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a b s t r a c t

The work presents a detailed analysis of the synthesis, compositional, morphological,

structural, mechanical and diverse atmosphere sliding characteristics of reactive sputtered

WeSeN coatings. The aim is to perform an organized study to explore the sliding perfor-

mance in three different environments (room temperature, 200 �C and dry N2) and

disseminate the results to promote the application of TMD-N coatings for actual industrial

implementation. All coatings are sub-stoichiometric in sulphur with respect to WS2 phase.

The coatings show highly compact morphologies, as compared to the literature results.

The pure WSx coating has (100) preferential orientation. However, the N-alloyed ones

display strong (002) preferential orientation which is usually linked to a high sliding effi-

ciency. The pure and W/S/N coatings exhibit a maximum hardness values of 3.7 GPa and

8.0 GPa, respectively. The minimum friction coefficient and wear rates observed for WeS

eN coatings in room temperature, 200 �C and dry N2 are 0.09 vs. 7.2 � 10�8 mm3/Nm, 0.02

vs. 7.1 � 10�8 mm3/Nm and 0.03 vs. 9.3 � 10�9 mm3/Nm, respectively. On the other hand,

the sliding properties at room temperature are comparable to the literature for both TMD-N

and TMD-C coatings.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Solid lubrication has emerged as a dominant research field in

the past few decades. Among various low friction thin coat-

ings, transition metal dichalcogenides (TMDs) share a major

research domain. Nevertheless, due to their highly porous

morphology, low load bearing capabilities, high wear rates

and very poor ambient environment stability, the pure TMDs

did not meet the long-term industrial sliding/tribological ap-

plications [1e7]. Metal [8e24] and non-metal [1,25e32] alloying

were studied to rescue these issues. However, the non-metal

alloying (e.g. C or N) is preferred over metal alloying due to

some drawbacks of the latter. Metal alloying is not favourable

(especially in industries) due to: (i) higher operating costs of

some metals, e.g. Au; (ii) not significant and short lived

tribological performance achieved in comparison to the pure

TMD coatings; (iii) potential selective oxidation of metals like

Ti that can result in an adversely negative impact for the in-

dustrial applicability. In fact, oxidation causes generation of

abrasive particles at the sliding interface which can result in

high wear and, in some cases, coating failures; (iv) formation

of the easy shear tribolayer can be hindered if hard metal

particles remain in the contact zone/wear track and (v) the

recommended alloying contents of metals (e.g., for Ti, Cr), are

low that results in non-compact, sometimes quite porous and

columnar morphology, thus reducing the load bearing and

moisture resistance capabilities of these coatings.

Non-metal alloying gotmajor attention as it did not display

the aforementionedmetal alloying issues. Overall, for alloyed-

TMD coatings, the low hardness and porousmorphology were

resolved to a significant extent. On contrary, the efficient

tribological properties in diverse environments was still an

issue to be addressed. Additionally, systematic research on

alloyed-TMDs is also missing in previous literature. Consid-

ering these limitations reported in the literature, our group

took the responsibility to systematically study Cealloyed

transition metal dichalcogenide (TMD-C) coatings during

recent years [28e31,33e35]. The research evolved from lab-

scale to semi-industrial scale optimization.

However, some industries use only a single target (i.e.,

TMD) sputtering approach, due to the requirements of cost

cutting and ease of the deposition process. Thus, reactive

sputtering for alloyed-TMDs appears to be the key preference

over co-sputtering set ups. In such cases, C-alloying becomes

unsuitable as it needs carrier gases like C2H2 or CH4. This is

due to the fact that the use of carrier gases reduces the sput-

tering efficiency and, on the other hand, causes complexities

with impurity incorporation (e.g. hydrogen) in the coating

matrix. Likewise, H2S formation cannot be avoided which

adversely affects the stoichiometry and, in-turn, deteriorates

the easy shear properties of the system [33,36e43]. The best

green solution for avoiding these problems is the use of an

environmentally neutral gas. Hence, N-alloying is the best

available option for industries preferring reactive sputtering

systems. Besides the purity, N-alloying additionally offers an

important benefit during tribo-sliding over the deposition

with C, N can evaporate as N2 gas [44]. Hence, preventing any

adverse effects (like abrasive wear inside the wear track or the
generation of wear debris near the contact zones) on the

sliding performance of the components. These additional

benefits potentially add up to the synergetic of easy shear

TMD tribolayer formation and long-term stability of the ma-

chines/components.

Despite all the benefits, Nealloyed transition metal

dichalcogenide (TMD-N) coatings have not been explored

enough in comparison with TMD-C system and needs further

investigation. Most importantly, the development of a stable

TMD-N coating system requires a proper optimization and

investigation. In the past literature, the major focus was to-

wards the investigation of N-alloyed WS2 (or WeSeN) coat-

ings [37,41,42,45e51]. Despite this significant research on

WeSeN coatings, still an organized study is missing. For

instance, the room temperature tribological performance of

WS2 is reported in almost all literature, but testing in dry N2

has only been superficially explored [42,48,52]. At the same

time, up to our knowledge, there are no reports of the sliding

performance of WeSeN coatings in vacuum while, only one

study reports the high temperature tribological studies (under

3 N applied load) of these coatings [51]. The main point which

we want to convey is that: for the development, optimization

or at least detailed exploration of WeSeN coatings for diverse

environment sliding applications, a systematic study in

different environments is needed. This should be done by

testing one set of coatings in different environments, so that a

proper propertyeperformance relationship is shared with the

scientific community. Similarly, another important point is

that most of the room temperature tests performed in

ambient air, vacuum and dry N2 published in the literature on

the TMD-N coatings reports the testing performed at or below

5 N [42,45,48,52e54]. There are only few studies (ref

[26,37,41,47]) that report the ambient air room temperature

tribological testing of TMD-N coatings at 10 N applied loads

while, no reports are present for tests performed under 10 N in

any other atmosphere. Contrarily, for TMD-C coatings, 10 N is,

at least, a load which almost all studies have reported. So,

considering this last point, comparison between TMD-C and

TMD-N coatings will be more viable if the sliding perfor-

mances under 10 N applied load can be explored for various

environments. Lastly, based on our recent experience with

TMD-C coatings [30,31], it seems possible to optimize the

crystal structure of TMD-N coating in such away that it can be

preferentially oriented in (002) direction for efficient lubrica-

tion. This optimization of deposition approach to achieve

these structural properties is also needed, as it significantly

enhances the sliding properties.

