TR S S
20 6
60 3 10 0.05 196
100 3

A novel procedure was created for the wear analysis of the coatings in the post-BoR
tests. It comprises three steps (Figure 2): In Step 1, images of the wear scars on the block
surface were captured using a 3D digital optical microscope (Hirox, HRX-01). In Step 2,
a micrograph of each block was subjected to the image segmentation technique, making
it possible to highlight each wear scar separately. A Python script (named “code 1”) was
used for this purpose. This script is based on Otsu’s algorithm, and it was previously used
and validated in previous studies [40,41]. Step 3, the binarized image of each block was
processed through a second script, also coded in Python and named “code 2”. This code
calculates the wear volume of each scar based on the volume of the circular segment of the
ring that penetrates the block. Still regarding step 3, the Python script (code 2) was based
on the measurement of the scar width (w) as a function of the length (x) of the wear scar.
Equations (1) and (2) exhibit the mathematical expressions implemented in the Python
script (code 2).

V= %(f(Gi—SinGi))Ax (1)
i=1
0; =2sin"! (;U—Ié) )

where V is the wear volume [um3], N is the total number of segments (pixels) that comprise
the scar length [-], R is the radius of the ring [um], 6; is the angle of the wear scar in each
segment [rad], wj is the scar width in each segment [um] and Ax is the distance between
segments (pixel resolution) [pm)].

normal
block with force wear scar
the coating width

ilil

V=fwR)
code 1 code 2
—p ) w=f(x)
b) c)

wear scar binarized wear scar

Figure 2. Illustration of the methodology used to estimate the average volume loss V (in mm?) in the
wear scars: (a) each wear scar is captured under an optical microscope; (b) the image is binarized to
a black and white image using code 1; (c) code 2 determines the width of the wear scar along the
length of the wear mark and calculates the volume (this figure shows a wear mark in MoSeN, tested
at 20 °C).
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3. Results
3.1. Load Scanner (LS) Results

The dry friction results obtained in the LS tests are shown in Figure 3. At the beginning
of the LS test (from 0 to 2 mm), friction displayed high oscillations due to the running-in
effect, i.e., the adaptation of the surfaces of the coating and the ball by breakage of asperities
until the steady-state stage was reached. After 2 mm of displacement, with normal forces
greater than 11.25 N, friction became more stable (average values shown in Figure 3b).
However, in the stable phase (after 2 mm), DLC presented more oscillations than TMDs. In
this dry test, the friction of the TMDs coatings was quite similar, with an average of 0.095,
which is around 30% of that observed for the DLC coating (0.33). In wear tests where the
counterbody repeatedly passes over the coating, the low friction of in TMD coatings is
mainly attributed to the formation of a low-shear-strength interface (tribolayer) over the
surfaces in contact [27,42]. However, in the case of the LS test, only a single pass of the ball
on the coatings occurred. Therefore, the low friction observed for the TMD coatings in the
LS tests was due to their shearable planes, which align near the surface and are recognized
as an intrinsic characteristic of this type of coating.

—DLC —WSC —WSN —MoSeC —MoSeN

| Al ST B o AN et
WM M&W‘*’ I'WW e e nw;’.‘,‘!.‘;ﬂmn"mu...,‘::
| | ! ‘ 0.10
70 Normal force 45N
WsC

2 3 4 5 6 7 8 b DLC WSN MoSeC MoSeN
Distance [mm)] ) Coatings

Figure 3. Friction coefficient measured in the LS tests for all coatings. (a) Friction coefficient as a
function of sliding distance and applied normal force; (b) average value between 2 and 8 mm (normal
load: 11 to 45 N; average contact pressure: 1.02 to 1.65 GPa).

The friction and wear marks of the DLC coating in the LS test are correlated and
explored in more detail in Figure 4. As the worn tracks of the TMDs were imperceptible in
the LS tests, this type of analysis was not possible to conduct for those coatings.

—DLC

Figure 4. Detail of friction coefficient and wear obtained for the DLC coating in the LS test.
(a) Coefficient of friction as a function of distance; (b) worn track seen via scanning electron mi-
croscopy (SEM); (c) worn track seen via digital optical microscopy; (d) wear scar on the steel ball.
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As shown in Figure 4, the LS test produced a significant mark on the DLC coating.
When observing the path using scanning electron microscopy (Figure 4b), patterns sug-
gested the adhesion of the steel ball material over the worn track. At the beginning of
the displacement, friction was relatively high and unstable. After this running-in period
(around 2 mm), the adhesion process began, with an increase in the magnitude of the
friction force induced by the growth of the agglomerated material in front of the ball.
When the material accumulated in front of the sphere reached a critical dimension and
finds anchoring points, dunes of adhering material were formed, with a reduction in the
friction force. Fluctuations in friction occurred from a distance of 2 to 8§ mm. They were
characterized by some rapid increase in friction, whose moment coincided with a greater
amount of material adhering to the track, as seen in the places marked by gray arrows. The
worn mark on the sphere had a circular shape with a diameter of 240 um (Figure 4d).

