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W–S–N coatings deposited by reactive magnetron sputtering offer the possibility of ultra-low friction in
unlubricated sliding. In this work, W–S–N coatings of different composition and structure have been deposited,
characterised and evaluated with respect to the tribological performance and tribofilm formation. The composi-
tion was varied by changing the flow of N2 into the deposition chamber, leading to N contents ranging from 0 to
47 at.%. W–S–N coatings deposited without substrate heating are amorphous, while substrate heating results in
coatings containingnanocrystalline tungsten sulphide (WSx) for lowNcontents, and nanocrystalline tungstenni-
tride (WyN) at a high N content. The coatings were tribologically tested against steel balls in four different
atmospheres—dry N2, dry air, humidN2 and humid air—to study the effects of atmospheric O2 and H2O both sep-
arately and simultaneously. In dry N2, all coatings exhibited an excellent performance with very low friction
(μ ≈ 0.02) and wear. Notably, this included the N-richest and hardest coating, containing nanocrystalline WyN
and only 13 at.% of S. The friction and wear increased on changing the atmosphere, in the order of dry air–
humid N2–humid air. In these three non-inert atmospheres, the friction and wear also increased with increasing
N content of the coating. It is thus concluded that the presence of O2, the presence of H2O, and a high N content
(i.e., lowW and S contents) are three factors increasing the risk of high friction andwear, especially when occur-
ring together. Raman spectroscopymapping of the contact surfaces on the coatings and the balls showed that low
friction and wear is connected to the presence of WS2 tribofilms in the contact, and that the three previously
mentioned factors affect the formation and function of this tribofilm.

© 2014 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/3.0/).
1. Introduction

Tungsten disulphide, WS2, is a well-known representative of
the transition metal dichalcogenides (TMDs), a group of compounds
characterised by a lamellar structure. For some of them, including
WS2, the interplanar bonding is very weak, while the intraplanar bond-
ing is strong, resulting in highly anisotropic mechanical properties. This
makes them very successful as solid lubricants, as long as the conditions
are such that the interplanar interaction is kept weak. In the presence of
humidity, the interplanar bonding is strengthened, leading to increased
shear strength of the material and, as a consequence, increased friction
[1]. Furthermore, in ambient conditions, WS2 can be oxidised to WO3,
which does not possess the same low-friction properties.
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The low shear strength along the lamellae, while providing low
friction, is at the same time detrimental to the hardness and wear resis-
tance of the material. Pure crystalline WS2 coatings can be produced by
various methods but have too poor mechanical properties to be useful
whenwear resistance is required. In order to producemechanically sta-
ble coatings, it is necessary to prevent the easily sheared planes from
forming, by reducing the crystallinity. In amorphous or poorly crystal-
line coatings, no easily sheared planes are available, and themechanical
stability therefore increases. The reduction of crystallinity can be
achieved by addition of a third element to the coatings. It appears that
almost any additional element will disrupt the crystallinity of the coat-
ings; successful attempts have beenmadewith, for example, Ag, C, Cr, N
and Ti, showing similar effects [2–5]. A hardness increase of around one
order ofmagnitude is typically seen, due to both the reduced concentra-
tion of easily sheared planes and to a simultaneous decrease in coating
porosity. If the added element forms a hard phase, on its own or togeth-
erwith an already existing element, even further hardness increases can
be achieved. This has also been the goal (and result) in studies where
several elements, such as Cr-N and Ti-C, have been added to the W–S
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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system, resulting in the formation of hard phases of CrN and TiC, respec-
tively [6,7].

One would perhaps suspect that the absence of crystalline WS2,
i.e., the absence of easily sheared planes, in the coating material would
be detrimental to the low-friction properties. On the contrary, even
completely amorphous coatings have been shown to form crystalline
WS2 tribofilms when exposed to sliding contact [6,8]. These tribofilms
form on the surface of the coatings, and also as a transfer film on the
counter surface, and it is within these that sliding occurs. However,
the added element also affects the tribofilm formation. The addition of
a second metal can have a detrimental effect on the sliding behaviour,
as the formed tribofilms consist largely of metal oxides [9,10]. Non-
metals like N and C, on the other hand, disrupt the crystalline structure
of WS2 without forming disturbing compounds in the tribofilms, thus
allowing for low-friction sliding.