Considering the above-mentioned research gaps and is-

sues, this work is dedicated to the optimization of TMD-N

coatings for industrial applications. Mainly, the presented

research deals with the optimization of DC sputtered WeSeN

coatings with respect to morphology, crystal structure and

mechanical properties. This is followed by a systematic

exploration of the tribological properties of WeSeN coatings

at room temperature in ambient air, at 200 �C and in dry N2,

while, sliding under an initial contact pressure of ~1 GPa. In

the end, a very brief comparison is also discussed between

WeSeN coatings developed in this work and the recently re-

ported WeSeC coatings studied by our group.

https://doi.org/10.1016/j.jmrt.2022.02.116
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2. Experimental procedure

The reactive direct current magnetron sputtering (DCMS) of

pure WS2 and a series of N-alloyed WS2 coatings were carried

out in a Hartec® deposition chamber. The original chamber

provided by the company was equipped with only one cath-

ode but was later modified using inhouse facilities to accom-

modate an extra cathode. The top view schema of the

deposition unit is shown in Fig. 1.

The cathode 1 was assigned to WS2 target (99.9% purity)

and the cathode 2 was assigned to a Cr target (99.99% purity)

which was used for the deposition of interlayer and gradient

layers. Both targets 140 cm � 140 cm x 0.8 cm in dimensions.

In this research work, two different types of substrate mate-

rials were used-a) polished AISI 52100 steel (Ø 25 � 7 mm) and

polished Si (111) substrates for adhesion critical load,

tribology, chemical composition, deposition rates, coating

thickness, cross-section and surface morphology, crystal

structure and mechanical properties analysis. For the prepa-

ration of the steel substrates, theywere first grounded in steps

using emery papers (grit sizes ¼ P180 to P1200) and then fine

polished using diamond suspension (size ¼ 3 mm) to achieve a

final roughness (Ra) less than ~0.05 mm. For the chamber

preparation, the chamber wall coverings were removed and

cleaned using sand blasting to avoid contaminations from

previous use. This was followed by chamber assembly, target

placement and target discharge. Next step was substrates

placement in the chamber, prior to which, they were ultra-

sonicated in acetone and ethanol for 15 min each. Substrates

were dried with hot air and attached to the sample holder

(rotation speed ¼ 10 rev/min) located at a substrate to target

distance of 10 cm. The chamber was then pumped down to a

base pressure of 1 � 10�5 Pa. Prior to each deposition, both

targets and substrates were sputter cleaned in Ar gas atmo-

sphere under 0.3 Pa pressure. This cleaning was carried out in

a systematic way: in the first phase, Cr target was cleaned for
Fig. 1 e Top view schema of the deposition chamber and

target arrangement.
20 min by applying a DC power of 500 W, with shutter in front

to avoid cross-contamination. Simultaneously, the etching of

substrates was carried out by applying a pulse negative

voltage bias of 240 V, frequency of 250 kHz and pulse-on time

of 1600 ns. The second phase of cleaning began after 20 min,

when the power applied to Cr target was turned off, the power

to WS2 (P ¼ 350 W) was turned on and the shutter was moved

in front of it. The time duration of this stage was also kept

same i.e., 20 min and after which, the target cleaning and

substrate etching were terminated. Before final depositions,

Cr interlayer and Cr-WS2 gradient layers were deposited for

adhesion enhancement. Cr interlayer was deposited by

applying a power of 1200 W to Cr target for 5 min and main-

taining a pressure of 0.53 Pa. For gradient layer deposition, the

pressure was changed to 0.3 Pa, the WS2 target was switched

on. For the next 5 min, the power of WS2 target was fixed to

350 W while, the Cr target power was gradually reduced to

0 W.

For all the final coating depositions, the DC power applied

to the WS2 target was fixed to 350 W. The N gas flow rate was

varied to achieve the compositional and other property vari-

ations. For pure WS2 coating, N gas flow was 0 sccm while for

WeSeN coatings, the flow rates of 5, 12.5 and 20 sccm were

used. A deposition pressure of 0.3 Pa and 120 min total

deposition time were used at this stage. A list of the deposited

coatings and their main deposition parameters are shown in

Table 1. Note that from now onwards, the coatings will be

designated as mentioned in Table 1.

Chemical composition of the coatings was accessed by

wavelength dispersive spectroscopy (WDS). TheWDS detector

is attached to the field emission scanning electronmicroscope

(FESEM) and is operated through INCA software. The analysis

was performed with 15 kV accelerating voltage.

For the observations of the surface and cross-sectional

morphologies, FESEM was used. Surface morphology micro-

graphs were acquired as it is from the as deposited coatings

while, freshly cut surfaces were used for cross-sectional im-

ages. In both cases, magnification of 15 kx were used. The

coatings deposition rates were calculated using the thickness

measured from cross-sectional micrographs.

For the crystal structure analysis, X-ray diffraction (XRD)

utilizing copper Ka1 (l ¼ 1.5406 �A) and operating in grazing (3�)
mode was used.

Mechanical properties namely, hardness and reduced

Young's modulus were measured by nanoindentation equip-

ment using the method developed by Oliver and Pharr [55]. A

Berkovich diamond indenter was used for indenting the

deposited coatings under 2 mN applied load. The applied load
Table 1 e Main deposition parameters used during the
systhesis of the coatings.

Coatings
designation

WS2 target
power (W)

N2 flow
(sccm)

Ar flow
(sccm)

Total
deposition
time (min)

WSx 350 0 21.9 130

WSN5 350 5 21.9 130

WSN12.5 350 12.5 21.9 130

WSN20 350 20 21.9 130

https://doi.org/10.1016/j.jmrt.2022.02.116
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was selected after some preliminary tests using dissimilar

loadswith the aim to use a load such that the total indentation

depth remains less than 10% of the final coating thickness. For

each sample, measurements were taken from two different

zones. A total of 16measurements were acquired at each zone

and then, the average was calculated. Measured values of

hardness and reduced Young's modulus were later used for

the calculations of elastic strain to failure and fracture

toughness (H/E* and H3/E*2, respectively) of the deposited

coatings.

Adhesion critical loads were measured using scratch

testing apparatus. A Rockwell indenter with tip radius of

0.2 mm is used to scratch the coatings under a progressive

loading of 5e40 N. The conditions selected for scratching were

10 mm/min scratch speed and 100 N/min of loading rate. The

substrates were then observed in optical microscope to

quantify the resistance against scratch and failure

mechanisms.