Figure 5 shows a detailed analysis (including elemental analysis) of the wear track
of the DLC coating. As shown in the EDS of Figure 5d, the material adhered to the DLC
coating indicated the presence of iron, which suggested the material attached to the steel ball
counterpart. The absence of chromium (Figure 5c) from the intermediate DLC layer indicated
that the material substrate (M2 steel) was not reached, confirming that the iron originated
from the ball. Since DLC showed adhesion in the absence of lubrication, it may indicate a
propensity for scuffing when applied to cylinder rings. TMD coatings, on the other hand, did
not show this propensity, since they did not show any wear marks in this dry test.

Figure 5. Wear analysis of DLC coating. (a) Scanning electron microscopy; (b) detail emphasizing
adhered material; (¢) chromium map derived from energy-dispersive spectroscopy (EDS); (d) iron
map derived from EDS.

3.2. Block-on-Ring (BoR) Results

The performance of the coatings under lubricated conditions was evaluated using the
block-on-ring (BoR) tester. Figure 6a illustrates the friction coefficients measured in the BoR
tests using oil at different temperatures. In this graph, the error bar represents the standard
deviation of the CoF considering all runs performed as each temperature (six repetitions
at 20 °C and three repetitions at 60 and 100 °C). An increase in friction was noticeable at
60 °C compared to 20 °C and 100 °C for C-doped TMD coatings, specifically MoSeC and
WSC. The rise in o0il temperature from 20 to 60 °C reduced the oil’s viscosity, subjecting the
contact surfaces to more direct contact between asperities during the boundary lubrication
regime. However, another phenomenon appeared to prevail at a temperature of 100 °C,
since the friction reduced to the same level as 20 °C. A possible explanation is the formation
of a film adsorbed on the surface at the highest temperature (100 °C), which may be the
product of a chemical reaction with carbon. This hypothesis will be the subject of further
investigation. This friction rise at 60 °C was not observed in N-doped TMD coatings. When
considering the average of the friction values measured in the twelve tests (temperatures
from 20 to 100 °C—Figure 6b), the DLC coating produced greater friction than most TMD
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coatings, a behavior already verified in the dry tests (Figure 3b). The WSN coating also
presented greater friction, resembling that of the DLC coating.

020°C @60°C ®W100°C

MoSeN WSN WsC b) oLC MoSeN MoSeC WSN wsc

Figure 6. Coefficients of friction obtained in the BoR tests. (a) Coefficients of friction at 20, 60, and
100 °C; (b) mean CoF, considering all three temperatures.

The friction analysis provides insight into the efficiency performance of the studied
coatings. However, the durability of these materials is crucial for a comprehensive compar-
ative analysis, especially for their application in piston rings. Therefore, the wear of the
coatings measured in the BoR tests was also accessed.

Figure 7 shows the wear rate of the coatings obtained in the BoR tests for the different
temperatures tested. DLC showed the best wear resistance among all coatings in the
BoR tests. It is worth noting that DLC is well known for its exceptional wear properties,
primarily attributed to its high surface hardness and robust bond with the interlayer. In
this study, the surface hardness of DLC was observed to be 3.8 times higher than that of
TMDs, potentially accounting for the superior wear performance of DLC in the BoR tests.

8

D20°C @60°C W100°C
7

Figure 7. Wear rate results measured in the BoR tests. (a) Wear rates at 20, 60, and 100 °C, (b) mean
wear rate.

On the other hand, the negative highlight in terms of wear in the BoR tests was the
performance of MoSeN. Although this coating showed lower friction coefficients (Figure 6),
MoSeN presented a higher wear rate, especially at 60 and 100 °C. These high wear rates
(above 60 °C) resulted in the rupture of the 2.2 um thin-film layer in the respective tests
(totaling six runs), as verified by SEM/EDS (Figure 8). Chemical analysis of the deepest
regions of the worn track (Figure 8c) detected iron from the substrate (M2 steel), as well as
chromium from the interlayer used to increase the adhesion of the coating to the substrate.