Early studies of W–S–N coatings showed that the addition of N does
indeed lead to denser and harder coatings, but poor adhesion made tri-
bological evaluation difficult [4,11]. Later studies have demonstrated
extraordinarily low friction and wear, particularly under high load, as
the ultra-low friction reported byGustavsson et al. [8] for an amorphous
W–S–N coating. The structure of amorphous W–S–N was more closely
described in a recent study by Isaeva et al. [12], as a completely amor-
phous network without any WS2 layers. W–S–N coatings thus exhibit
beneficial mechanical properties, being denser and harder than pure
W–S, as well as low friction and wear due to the formation of WS2
tribofilms. Furthermore, the gaseous oxides of N are expected to be
easily removed from the contact if formed, thus avoiding the detrimen-
tal effects seen for metal addition.

It is thus known that W–S–N coatings can exhibit extraordinary tri-
bological properties due to the formation of low-frictionWS2 tribofilms.
Like other WS2 and MoS2-based materials, they are known to perform
better in inert atmospheres than under ambient conditions. The aim of
this study is thus to understand the requirements to achieve ultra-low
friction by WS2 sliding, and how the performance varies with different
factors. A systematic study of the effects of coating composition and
structure as well as the effect of the surrounding atmosphere has been
performed. The studied coatings represent a range of different N con-
tents and amorphous as well as crystalline structures. Tests were per-
formed in atmospheres with and without O2 and H2O, allowing a
study of the separate and combined effects of these species.

2. Experimental

A number of W–S–N coatings were deposited by reactive pulsed DC
magnetron sputtering, in a von Ardenne system, using a sintered WS2
target and N2 gas. A separate Ti target was used for deposition of an in-
terlayer, about 100 nm thick, prior to deposition of the actual coating.
The power applied to the WS2 target, with a diameter of 4″, was kept
at 450 W for all depositions, whereas the flow of N2 gas was varied
from 0 to 60 sccm (0, 5, 10, 30, and 60 sccm). Along with the N2 gas,
Ar was also added to the chamber, at such a rate that the total gas
flow was always 100 sccm. During deposition, the chamber was kept
at a total pressure of 0.7 Pa.

The coatings were deposited on polished steel substrates
(X153CrMoV12) for tribological testing and on Si wafers for characteri-
sation. The steel substrates were hardened to approximately 8 GPa,
polished to a roughness of approximately 10 nm Ra and ultrasonically
cleaned in acetone and ethanol prior to deposition. All substrates were
Ar+ ion etched for 20 min at a bias voltage of 400 V before the start of
the deposition process. The substrates were kept at floating potential
during deposition. Two series of coatings were deposited, one without
intentional heating (designated RT for room temperature) and one
with resistive heating of the substrate holder to 300 °C (designated HT
for high temperature). The sample designations refer to the deposition
temperature and the N content in at.%, for example, HT-39 for a sample
deposited with substrate heating, containing 39 at.% of N.
Coating composition was determined by energy-dispersive X-ray
spectroscopy (EDX) in a Zeiss 1550 scanning electron microscope
(SEM), equippedwith a silicon drift X-ray detector (Oxford Instruments).
The results were verified by analysis of commercially available
(NH4)2WS4 powder, leading to the conclusion that the sensitivity factors
were satisfactory. The same microscope was used for micrographs of
fractured cross sections of the coatings, using the InLens detector.

Coating structure was examined by grazing incidence X-ray diffrac-
tion (XRD), at 1° incidence angle in parallel beam geometry, using a
Siemens D5000 instrument with Cu Kα radiation. Chemical bonding in
the coatings was studied by X-ray photoelectron spectroscopy (XPS)
using a PHI Quantum 2000 instrumentwithmonochromatic Al Kα radi-
ation, and optional cleaning of the surface prior to analysis by sputter
etching with 500 eV Ar+ ions for 5 min. Mechanical coating properties
were investigated by nanoindentation on a CSM UNHT instrument.
For each sample, 20 indentations were made, and the hardness was
calculated using the method presented by Oliver and Pharr [13]. The
maximum indentation depth was fixed at 120 nm, which is within
10% of the thickness of all coatings but one. Measurements were also
performed with a smaller indentation depth of 80 nm, which is within
10% of the thickness of all coatings. These showed similar results
as with the larger indentation depth, also for the thinnest coating, indi-
cating that the values were not influenced by the substrate.

The performance of the deposited coatings in unlubricated sliding
was tested using a reciprocating ball-on-disc test setup. Tests were per-
formed at room temperature in four atmospheres: dry N2 and dry air,
both with a relative humidity below 1 %, and humid N2 and humid air,
both with a relative humidity of 50 %. Ball-bearing steel balls (10 mm)
were loaded with 5 N and were slid with a stroke of 10 mm at a
frequency of 2 Hz (average sliding speed 20 mm/s). The test duration
was 10 000 cycles or, equivalently, 200 m sliding distance.