Finally, after all the above-mentioned characterizations,

the most important testing i.e., tribological tests were carried

out. Tribological tests were performed at room temperature in

ambient air (relative humidity¼ ~35e45%), at 200 �C and in dry

N2 atmospheres using an Optimol SRV testing equipment

operating under reciprocating sliding movement. A 100Cr6

steel ball of 10mmdiameter operating under 10N applied load

(initial Hertzian contact pressure ¼ ~ 1 GPa) was used as

counter body. The stroke length, linear sliding velocity and

reciprocating frequencywere fixed to 2mm, 0.1m/s and 25Hz,

respectively. The maximum total selected sliding duration

was set to 1200 s, resulting in a total of 60,000 cycles (one pass

is considered as one cycles). This duration was selected based

on preliminary tests to ensure that the coatings do not totally

worn-out. In the post tribological testing, imaging of wear

scars on the wear tracks of the coatings was carried out in an

optical microscope. For the calculations of the wear volume,

the wear profiles were acquired using stylus profilometer

(Surftest SJ-500). Wear volume, applied load and sliding dis-

tance were used to calculate the specific wear rates of the

coatings, according to Archard's law [56].
3. Results

3.1. Chemical composition and deposition rates

The chemical composition, S/W ratio, coating thickness and

deposition rates are presented in Table 2. During WDS anal-

ysis, the quantifications were acquired with and without ox-

ygen and carbon, but only the latter ones are shown. Overall,

theWSx coating display themaximum contribution of these C

and O contaminants when compared to WeSeN coatings.
Table 2 e Chemical composition, S/W ratio, thickness and dep

Coatings N (at. %) W (at. %) S (at. %) S/W

WSx e 40.0 ± 1.5 59.0 ± 1.2 1.47

WSN5 14.6 ± 0.5 39.0 ± 0.1 45.6 ± 0.5 1.17

WSN12.5 23.0 ± 1.8 38.1 ± 0.9 37.9 ± 0.8 0.99

WSN20 25.5 ± 0.2 35.6 ± 0.4 38.1 ± 0.2 1.07
Increasing N flow leads to a significant reduction of the

contaminants.

WSx coating is sub-stoichiometric with S/W value of ~1.5,

instead of 2. Due to this low ratio, the designation for the pure

coating is assumed as WSx, and not WS2. It will be seen later

that this will have an impact on the cross-sectionmorphology

of the WSx coating. As expected, increasing N flow rate trig-

gers an increase in the N content of the coatings in the range

of ~14e~26 at. %. With the introduction of even the lowest

amount of nitrogen in the WSx coating, S/W ratio show a

significant decrease. WSN5 coating having 14.6 at. % N dis-

plays a S/W ratio of 1.17. Increasing the nitrogen content to

23 at. % for the WSN12.5 coating results in an additional

decrease of the ratio to 0.99. With further increments in the N

flow to 20 sccm, the ratio does not significantly change.

The measured deposition rates of the final coatings are

presented in Table 2. The WSx coating show a deposition rate

of 17.3 nm/min, which is the lowest among all the deposited

coatings. With the introduction of N in the chamber, the

deposition rate increase to 20.3 nm/min for the WSN5 coating

and it is actually the maximum deposition rate measured.

With further increase of the N flow rates to 12.5 sccm

(WSN12.5) and 20 sccm (WSN20), the deposition rates

decrease to 18.1 nm/min and 17.7 nm/min, respectively.

3.2. Surface and cross-sectional morphology

The surface and cross-sectional morphologies of the coatings

are shown in Fig. 2. Three zones can be distinguished in the

reference WSx coating: interlayer, gradient layer and final

coating. TheWSx coating is slightly porous as compared to the

other coatings. This WSx coating displays a columnar cross-

sectional morphology with spaces between the columns.

Similarly, the porosity is also visible in the surface

morphology micrographs. Despite this porosity, the grains

grew in a cauliflower type morphology (caused by limited

surface mobility). This morphology contradicts the morphol-

ogies of most sputtered pure TMD coatings reported in the

literature, where needle/sponge like morphology has been

reported [1,32,34,57].

With the introduction of N in the chamber, the coatings

become compact. The coating with lowest N (WSN5 coating)

displays a dense columnar cross-section morphology and a

cauliflower surface morphology (like WSx coating). However,

this coating seems to be more compact than the WSx coating.

This means that the porosity is reduced to a greater extent.

With further increments in the N content, compactness con-

tinues to increase with no vestiges of the columnar

morphology or porosity evident from cross-sectional micro-

graphs. The WSN20 coating with the highest N is the most

compact and nearly featureless one. In all the N-alloyed
osition rates of coatings.

Final coating thickness (mm) Deposition rate (nm/min)

1.12 17.3

1.21 20.3

1.16 18.1

1.10 17.7

https://doi.org/10.1016/j.jmrt.2022.02.116
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Fig. 2 e Cross-section and surface morphologies of the coatings e cross-section morphology: a) WSx, b) WSN5, c) WSN12.5,

d) WSN20 and surface morphology: e) WSx, f) WSN5, g) WSN12.5, h) WSN20.
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coatings, it is hard to distinguish the gradient layer due to

their similarity to the top coating's morphology. Regarding the

surface morphologies of WSN12.5 and WSN20, the micro-

graphs depict very smooth surfaces with only minor features

visible and no porosity.

3.3. Structure

X-ray diffraction patterns of the deposited coatings are dis-

played in Fig. 3. The WSx coating displays a X-ray pattern

typical of sputtered TMD coatings. The (100) peak observed at

~33 - 45 is broad and displays an extended shoulder, which is a

typical feature of sputtered TMDs. Wiese et al. [58] explained
that this broadness of peak happens due to the turbostrating

stacking of the 10 L planes (L ¼ 1,2,3, ….). Some minor peaks

related to both pure WS2 and substrate are also observed at

~62 and ~71. Two very crucial observations that should not be

ignored here are: i) the shift of the diffraction peaks to the left,

when compared to the pure WS2 standard (ICCD card:

087e2417) and ii) the broadness of the diffraction peaks. For

example, the centre of (002) shifts from standard 14.3 to ~12

and moreover, it is quite broad. This will be further explained

in the discussion section.

With N additions, for both WSN5 and WSN12.5 coatings,

the preferential orientations shift from (100) to (002), and the

intensity of the (002) peak increases. The centre point of the

https://doi.org/10.1016/j.jmrt.2022.02.116
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Fig. 3 e XRD difractograms of the coatings acquired in the

grazing incidence mode.

Table 3 e Ahesion critical loads, hardness, reduced
Young's modulus, elastic strain to failure and fracture
toughness of the deposited coatings.