The main elements of the coating (Mo and Se) appear naturally in the worn regions
(Figure 8b).



Coatings 2024, 14, 1109 90f 13

18
2
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Figure 8. Wear analysis showing the rupture of the MoSeN coating (test condition: 100 °C). (a) Image
acquired using scanning electron microscopy (SEM), showing the region analyzed by energy disper-
sive spectroscopy (EDS). (b) Main elements of the coating (Mo and Se) identified by EDS. (c) Substrate
and interlayer elements (Fe and Cr) identified by EDS. (d) Spectrum of elements identified by EDS.

The coating with the second-highest wear was WSN, and no instances were detected
in which the coating wore out. However, the same cannot be said for the MoSeC coating,
as a 1.8 um coating wore out at 100 °C, as depicted in Figure 9. For the other coatings, no
wear points were seen exceeding the coatings’ thickness. It is worth noting that the DLC
and WSC coatings exhibited the lowest wear rates, as illustrated in Figure 7b.

For a complete tribological analysis, the friction and wear performance of each coating
obtained in the BoR tests were correlated, as shown in Figure 10. As mentioned previously,
the MoSeN film layer suffered localized wear that exceeded the thickness of the coating
layer in all six tests performed at temperatures above 60 °C, while MoSeC exhibited
such rupture in only one case, performed at 100 °C. These premature failures occurred at
wear rates greater than 3 x 107® mm3/Nm, as indicated by a dashed line in Figure 10a.
Considering a worn-out coating as a disqualifying criterion, the coatings that remain under
discussion in the application under study are the WS-based TMD (WSC and WSN) coatings
and the DLC (reference coating). However, the WSN presented relatively high wear and
friction, making it a less qualified option. Therefore, the coatings with the best tribological
performance were WSC and DLC. Based on Figure 10, it can be seen that the wear rate of
WSC was 130% higher than that of the DLC. However, the lubricated friction was 30% lower
than that of the DLC coating (WSC = 0.124; DLC = 0.18). This reduction in friction combined
with the absence of material adhering to the film from the counterpart is an indication of
a reduction in the risk of scuffing, making it a promising solution for replacing the DLC
coating to protect the surface of the cylinder piston rings, used in combustion engines.
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Figure 9. Wear analysis showing the rupture of the MoSeC coating (test condition: 100 °C). (a) Image
acquired using scanning electron microscopy (SEM), showing the region analyzed by energy disper-
sive spectroscopy (EDS). (b) Main elements of the coating (Mo and Se) identified by EDS. (c) Substrate
and interlayer elements (Fe and Cr) identified by EDS. (d) Spectrum of elements identified by EDS.
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Figure 10. Wear and coefficient of friction obtained in the BoR test: (a) all coatings; (b) DLC and WSC.

4. Conclusions

Load scanner tests (LS tests) demonstrated that the DLC coating is susceptible to
adhesive wear of the metal counterpart in the absence of lubrication. This condition
is similar to that in the contact between the engine ring and cylinder when there is a
lubrication failure, resulting in the catastrophic failure known as scuffing. Under the
same testing conditions, adhesion was not observed for TMD coatings. Therefore, we can
conclude that the DLC coating is susceptible to scuffing, a disadvantage not presented by
the TMD coatings selected in this study.

In the BoR tests performed under low speed in lubricated conditions, DLC exhibited
the best wear resistance. This was mainly attributed to its higher hardness magnitude,
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which is 3.8 times higher than that of the TMDs selected in the present investigation. On the
other hand, WSC, MoSeC, and MoSeN exhibited lower friction than DLC under lubricated
conditions (BoR tests), whereas under dry sliding conditions (LS tests), all studied TMDs
(including WSN) presented lower friction than the DLC coating. MoSe-based TMD coatings
exhibited the poorest wear performance in the BoR tests, including localized wear beyond
the coating layer.

Among the studied TMD coatings, WSC was the only one that showed wear perfor-
mance comparable to that of the reference coating (DLC). Despite the wear rate of WSC
being 130% higher than that of DLC, it exhibited lubricated friction approximately 30%
lower than that of the DLC coating (WSC = 0.124; DLC = 0.18). This reduction in friction
may lead to decreased fuel consumption in combustion engines. Additionally, the low
or non-existent risk of cylinder metal adhesion to the WSC coating is favorable for this
coating, as it reduces the risk of adhesive wear (i.e., scuffing). Therefore, among the various
TMD coating options, WSC is a promising candidate for replacing DLC in cylinder rings.
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