Coating wear was evaluated using white light interference
profilometry (on a WYKO NT 1100), where an area of 0.87 by 1.1 mm
was measured across the wear track at mid stroke, with the shortest
side along the sliding direction. Wear was estimated by calculating the
surface integralwithin this area, after truncation of any parts protruding
above the mean height of the original surface. The purpose of this
operation was to account for material that had been removed, but that
remained within or next to the contact.

Post-test chemical analysis was performed by Raman spectroscopy
of the wear tracks and corresponding wear scars on the balls using a
Renishaw inVia Raman microscope with a 532 nm laser. This instru-
ment is equipped for automated surfacemapping, giving the possibility
to examine local variations of surface chemistry, with high spatial
resolution. Surface mapping is achieved by collection of spectra in a
matrix of points, with known positions. The spectra are then noise and
background corrected using software from the instrument supplier,
after which a number of peaks are fitted to the data. The areas of
peaks corresponding to specific compounds are summed, at each
point, rendering a number of matrices of peak intensities. By plotting
these intensitymatrices, one can construct images describing the distri-
bution of specific compounds within the mapped area. The size of the
mapped area was adjusted to fit the size of the wear scar or wear
track but was generally some hundred μm wide in each direction.

3. Results

3.1. Chemical, structural and mechanical properties

Coating compositions, as measured by EDS, are shown in Fig. 1. As
seen, an increase in the N2 flow during deposition leads to an increased
N content of the coatings. It can be noted that the increase in N is
coupled with a decrease in S, rather than in the W content, which has
a small variation. This is especially clear for the coatings deposited at
high temperature, where the W content is almost constant, regardless
of N content. It can be noted that the S/W ratio is well below 2 for all
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Fig. 1. Composition of the produced coatings, asmeasured by EDS, for the coatings depos-
ited at room temperature (left group of columns) and at high temperature (right group of
columns). The N2 flow during deposition increases from left to right within each group of
columns.
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coatings, also those without N. Substoichiometry with respect to S is
common in coatings deposited by sputtering from a WS2 target, and
the resulting sulphide can be described as WSx with x b 2 [14–16]. The
presence of contaminations was checked by XPS depth profiles, and
the W–S–N coatings contain approximately 2 at.% of O, and no C. More
O and some C was detected for the W–S coatings, which are more po-
rous and thus have adsorbed atmospheric contaminations not only on
the outermost surface.

The structure of the coatings was analysed by XRD, and the resulting
diffractograms are shown in Fig. 2. Due to the higher substrate temper-
ature, the degree of crystallinity is higher for the HT coatings than for
the RT coatings. The pure W–S coating deposited at room temperature,
RT-0, showed broad peaks indicating the presence of a poorly crystalline
WSx phase, while the N-containing RT coatings were X-ray amorphous,
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Fig. 2.XRD diffractograms for all coatings. Coatings produced at room temperature are shown in
diffractogram, and reflections forWS2 andWyNphases. The diffractograms for coatings deposite
data appear more clearly. The diffractograms are background corrected and offset for clarity.
with no distinguishable peaks. The same coatings were studied in [12],
where theoretical calculations showed that a high N content lead to
the formation of a completely amorphous network, and TEM studies
of a coating of similar composition in reference [8] showed it to be
amorphous. For the HT-0 coating, clear WSx peaks appeared in the
diffractogram. The pattern is typical of sputtered WSx, with two asym-
metric peaks at around 33° and 59°. The asymmetry is due to
turbostratic stacking, whichmeans that the basal planes are rotated rel-
ative to each other. The reflections are therefore indexed as only (10)
and (11), or (10 l) and (11 l), with l = 0,1,2,… [16–19]. Broadening of
the peaks is observed with increasing N content, indicating a decreased
crystallinity of the WSx phase. The broad features observed for the W–

S–N RT and some of the HT coatings are not possible to assign to any
specific phase. It can be noted that the nearest neighbour distances for
the atoms in amorphous W–S–N are similar to the plane distances cor-
responding to 2θ angles of 30°–40° [12], so an increased background in
this area can be expected. For the HT-47 coating, which has the highest
N content, clear peaks from another crystalline phase are observed. The
cubic phase is a nitride with the same structure as W2N, but the peaks
are shifted to lower angles, indicating an increase in the cell parameter,
as has previously been reported for W2N with excess nitrogen [20]. The
peak width indicates that the size of the nitride grains is below 10 nm.
Raman spectra (not shown) display clear signals from the WSx phase
for the RT-0, HT-0 and HT-16 coatings, but only very weak features for
the others.