Coatings Lc2-Adhesion
critical
load (N)

Hardness
(GPa)

E*-Reduced
Young

Modulus
(GPa)

H/E* H3/
E*2

WSx 9.5 ± 0.2 3.7 ± 0.5 69.5 ± 2.3 0.05 0.01

WSN5 18.0 ± 0.4 6.6 ± 0.3 73.5 ± 1.7 0.09 0.05

WSN12.5 20.0 ± 0.2 8.0 ± 0.2 82.8 ± 2.6 0.10 0.07

WSN20 21.0 ± 0.6 7.2 ± 0.3 96.0 ± 3.1 0.08 0.04
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(002) diffraction peak shifts more towards lower angles and

the peak broadness increases. The presence of the (002) peaks

and peak shift to lower angles are expected to positively affect

the tribological properties of these coatings as reported in ref

[30]. Finally, for WSN20 coating, the structure is broad with no

well-defined peaks. This means that addition of third element

above a certain value disturbs the structural growth of TMD

crystals and make them XRD amorphous [31,32,52]. Actually,

very small WS2 nanocrystals might be present in this coating,

but as XRD has a limitation that it cannot detect particles less

then ~5 nm, the obtained pattern is quite amorphous [31].

3.4. Mechanical properties

The mechanical properties of coatings play a vital role in the

long-term durability and load bearing characteristics of the

coatings. For the analysis of mechanical properties, adhesion

critical load, hardness, elastic strain to failure and fracture

toughness measurements were performed. The results of

these analysis are shown in Table 3. All the coatings display

the first onset of the adhesion failure, Lc2 only. In quantitative

terms, the WSx coating displays Lc2 value of 9.5 N which in-

creases to 18 N for the coating with lowest N content (WSN5).

This Lc2 becomes 20 N and 21 N for WSN12.5 and WSN20,

respectively. So, increasing N increases the adhesion critical

loads of the coatings. Overall, the coatings are strong enough

to resist delamination from the substrates and even for the

WSx coating, no Lc3 failure is detected. From our previous

experience [34], the adhesion of the coatings shows satisfac-

tory results with expectations of good tribological results.

The hardness of theWSx coating is ~3.7 GPa which is higher

than the values reported in literature for pure TMD coatings,

where coatings display hardness less than ~1 GPa

[34,37,54,59,60]. While comparing all WeSeN coatings, the

hardness increases from~6.6GPa (WSN5) to ~8.0GPa (WSN12.5)

and then decreases to ~7.2 GPa (WSN20 coating). Also, the

Young's modulus values increase with increasing N content.
Finally, in this section, the parameters related to elastic

strain to failure (H/E*) [61], and fracture toughness (H3/E*2)

[62], are calculated as presented in Table 3. These values are

related to the elastic energy storage in thematerials and to the

wear resistance of the materials, respectively. Higher values

of these parameters are considered better for the tribological

performance [63]. In present study, these values follow same

trend as hardness, so, it is expected that the WSN12.5 coating

will out-perform the rest.

3.5. Tribological performance

The tribological tests were performed for all the coatings to

analyse the combined effects of all above mentioned proper-

ties on the sliding performance in ambient air at room tem-

perature, at 200 �C in ambient air and in dry nitrogen

atmospheres.

3.5.1. Coefficient of friction and specific wear rate at room
temperature
Figure 4 shows the average friction co-efficient (COF) and the

specific wear rate values of all the coatings at room temper-

ature in ambient air. The average COF values are calculated

from the steady state regions of the friction curves. In all the

coatings, the starting point for average calculation is fixed at

200 s. This is because the coatings are efficiently sliding in the

steady state zone. The end point is either the end of the testing

durations (for coatings sustaining the whole test) or a point

just before a sharp spike in the COF is observed (for the

coatings that could not sustain the whole testing duration).

Similarly, for the wear rate calculations, the tracks are studied

from the tests that were stopped just at the very beginning of

the spikes in COF. The idea behind this approach is to study

wear while remaining inside the final coating and not in the

gradient/interlayer.

The average steady state COF of the WSx coating is 0.09.

This coating starts to worn out after 820 s, which results in a

sharp increase in the COF. However, it shows a high specific

wear rate value of 4.1 � 10�7 mm3/Nm. The WSN5 coating

displays the highest average steady state COF of 0.15. Irre-

spective of the increments in the COF, the specific wear rate is

quite low as compared to theWSx coating i.e., 1.0� 10�7 mm3/

Nm. Also, the WSN5 coating sustains the whole sliding dura-

tion without any signs of wearing through the gradient layer.

As the N is further increased (WSN12.5), the COF again de-

creases to 0.09, with coating sustaining the whole test dura-

tion. This coating displays the most stable COF response. The

https://doi.org/10.1016/j.jmrt.2022.02.116
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specific wear rate of 7.2 � 10�8 mm3/Nm, for this coating is

also the least observed among all deposited coatings. Finally,

the coating with highest N content (WSN20) displays an

average COF value of 0.11, with the maximum sliding limit of

920 s. The frictional response of this coating is very poor,

highly unstable even in the steady state region. Furthermore,

it displays the highest specificwear rate of 6.1� 10�7mm3/Nm

among all the coatings. Overall, the specific wear rates of pure

and WSN20 coatings are very close to each other.

3.5.1.1. Wear track images. For all coatings, the selected wear

track images are presented in Fig. 5, while their corresponding

cross-sectional wear profiles are shown in figure S1 of the
Fig. 5 e Typical wear track of the: a) WSx, b) WSN5, c) WSN12.5

temperature.
supplementary document. Two differentmorphological zones

are evident from thewear track image of theWSx coating. The

track is partially covered with the tribolayers, as marked by

points T. Rest of the zones have similarmorphology as point C

and are not covered by the tribolayer. The maximum depth of

the wear scar detected by the profilometer is ~0.9micron. This

means that although the gradient layer is not exposed, the

sliding was occurring at the near verge of outer/final coating

removal. This agrees with the fact that the testing was halted

just at the very beginning of the spike in the COF. WSN5

coating's wear track is coveredwith the tribolayer zones in the

middle areas only. Tribolayer is not detected on the side re-

gions. Both these zones/morphologies are marked by letters T
and d) WSN20 coatings tested in ambient air at room
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(tribolayer) and C (uncovered). Themaximumwear scar depth

detected by the profilometer is ~0.37 microns, proving the

sliding is occurring inside the final coating. The wear track of

the best performing coating, WSN12.5, is fully covered with

the tribolayer. No morphological differences are evident from

the wear track images. This means that during testing, the

sliding was always governed by the tribolayer. This sliding

mechanism coupled with the wear track uniformity is the key

reason behind the highly stable and efficient frictional per-

formance of WSN12.5. The maximum wear scar depth is

merely 0.25 microns, justifying its superior wear resistance

than other coatings. For the coating with the highest N con-

centration i.e., WSN20, although the average COF is not much

different from WSN12.5, the instability in frictional response

and early failure are related to the fact that most of the wear

scar is not covered by the tribolayer and at the same time,

excessive abrasive wear is detected as marked by point D (the

reasons are discussed thoroughly in section 4.2). The tribo-

layer and uncovered zones are againmarked by same points T

and C, respectively. Further, the wear scar profiles clearly

show that the sliding was mostly occurring against the

gradient layer as the maximum measured depth is ~1.25 mi-

crons (against 1.1 micron of outer coating thickness). The

Raman spectroscopy was used to identify the different zones.

The Raman spectra from tribolayer and as-deposited coating

zones for one of the coatings is shown in supplementary

material, as a reference.

3.5.2. Coefficient of friction and specific wear rate at 200 �C
The achieved average COF and specific wear rates of the

coatings tested at 200 �C in ambient air are shown in Fig. 6.

Similar to the tests performed at room temperature, the

average COF values are calculated from the steady state re-

gion. Unlike the room temperature tests, the starting points of

the steady state calculations are not fixed to 200 s, as each

coating displayed its own specific steady state beginning time.

For the selection of the end point of the steady state zone and

the specific wear rate calculations, similar procedure is fol-

lowed as has been reported for the ambient air testing.

In the present case, the WSx coating displays an average

COF value of 0.04 which is much less than the room temper-

ature average COF. The steady state zone of this coating starts
Fig. 6 e Average steady state friction coefficient (a) and specific
from150 s and lasts till 850 s, afterwhich, continuous spikes in

the COF are observed. The specific wear rate just before the

start of spike zone is 3.0 � 10�7 mm3/Nm, a value highest

among all the 200 �C tests. The WSN5 coating's steady state

zone starts from 350 s and lasts till the end of the testing

duration. The average COF displayed by this coating is 0.05.

Although the COF of WSN5 also decreases from room tem-

perature to high temperature tests, this value is still higher

than all other coatings. This means that similar trends to

room temperature testing are observed when the coatings are

compared to each other. A specific wear rate of 1.3 � 10�7

mm3/Nm is shown by this coating. With increasing nitrogen,

similar to the room temperature tests, the WSN12.5 coating

displays the best sliding properties with respect to both the

COF and specific wear rate. The average COF value of 0.02 is

shown by this coating in the steady state zone which starts

from 400 s and lasts till the end of the test. The specific wear

rate of 7.1 � 10�8 mm3/Nm is shown this coating. Finally,

despite the environmental shift, the highest N-alloyedWSN20

coating again displays unstable friction. It is not possible to

differentiate/select a steady state zone. The COF remains

fluctuating throughout the test. It gradually increases till 800 s

and then gradually decreases till the end of the test. Opposed

to what is observed in the room temperature sliding, at 200 �C,
the coating sustains the whole testing duration. An average

COF of 0.02 and specific wear rate of 1.6 � 10�7 mm3/Nm are

observed.

3.5.2.1. Wear track images. Figure 7 shows the wear track

images of the tested coatings at 200 �C. Similar to the tracks of

room temperature testing, the tracks of WSx coating after

200 �C show different morphological zones i.e., the tribolayer

and the as-deposited coating like areas. This non-

homogeneity and less tribolayer coverage of the wear track

is the reason why the COF increased after a certain number of

the sliding cycles. This is also in agreement with the wear

track profiles, shown in figure S2 of the supplementary

document. Themaximumdepth observed is close to 1micron,

a value almost closer to the exposure of the underlayers. This

relates well with the increase in the COF after certain sliding

cycles. It should be mentioned again that the shown track is

related to the test which was stopped just at the beginning of
wear rates (b) of coatings tested at 200 �C in ambient air.
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Fig. 7 e Typical wear track of the: a) WSx, a) WSN5, c) WSN12.5 and d) WSN20 coatings tested at 200 �C in ambient air.
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the friction spike. For WSN5, almost similar tribolayer zones

are observed as in the WSx coating. The higher load bearing

capability of this coating results in a maximum observable

wear depth of 0.8 micron, a value slightly lower than the WSx.
Despite the fact that the difference in wear track depth is not

very pronounced, the high wear resistance or better me-

chanical properties help this coating to sustain sliding

throughout the testing duration. As in the room temperature

test, the WSN12.5 coating displays superior high temperature

friction and wear properties, probably due to a more homo-

geneous wear track morphology. Although, abrasive wear

marks are observed, the homogeneity coupled with high

hardness helps to sustain the load much better than others. A

maximum wear scar depth of solely 0.5 micron is detected, a

value half than the highest value observed in this testing

condition. This wear depth analysis observation corroborates

well with the above-mentioned specific wear rate of this

coating. The WSN20 coating wear track is again the worse

among all with clear signs of some worn through zones

(marked by D). The presence of the highest N results in a high

amount of hard particles which cause aggressive wear at

some points. The maximum wear track depth, except the

worn through zones, is 1.0 mm. This means that when the test

was stopped, the coating was at the verge of failure. Although,

the coating lasts the whole test duration, the wear track and

wear depth further unveil the reasons of unstable COF

behaviour.

To summarize, after moving from room temperature to

200 �C, generally the COF and specific wear rates are

decreased.

3.5.3. Coefficient of friction and specific wear rate in dry
nitrogen
The COF and specific wear rates of all coatings after sliding

in dry N2 are shown in Fig. 8. All the coatings bear whole
sliding duration, unlike the tests in other atmospheres. The

WSx coating displays a steady state average COF value of

0.02 and a specific wear rate of 5.0 � 10�8 mm3/Nm, both

lower than what is observed in the other sliding atmo-

spheres. The COF reaches a value of 0.03 after only 13 s, but

continues to decrease till 600 s, after which the steady state

is reached. For WSN5 coating, the average steady state COF

and specific wear rates are 0.03 and 9.3 � 10�9 mm3/Nm,

respectively. The steady state starts almost after 50 s of

sliding duration. Contrasting the sliding behaviour observed

at room temperature and at 200 �C, this coating behaves

exceptionally well here. For the first time, this coating dis-

plays such a lower COF and the least wear rate than any

other coating. The WSN12.5 coating frictional behaviour is

similar to the WSN5 coating i.e., it displays an average

steady state COF of 0.03 and this steady state zone starts

right after 45 s of sliding. The specific wear rate is 1.2 � 10�8

mm3/Nm, which is again very close to the WSN5 coating and

the minor difference can easily be neglected. Lastly, the

WSN20 coating steady state begins after 350 s and surpris-

ingly, the frictional behaviour is very stable. An average

steady state COF of 0.04 and specific wear rate of 2.2 � 10�8

mm3/Nm are displayed by this coating. Despite the differ-

ence in the values is very small, this coating displays the

highest COF among all coatings and highest wear among the

N-alloyed coatings.