Cross-sectional micrographs of some of the coatings are seen in
Fig. 3, and the morphologies are in good agreement with the structural
observations from XRD. The RT-0 coating, which was found to contain
poorly crystalline WSx, is somewhat porous. The N-containing RT coat-
ings were found to be X-ray amorphous, and the micrographs show a
dense and glass-like morphology. From XRD, the HT-0 coating was
found to contain crystalline WSx, and the cross section shows a porous
film with the flaky appearance typical of crystalline WSx coatings [3,
15,16,18]. With the addition of N, exemplified by the HT-23 coating,
the coatings become denser. The HT-47 film, however, was found to
contain crystallineWyN, and the coating has a dense but columnarmor-
phology, which is clearly different from the porous and flaky appear-
ance of the HT-0 coating with crystalline WSx. The typical trend of
increased density and decreased crystallinity of WSx on addition of a
third element is thus observed in both series (RT and HT), but in the
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Fig. 3. Fractured cross sections of W–S–N films imaged by SEM: (a) RT-0, (b) RT-22, (c) RT-37, (d) HT-0, (e) HT-23 and (e) HT-47, with the numbers indicating at.% of N in the coating.

89J. Sundberg et al. / Surface & Coatings Technology 258 (2014) 86–94
HT series, another effect is seen at high N contents, namely, the forma-
tion of a crystalline WyN phase.

The thickness of most coatings was in the range 1.2 to 1.6 μm, but
higher for RT-0,HT-0 andHT-16,which can be connected to their poros-
ity, especially for HT-0 which is highly porous and flaky. Furthermore,
the dense HT-47 coating with its crystalline, columnar nitride phase is
thinner at 0.9 μm.

The chemical bonding in the coatingswas studied byXPS. Because of
the surface sensitivity of the method, contributions from the oxidised
outermost surface make up a significant part of the signal, unless
the surface layer is removed by sputter etching. However, since WS2-
based materials are prone to sputter damage [15], mainly spectra from
as-deposited films were used to investigate the chemical bonds. For
the W4f region (Fig. 4a, b), a contribution with a binding energy of
35.8 eV for the W4f/2 line dominates. It is ascribed to WO3, which is
present due to surface oxidation. This contribution is smaller for the
HT series, especially HT-0 andHT-16,which is related to the crystallinity
of WSx, leading to a smaller proportion of dangling bonds and active
sites. For all coatings, there is, however, also a contribution at a lower
binding energy, originating from the filmmaterial beneath the oxidised
surface. For the W–S films RT-0 and HT-0, this contribution has a
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With increasingN content, the peak thenmoves to higher binding ener-
gies, and broadens. N is more electronegative than S, and binding ener-
gies for W–N compounds are reported to be around 33 eV [22]. The
binding conditions thus gradually change from W–S bonds to a larger
proportion of W–N bonds, and there is more variation in the binding
conditions, reflected by the increased peak width. For sputter-cleaned
coatings (not shown), the WO3 contribution is removed, and the spec-
trum is instead dominated by a metallic W contribution at around
31.3 eV due to sputter damage [15], with a smaller and somewhat
broadened contribution from the W–S/N bonds of the coating. For the
S2p region (shown in Fig. 4c, d), doublet peaks with the S2p3/2 line at
162.2 eV are found for theW–S films, and ascribed toWSx [21].With in-
creasing N content, the intensity of the signal decreases due to the de-
crease in S content. Furthermore, the widths of the peaks increase,
and their positions are shifted to lower binding energies. The addition
of N thus changes the bonding conditions not only for W but also for
S. The S 2p region after sputter cleaning is similar, but with lower inten-
sity due to S removal, and the S-O contribution is removed. The N1s
region of the spectra (not shown) displays a main contribution at
around 397.0–397.5 eV (with the lower binding energies for higher N
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contents), which is similar to N bonded toW [23]. There are also smaller
contributions at 400 eV corresponding to N-N bonds [12] and 402
eVcorresponding to oxidised species on the surface, where the latter
is removed by sputter etching. Overall, the X-ray photoelectron spec-
tra display gradual changes in the chemical bonding with the addi-
tion of N. Similar values and trends are observed for the HT and RT
series, indicating that the local bonding conditions are similar, even
though the long-range structure as reflected by XRD is different for
HT and RT.