3.5.3.1. Wear track images and profiles. The wear track im-

ages of the tests in dry N2 are shown in Fig. 9, while the

corresponding cross-sectional wear track profiles are

shown in figure S3 of the supplementary material. All the

wear tracks are quite smooth and homogeneous, different

from the observations in other atmospheres, where a lot of

morphological differences were observed. This homogene-

ity of the wear tracks can be related to: 1) the highly stable

https://doi.org/10.1016/j.jmrt.2022.02.116
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and steady frictional behaviour and 2) the efficient sliding

performance to complete the whole sliding duration than in

other atmospheres. The WSx coating wear track displays

fewer abrasive marks than the other coatings which is

directly linked to the N content. Therefore, the coating with

the highest nitrogen displays more abrasive marks. The

maximum wear scar depths measured by profilometer

clearly show that the WSx coating is worn the most fol-

lowed by WSN20, WSN12.5 and WSN5, respectively. These

results are in accordance with the specific wear rate ob-

servations. All coatings are efficiently sliding in the final/

top coating, justifying no friction spikes or underlayers

exposure are observed. To summarize, it is clear on com-

parison with the profiles of other environments that the

coatings are much less affected by sliding in the dry N2

atmosphere.
Fig. 9 e Typical wear track of the: a) WSx, a) WSN5, c) WS
4. Discussion of the results

4.1. On general properties of the coatings

In regards to the composition, the sub-stoichiometry (low S/W

ratio than 2) observed for theWSx coating can be explained by:

1) the process at the substrate surface where re-sputtering of

the growing coating occurs. Although, all coatings were

deposited without substrate bias, there is always aminor self-

bias present on the substrates which result in the attraction of

Arþ ions. These ions cause the potential re-sputtering process

of the lighter S atoms from the growing coatings. Further-

more, during sputtering, the voltage developed at the target

surface results in the generation of energetic Ar neutrals.

These Ar neutrals can be reflected from the target surface and
N12.5 and d) WSN20 coatings tested in dry nitrogen.
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hit the growing coating with high energy and cause re-

sputtering of the lighter element [28,64]. 2) the process

occurring in the interelectrode space between the target and

the substrate (inside plasma). As S ismuch lighter thanW, it is

more affected by the collisions with the plasma particles,
whichmay scatter in the chamber instead of traveling straight

to the substrates. On the other hand,W is less affected by such

collisions, having a higher probability to reach the growing

coating. This difference in the scattering of S and W further

adds to the sub-stoichiometry of the coatings resulting in

https://doi.org/10.1016/j.jmrt.2022.02.116
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lower S/W ratio as observed in most of the studies on TMD

coatings. Regarding the N-alloyed coatings, theN content does

not increase linearly despite the flow rate was increased in a

systematic and linear way during depositions of different

coatings. This can be explained by the amount of free space or

sites available inside the WSx coating.

The increment of the deposition rates from the WSx to the

WSN5 coating is due to the fact that an additional element is

introduced in the chamber. This means the sputtered ele-

ments inside the plasma increased, making the coating and

the deposition rate to increase. On the other hand, the dec-

rements in deposition rates with further increase of N flow are

governed by two factors: 1) the poisoning effect of sputtering

target induced during reactive sputtering. This poisoning ef-

fect is enhanced with increments in the N flow rates thus,

reduces the sputtering yield of the target [65]. 2) the N addi-

tions make the coatings more compact, which decreases the

deposition rate, as reported in the literature [32,34,66].

The WSx coating morphology is different from the one of

sputtered pure TMDs in most of the literature. Typically, the

morphology of WSx coatings is sponge-like with very high

porosity, unlike the one observed in this work [1,26,67]. The

reason for this is associated to the low S/W ratio. Anyway, this

achievedmorphology of theWSx coating is a plus point, as such

minorly compact coatings are capable of resisting catastrophic

failures [31] and thus, can sustain for short duration sliding

cycles, which is good for applications requiring one time use of

the coated component. With N-alloying, the observed mor-

phologies are in accordance with literature and as expected

from our previous experiences [1,31,34], the type of morphol-

ogies observed for coatings deposited here are expected to

display excellent tribological performances, as shown in sec-

tion 3.5. It is reported in literature that the sputtered TMD

coatings can show two types of preferential orientations, i.e.,

either the (100) or (002) [31,68]. In the present case, the WSx
coating display (100) preferential orientation. Indeed, the ob-

tained relative intensities for the (100) and (002) diffraction

peaks divided by their relative intensities in the powder ICDD

card of WS2 (ICCD card: 087e2417) indicate a (100) preferred

orientation. Basically, the (100) orientation dominates if the

(100) planes grow nearly parallel to the surface, whilst a (002)

preferential orientation dominates if the (002) planes grow

nearly parallel to the surface. The WSx coating peak broadness

and shift to lower angles is related to the low S/W ratio as

compared to the pure WS2 standard. This low ratio induces

structural disorders inside the coatings and thus, a shift to

lower diffraction angles and peak broadness are observed. The

shift of preferential orientation, from (100) to (002), increase of

(002) diffraction peak intensity, their broadening and shift to

lower diffraction angles with N-alloying is due to multiple

factors: 1) the incorporation of N flux in the chamber. It is well

understood that the re-sputtering of S causes the availability of

free W, which can react with N. Such phases partially super-

impose the peak of WS2, leading to the broadening of the (002).

2) similar to the referenceWSx coating, the lower S/W ratio also

shifts the XRD diffraction peaks to lower angles. This shift is

enhanced with N-alloying as N can go and settle between the

basal planes, causing the lattice parameter to expend (which is

in agreement with the literature reports [69,70]. Additionally, N

can be forming a solid solution in the TMD structure,
estabelishing bonds with W, resulting in a shift of the XRD

difraction peaks. This has never been reported in the literature.

Thus, a detailed investigation on this hypothesis needs to be

carried out. 3) the increased deposition rate enhances the

deposition of second layer of (002) prior to the desorption of the

first layer thus, enhances the (002) peak intensity or preferen-

tial orientation [68]. Regarding the (100) peaks, they become

broader and display very low intensity, as it is not the preferred

orientation after N additions. The amorphous nature of the

coating with highest N concentration is not a new observation.

The literature shows multiple reports where with increasing

alloying contents, the structural integrity of TMDs is disturbed

to the limit where the TMD crystals become undetectable in

XRD analysis [31,52].

The critical adhesion load results align with the morphol-

ogies of the coatings i.e., the adhesion load increases with

increasing compactness. Thus, N content is directly linked to

increase of compactness and adhesion. This means that the

load bearing capability increases resulting in greater crack

propagation resistance.

The higher hardness of WSx coating as compared to those

reported in the literature for sputtered WS2 coatings is related

to their compact morphology (section 3.2, Fig. 1a) and conse-

quently to the low S/W ratio. From WSx, with increasing N

content, an increase in the compactness is observed. On the

other hand, the incorporation of N creates more amount of

phase with strong WeN bonds which further promotes an in-

crease in hardness. For the highest content of N, the structure

evolves from a nanocomposite to a complete amorphous phase

which canbe the reason behind the decrease inhardness value.

4.2. Tribological results

For readers convenience the COF and specific wear rates

values of the coatings tested at different environments/tem-

peratures are summarized in Fig. 10. The trends observed

during room temperature tribological tests can be explained in

relation to the basic characteristics of the coatings described

in sections 3.1 to 3.4. Lowest COF are shown by WSx and

WSN12.5 coatings. The WSx coating displays low COF due to

its very soft nature. This softness leads to an easy low shear

tribolayer formation ofWS2 basal planes parallel to the sliding

direction. Based on our recent reports on the tribolayer for-

mation mechanisms [71], it can be said that with softer coat-

ings, the worn material which gets entrapped as third body is

easy to align under the applied load during sliding. On the

other hand, the WSN12.5 coating's efficient sliding than other

N-alloyed coatings is related to the presence of (002) planes

parallel to the sliding direction. This is well evident from the

dominant (002) peak in XRD diffractogram (Fig. 3). Despite the

(002) peaks in WSN5, it shows highest COF which can be

related to the contribution from the (100) peak. This means

that there are (100) planes perpendicular to sliding direction

that are difficult to align during sliding, hence, contributing to

the increase in the COF. WSN20 is an amorphous coating with

no evidences of the (002) planes. So, the COF is higher than the

WSx and WSN12.5 coatings. In case of the specific wear rates,

the low compactness, softness, low hardness and low fracture

toughness of WSx are the reasons behind its high specific

wear rates thanWSN5 andWSN12.5. The lowest specific wear
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rates observed for WSN12.5 coating is due to the easy tribo-

layer formation (due to presence of (002) planes) coupled with

highest hardness and fracture toughness. The fracture

toughness resists the plastic deformation, higher hardness

helps in load bearing and ultimately, when both of these are

coupled with the easy tribolayer formation, the sliding occurs

efficiently inside the tribolayer, preventing the wear of the

coating beneath it. The WSN20 coating, on the other hand is

amorphous, has hardness lower than WSN12.5, the fracture

toughness is also lower than both WSN5 and WSN12.5 coat-

ings. These are the reasons behind low wear resistance of this

coating. Now, a question might arise: why a small variation is

observed between the specific wear rates of the WSx and

WSN20 coatings? This can be simply explained by the

different wear mechanisms taking place on the wear track of

the coatings and the highly amorphous structure (no (002)

orientation) of the WSN20 coating. The wear mechanism of

WSN20 is more abrasive nature, leading to a high wear depth

as compared to the WSx coating. Besides, it is reported mul-

tiple times in literature that TMD coatings possess excellent

ability to replenish the worn-out zones/regions [30,60,72]. So,

even if some initial high wear of the WSx coating would have

happened, such zones can be replenished swiftly by the soft

worn material (transferred material on ball and third body

worn material) entrapped between the sliding parts. This is

not so easy in the WSN20 coating as it has high nitrogen

content and amorphous structurewhich on one hand, leads to

the formation of more hard nitride particles and, on the other

hand, reduces the efficient tribolayer formation. The hard

particles, if stuck in the contact zone can cause abrasive wear

as is the case here. Additionally, the absence/reduction of

tribolayer formation means no soft material is present to

cover worn out zones.

During the high temperature sliding tests of all coatings, the

average values of COF and specific wear rates decrease when

compared to the room temperature testing. Overall, the COF

trends between the coatings are almost similar in both atmo-

spheres. The decrease in the COF is related to the fact that

temperature helps in easy reorientation and sliding of the basal

planes in TMDs, and consequently decreases the resistance to

sliding [73]. Although high temperature, the sliding properties

ofWeSeN coatings are only reported once in literature and the

observations presented here are very similar to that study. If

discussed individually, theWSx coating displays slightly higher

COF than theWSN12.5 andWSN20 coatings due to the fact that

it is a pure coating without any alloying element, which makes

it more prone to oxidation. Indeed, it is well-known that pure

TMDs oxidize at lower temperatures [74,75]. An additional

reason is the high porosity of the WSx coating which allows

more thermal degradation and oxidation attack. The WSN5

coating displays highest COF among all coatings due to similar

reasons as explained in room temperature results. The

WSN12.5 coating is again the one that displays the best COF and

specific wear rate properties due to its characteristics of having

a compact morphology with absence of (100) WS2 peaks, and

the presence of high intensity (002) peak. The highly amor-

phous WSN20 coating initial increments of the COF are solely

related to the crystallization of the TMD phase under the

applied load to form (002) basal planes parallel to sliding di-

rection [66,76,77]. During this crystallization, the coating must
overcome the energy barrier resisting the atomic arrangement.

It should be mentioned that the increment in COF at 200 �C is

gradual with highest value of highest COF to be ~ 0.04 when

compared to the friction response of the room temperature

slidingwhere the value ismuch higher. This is attributed to the

fact that along with the applied load and/or sliding force, an

additional energy source i.e., high temperature supports the

(002) crystallization and tribolayer formation process. Tem-

perature on the one hand, can provide the energy for crystal-

lization while, on the other hand, it also reduces the van der

Waals forces of attraction. Now, while discussing the wear

resistance, it can be said that the high porosity, low compact-

ness, lowhardness and low fracture toughness reduce thewear

resistance of WSx coating compared with the rest [78e80]. The

lower specific wear rate of WSN5 than the WSx and WSN20

coatings is due to the higher fracture toughness and resistance

to plastic deformation. These higher values support the sliding

throughout the testing duration, unlike the WSx coating.