The mechanical properties of the coatings were examined by nanoin-
dentation, and the hardness and Young's modulus were calculated from
the load-displacement curves using the Oliver–Pharr method [13]. The
hardness and Young's modulus values are presented in Fig. 5. The hard-
ness values of all RT coatings were rather similar, between 3 and
5.5 GPa, in line with their similarities in structure and morphology. The
HT coatings, however, exhibit a different trend in hardness. The HT-0
coating is extremely soft (H b 0.2 GPa), as expected from its porous mor-
phology and from the fact that it consists of crystallineWS2, known to be
extremely easily sheared. The levels of hardness of the HT coatings in-
crease monotonically with the addition of N, which is related both to
the decrease in crystallinity of the WS2 phase and the appearance of a
crystalline WyN phase for high N contents. With increasing N content,
the HT coatings thus go from consisting mainly of soft and porous WSx
to mainly of hard and dense WyN. For both coating series, the Young's
modulus followed the trend of the hardness very closely, with values
ranging from around 20 to 170 GPa, as seen in Fig. 5.

3.2. Tribological performance

Mean coefficients of friction for all coatings in different atmospheres
are presented in Fig. 6. The values represent the mean value of three
tests, where the value for each test is the mean value during cycle 500
to 10000. The first 500 cycles are disregarded to remove possible differ-
ences in running-in behaviour. Such differences have been observed in
W–S–C and W–S–C–Ti coatings [10], and a similar tendency can be seen
in these data,where increasedN content led to an increase in friction dur-
ing thefirst cycles. It is likely that this is related to the lowerWand S con-
tent and the presence of a hard nitride phase. An interesting note is that
all coatings reached very low friction levels in N2 already during the
third cycle. The running-in is thus extremely short, with only a few pas-
sages needed for a functioning tribofilm to form. The tests were aborted
as soon as the friction exceeded a pre-defined threshold of 0.8, as such
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a high friction level indicates coating failure. In such cases, the mean fric-
tion until that point is presented. Data points in Fig. 6 including one or
more aborted tests are designated with empty markers. It is worth
pointing out that coating failure is not necessarily associatedwith abrupt-
ly increased friction for this type of coatings. It has previously been ob-
served that the presence of a functioning tribofilm may be sufficient to
maintain low friction even after most of the original coating is removed
[8]. The same phenomenon is seen here for the pure W–S coatings in
humid air, where the friction remained low, despite almost complete re-
moval of the coatings.

Themean coefficient of friction is clearly affected by the atmosphere.
Tests performed in N2 are consistently observed to show the lowest
friction, with μ = 0.01–0.02 for all coatings except HT-0, for which
μ = 0.04. The slightly higher coefficient of friction for HT-0 can be
explained by its softness and porosity, leading to a larger degree of
ploughing and a larger contact area. On changing the conditions to at-
mospheres containing O2 and/or H2O, two clear trends are observed,
as seen in Fig. 6. First, for the same coating, the friction coefficient is low-
est in dry N2, and then increases in the order dry air b humid
N2 b humid air. The only exceptions are the HT-39 and HT-47 coatings,
where the order is shifted for humid N2 and humid air. The tests in
humid air were stopped early on, since the friction reached μ = 0.8.
Therefore, the average μ is strongly affected by the lower μ at the very
start of the test, making the average lower than in humid N2 even
though the performance was poorer. A second trend is that the mean
coefficient of friction is similar and (relatively) low up to a threshold
value for the N content, after which it increases rather dramatically.
This threshold value decreases with the change of atmosphere, in
the same order as previously mentioned: dry N2 - dry air - humid
N2 - humid air. Using the HT series as an example, the dramatic μ
increase is not observed at all in dry N2, for HT-47 in dry air, for HT-39
in humid N2 and already for HT-16 in humid air.

Fig. 7 shows wear rates corresponding to the friction measurements
presented in Fig. 6. As for the friction values, each data point is themean
value of three measurements, and the standard deviation is shown by
error bars in cases with more than one successful test. Results for tests
that were ended prematurely due to high friction, or where the coating
was worn through in the majority of the track, have been omitted. This
means that the wear rate of some coatings in humid air is missing since
no tests were successfully completed. At large, thewear rate follows the
friction values, so that high wear coincides with high friction and low
wear with low friction. The HT-0 is however a clear exception from
this trend. Even though this coating exhibits relatively low friction in
all tested atmospheres, the wear exceeds that of other coatings with
similar friction levels by several orders of magnitude. Again, this is
related to its softness and porosity and it is a good example of the limi-
tations of many pure W–S coatings—they often exhibit low friction, but
are easilyworn. Even if the coating isworn through, there is enoughma-
terial left in the contact to provide low friction. A second exception from
the general trend can be found for coatings with high N content when
tested in humid N2 and humid air. For each coating, the friction is simi-
larly high in both atmospheres, andwhile thewear is high in humidN, it
is in many cases catastrophic in humid air. The humidity thus leads to
high friction and wear for these coatings, but the additional presence
of O2 increases the wear even further.

3.3. Analysis of worn surfaces

Raman spectroscopy surface mapping was used to examine the
worn surfaces after testing, i.e., the wear tracks on the coatings and
the wear scars with transfer films on the balls. Raman spectroscopy
probes vibrations inmolecules and lattices,meaning that it is able to de-
tect compounds rather than elements. However, not all vibrationmodes
are Raman active, i.e., give rise to a Raman signal. Some compounds do
not have any Raman active vibrations and will thus not be detected in
Raman spectroscopy. The Raman active compounds of interest in this
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study wereWS2, WO3 and C. WO3 can be formed by reaction with O2 in
the atmosphere, but WO3 and C may also form due to reactions with
contaminants (see Section 4). All spectra have been curve fitted using
a large number of peaks, after which maps were produced for peaks
representing the compounds of interest: WS2 (peaks around 340 and
420 cm−1), WO3 (peaks around 700 and 810 cm−1) and C (peaks
around 1390 and 1550 cm−1). An example of a spectrum from a wear
scar, together with the fitted components, is shown in Fig. 8. The WO3

peak was usually observed together with a peak at around 950 cm−1,
which has been related to a W = O stretching mode for terminal oxy-
gen, as reported for amorphous and nanocrystalline WO3 [24,25].
Maps for this peak to a large extent coincide with the displayed WO3

maps. The other peaks in Fig. 8 are also included in the curve fitting
but are not used for mapping since more than one compound can
exhibit peaks at similar wave numbers.

Ramanmaps for wear scars on balls tested against theHT-37 coating
in all four atmospheres are shown in Fig. 9. Maps showing the intensi-
ties of the WS2, WO3 and C components are shown for each wear scar,
in a scale from blue (low intensity) to red (high intensity). The intensity
scale for each component is identical for all wear scars, to allow compar-
ison, but differs between the different components. Themaps thus show
the distribution of the compounds, but the relative amounts of WS2,
WO3 and C cannot be quantified.

For tests with low friction, the transfer films on the ball often have a
characteristic smeared appearance and are grey in colour. In Fig. 9, this
is represented by thewear scars from tests in dry N2 and dry air, both of
which exhibited low friction and wear, although it was lower in dry N2.
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Fig. 7.Wear rate in the different atmospheres, for coatings deposited at room temperature (left fi
three tests.
The Raman maps clearly reveal WS2 in this transferred material, in the
area of actual contact and in the piled-up material outside referred
to as debris. WO3 is also found in the contact area and the debris,
while C is detected mainly in the debris around the contact. Maps of
the corresponding wear tracks (not shown) show mainly WS2 in
tribofilms in the track but in some cases alsoWO3 and/or C. For coatings
containing crystalline WSx (as seen in XRD), the WS2 signal is present
also in the undisturbed coatingmaterial, while the other coatingsmain-
ly showWS2 signal in the tracks, indicating an enrichment of crystalline
sulphide there.

In humid conditions, all coatings with high N content showed high
friction and either high or catastrophic wear, with the latter indicating
that the coating was worn through during the test. In the case of high
friction and high wear, exemplified in Fig. 9 by HT-39 in humid N2, the
wear scars typically have very little transferred material in the contact
area, with a thicker ring of debris around it. The debris contains WS2,
WO3, and C, while the central area gives weak signals from WS2 and
WO3. Compared to the low-friction tests, the high-friction tests show
similar debris but lessWS2 tribofilm in the contact area. Thewear tracks
show the coating to be missing from parts of the track, but that the
track is partly covered with tribofilms containing WS2, WO3 and small
amounts of C.

For high-friction tests with catastrophic wear (aborted tests), the
wear scars (illustrated in Fig. 9 by a ball run against HT-39 in humid
air) are large, with patchy and rough tribofilms in the contact area,
surrounded by debris. The tribofilms and the debris contained WO3

and C but only relatively small amounts of WS2. The sliding motion
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Fig. 9. Raman intensity maps for wear scars on balls tested against the HT-39 coating in differen
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was thus not accommodated by shear within WS2, but rather WO3 and
C, which is apparently connected to high friction and wear. In these
tests, the original coating appears to be missing from the tracks, al-
though tribofilms containing WS2, WO3 and C are partially covering
the track. Like for the ball wear scars, the C signals in the tribofilms
aremore prominent than for humid N2. After coating failure, direct con-
tact between the two steel surfaces of substrate and ball likely domi-
nates, although some material from the film may be present in the
contact.