Despite a comparatively better friction and wear performance

than the room temperature tests, the wear rate of WSN20

coating is still highest among the N-alloyed coatings. This is

related to the low fracture toughness thanWSN5 andWSN12.5

coatings, the higher time taken for the crystallization, the

absence of the steady state sliding and the partial exposure of

the gradient layer (as presented in section 3.5.2.1). Overall, the

best wear resistance is displayed by the WSN12.5 coating. The

highest compactness, hardness, fracture toughness and plastic

deformation resistance of this coating, give the highest resis-

tance to wear.

Overall, the lower specific wear rates of coatings tested in

nitrogen as compared to the ambient air and 200 �C is due to

the fact that there is no moisture or high temperature oxida-

tion affecting the sliding of the coatings [77]. Indeed, the tests

were conducted at RT and the relative humidity during these

tests was less than 6%. During the sliding in dry nitrogen, the

COF values display an increasing trend with increasing N-

alloying. Individually, the WSx coating displays lowest steady

state COF among all the coatings in dry N2. This is directly

related to the pure unalloyed nature of the coating. It is well

established in the literature that the pure TMD coatings

(especially WS2) display excellent sliding properties in dry

atmospheres. This means that in the absence of the moisture,

the sliding is entirely of the TMDs. WSN5 and WSN12.5 coat-

ings display similar friction properties and less value than the

WSN20 due to the presence of strong (002) peaks. Here, it

should be noted that the presence of some planes oriented in

(100) direction did not affect the sliding properties of WSN5

coating as they did in other atmospheres. A minor increment

in values from ~0.02 to ~0.03 as compared to the WSx coating

can be due to the presence of hard nitride particles. Finally,

the highest COF of theWSN20 coating is due to its amorphous

nature caused by the high N concentration. Amorphousness

means no (002) planes thus, needingmore time for alignment/

tribolayer formation. Anyways, for the first time among all

atmospheres, WSN20 coating displays highly stable frictional

curves. In the dry N2 tests, the reasons for the highest specific

wear rates and exfoliation of the pure coating are same as

discussed previously for other atmospheres. With N in-

crements, increase in specific wear rates with increasing N

content is observed.WSN20 coating displays highestwear rate
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among the WeSeN coatings. This is again due to highest

amount of hard nitride particles promoting abrasion and the

amorphous nature of the coating. As said before, higher

amorphousness means higher time and wear required for the

tribolayer formation.

4.3. Brief comparison with WeSeC coatings

This section presents a brief comparison of the WeSeN coat-

ings discussed above with the recently optimized WeSeC

coatings deposited by our group. Initially, in a study, the

WeSeC coatings were deposited by reactive sputtering, non-

reactive sputtering of separate WS2 and C targets and com-

posite target sputtering. The analysis showed that the co-

sputtered coatings display superior properties than the others

[33]. Later, co-sputtering in a semi-industrial chamber was

performed and the properties were optimized as a first step for

developing coatings for 3D parts [28]. The maximum hardness

achieved for the optimizedWeSeC coatingswas in the range of

5e7 GPa. Tribological tests were performed in atmospheres

similar to this study. In room temperature, COF was 0.1e0.15

while, specific wear rate was in the range of ~10�7. The shift to

200 �C resulted in a decrease of COF to 0.02e0.04 with same

specific wear rate as of room temperature. Finally, the WeSeC

coatings display COF of ~0.04 and specificwear rate in the ~10�8

range, when tested in dry N2. The achieved properties are

almost similar to what we observed for the WeSeN coatings.

The idea of this comparison is to show that the WeSeN

coatings can efficiently suffice the need for an industrial sys-

tem by replacing theWeSeC systemwhen reactive sputtering

becomes a need. Here comes another glitch that there are

some cases where WeSeC coating deposition by co-

sputtering is not preferred by the industries. So, in such

cases the WeSeN coatings become the promising option as

the achieved properties are very much replication of the

WeSeC properties. This study is expected to promote the

implementation of alloyed-TMDs in the industries.
5. Conclusions

In the present study, pure and N-alloyed WS2 coatings are

explored and compared with the WeSeC coatings. The main

aim of this study is to explore the future of N-alloyed WS2
coatings for the industries that prefer reactive sputtering over

the conventional multiple targets sputtering process. For this

purpose, a systematic study is performed with respect to the

sliding properties of WeSeN coatings in different environ-

ments. To achieve good sliding properties, first step was to

optimize the composition, morphology, structure and me-

chanical properties. The reference coating (WSx) is sub-

stoichiometric with respect to WS2. N introduction in the

chamber result in coatings with N content in the range of

14e26 at. %. The pure WSx coating is compact as compared to

literature but display slight porosity when compared to the

WeSeN coatings. Compactness increased and porosity

decreased with increasing the N content. WSx has a (100)

preferential orientation which changed to (002) with the

addition of N. Highest N-alloyed coating display an
amorphous XRD pattern. This (002) preferential orientation

induces superior tribological properties in the coatings. The

coatings display good adhesion to the substrates and excellent

hardness. The pure WSx coating has a hardness of 3.7 GPa

while after N-alloying, a maximum hardness of 8.0 GPa is

achieved, which is very comparable to the other works.

For the tribological tests, three different atmospheres are

selected: room temperature, 200 �C and dry N2. It is well

established in literature that the WeSeC coatings have the

capability to display self-adaptive low friction properties in

diverse atmospheres. However, the reactive sputtering is

preferred by industries. So, it was very important that the

WeSeN system is thoroughly investigated. The minimum

friction coefficient and wear rates observed in room temper-

ature, 200 �C and dry N2 are 0.09 vs. 7.2 � 10-8 mm3/Nm, 0.02

vs. 7.1 � 10-8 mm3/Nm and 0.03 vs. 9.3 � 10-9 mm3/Nm,

respectively. The coatings presented in the current work are

briefly compared with our recently optimized WeSeC coat-

ings. It is shown that the composition, morphology, me-

chanical, friction and wear properties of WeSeN coatings are

similar to WeSeC coatings. Moreover, their structural prop-

erties are even superior than WeSeC in some cases. So, this

study communicates that there is quite high potential in

WeSeN coatings for the industries which prefer reactive

sputtering and want to avoid the adverse effects of hydrogen

while using carbon containing carrier gases (CH4, C2H2).
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