4. Discussion

4.1. Coating material

The W–S–N coatings in this study varied both in composition (N
content), and in structure, the latter achieved by using substrate heating
for one series (HT). The W–S–N films of the RT series have a dense,
glass-like microstructure and are X-ray amorphous. A previous study
contains a more detailed structural description of these RT coatings
and shows that they consist of an amorphous network of W, S and N
[12]. The HT coatings, on the other hand, contain a crystalline sulfide
phase (WSx) at low N content, and a crystalline nitride phase (WyN)
at the highest N content of 47 at.%. The larger degree of crystallinity
of the HT series is expected since the substrate heater gives additional
t atmospheres. The scars represent three different tribological behaviours: low friction and
strophicwear (humid air). The direction of (reciprocating) sliding is horizontal. Please note
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energy to the substrate which increases the surface mobility of the con-
densing atoms and therefore makes it possible for them to find prefera-
ble low energy positions. The HT-47 coating also contains about 13 at.%
of S, which could be present as a solid solution in the nitride, and/or in
an amorphous minority phase, not detected by XRD. The HT coatings
with intermediate N content should consist of a network phase similar
to that of the RT coatings, or a mixture of nanocrystalline WSx and
WyN. The chemical bonding conditions as probed by XPS are similar in
both series, with a gradual shift fromW–S to W–N bonds with increas-
ing N content. While the N-rich RT coatings are known to consist of an
amorphous W–S–N network, the W atoms in the HT coatings may
have a similar mixed environment of S and N, or the individual W
atoms may be bonded to either S (in WSx) or N (in WyN) atoms.

The difference in structure between RT and HT coatings affects the
mechanical properties. The amorphous and dense W–S–N RT coatings
all have a similar andmoderate hardness. For the HT series, the coatings
instead move from consisting of mainly soft WSx to mainly hard WyN
with increasing N content, leading to a clearly increasing hardness. In
the case of the softest coating, HT-0, the low hardness lead to increased
wear and, to a smaller extent, also increased friction. Notably, for the
other coatings no clear connections between hardness and performance
were found. In the range from 2 to 10 GPa, the exact hardness does not
seem to make a large difference and it can be noted that the coatings
have a hardness similar to or lower than that of the steel ball they are
running against.

Despite the structural and mechanical differences, the W–S–N coat-
ings from both series exhibited similar performance and behavior with
respect to friction, wear and tribofilm formation. However, the perfor-
mance changed with increasing N content in both series, showing the
large importance of the composition of the coatingmaterial. An increase
in N content also means a decrease in theW and S contents. It has been
observed in previous studies that if a metal is used as alloying element
in WS2 coatings, it can react to form metal oxides that make up part of
the tribofilm [9,10], Contrastingly, the oxides of N are gases and should
leave the contact if formed. Nitrogen should thus mainly hinder the
tribofilm formation by decreasing the concentration of W and S.

4.2. Effect of atmosphere

The effect of lower W and S content (i.e., higher N content) on the
friction andwear is dependent on the second important factor, the test-
ing atmosphere. For each sample, the friction and wear increases in the
order dry N2–dry air–humid N2–humid air, which is also in agreement
with the results presented by Khare and Burris for pure MoS2 coatings
[26,27]. The same order is found for the onset of high friction for higher
N contents.

The maintaining of a low-frictionWS2 tribofilm is hindered by a low
W and S content (i.e., a high N content) and by the presence of H2O and
O2. The occurrence of one of these aggravating circumstances does not
necessarily affect the performance—for example, all coatings exhibit
very low friction in dry N2. Apparently, a limited supply of W and S
does not hinder the up-keeping of a functional WS2 tribofilm, as long
as the wear of the existent tribofilm is low. However, when aggravating
circumstances are combined, theperformance is affected. This is seen by
how the threshold value for the detrimental level of N in the coating
becomes lower with the introduction of H2O and/or O2, as the demands
on the availability of W and S become higher.

The effect of the atmosphere on the performance is well known for
other cases of WS2 or MoS2 lubrication, but the comparison is often
done between an inert atmosphere and ambient conditions, with the
humidity said to be the detrimental aspect. The principle of moisture-
driven or water-induced oxidation may be valid, but the current results
(as well as those of Khare and Burris for MoS2 [26,27]) show that the
simultaneous presence of H2O and O2 is more severe than only H2O.
We propose that the combination of increased oxidation to WO3 and
higher sliding friction for WS2 leads to harsh conditions. The intended
low-friction mechanism of WS2 lubrication is thus not achieved under
these conditions, leading to a poor performance.

The presence of H2O can have a direct effect on the friction of non-
oxidised WS2. For MoS2, the presence of H2O has been reported to
cause a higher shear strength of the otherwise easily sheared planes,
thereby increasing the friction [1,26,28–30]. The shear strength increase
due toH2O is also in agreementwith the often observed lowering of fric-
tion around 100 °C for tests in humid air due to removal of water [26,31,
32]. In the present study, coatings with low N content in humid N2

exhibit μ ≈ 0.1, which should be indicative of the sliding friction for
WS2 in the presence of H2O, and is similar to other reports of WS2 or
MoS2 in humid conditions [2,11,26,31]. It can be noted that similar fric-
tion levels (μ ≈ 0.1) have also been reported for ‘chameleon' W–S–C
coatings sliding in humid air [33]. The chameleon concept was meant
to combine WS2 sliding in dry conditions with graphite-like sliding in
humid conditions, but based on the present results, it should not be
excluded that the mechanism in humid air was also WS2 sliding.

4.3. Chemistry of worn surfaces

On studying the tribofilms, it was seen that low friction is connected
to the presence of WS2 in the contact area. The amount of WS2 is how-
ever not directly connected to friction. This is in agreement with previ-
ous studies showing thatWS2 tribofilms only a few tens of nm thick can
provide very low friction [8–10]. Still, there must be a continuous pres-
ence of WS2 in the contact area. This requires either that the tribofilm
wear is low, or that the formation of new WS2 balances any removal
of it by mechanical or chemical wear.

WO3 and C were also detected in many of the wear scars, usually in
the debris, but for failed tests, these materials made up the tribofilms. It
should be noted that part of theWO3 signalmay be due to oxidisation of
superficial WS2 when the tribofilm is exposed to ambient air after the
test (but before the Raman analysis). The coatings contain small
amounts of contaminant O (approximately 2 at.%), but no C. A possible
explanation is that species in the atmosphere or adsorbed on the sur-
faces may react to form these materials during the tests, and more so
in tests with high friction. An explanation of the presence of C in tests
with C-free coatings would require further study, but nevertheless,
it is worth noting for the study of, for example,W–S–C coatings. The rel-
ative intensities of WS2 and C signals are then often compared, and
strong C signals found for tests performed in humid air have been said
to indicate graphite sliding [33]. As previously mentioned, however,
WS2 sliding in humid air seems to give similar friction levels as that ex-
pected for graphite sliding,meaning that the presence of C and a friction
level consistent with graphite does not necessarily imply that sliding
occurs in C.

5. Conclusions

The two series of W–S–(N) coatings differed in structure and me-
chanical properties, with the RT coatings being amorphous and dense
with moderate hardness at all N contents, while the HT coatings shifted
from soft and WSx based at low N content, to hard and WyN-based at
high N content. Despite the difference in structure and hardness, similar
tribological behaviour was seen for both series.

The composition of the coatings, on the other hand, had an effect on
the tribological performance. A high N content, i.e., a lowW and S con-
tent, was associated with a larger risk of high friction and wear. The
atmosphere in which the sliding occurred was found to be a highly im-
portant factor, as friction and wear increased in the order dry N2 b dry
air b humid N2 b humid air. Furthermore, the concentration of N in
the coating for which the low-friction regime could no longer be with-
held decreased in the same order. The presence of O2, the presence of
H2O, and low W and S content (due to high N content) are thus three
factors with negative impact on the friction and wear. Significant nega-
tive effects are seen on combination of two or more of these factors.
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Low friction and wear is associated with the continuous presence
of a WS2 tribofilm. To obtain such a tribofilm, any removal of WS2 (by
chemical or mechanical wear) must be balanced by the reformation
from W and S from the coating. The presence of O2 and H2O can lead
to oxidation of WS2 to WO3, which does not have the same low-
friction properties. Furthermore, the presence of H2O increases the
shear strength of WS2 and thereby the friction. Atmospheric O2 and
H2O thus increase the chemical and/or mechanical wear of the WS2
tribofilm, especially when occurring together, and the combination
with low availability of W and S for WS2 formation is detrimental to
the performance. The humidity of ambient air is often regarded as the
main limiting factor for WS2 lubrication, but this study shows that it is
the simultaneous presence of H2O and O2 in ambient air that is really
problematic and significantly more detrimental than humidity alone
(i.e., in humid N2).

In an inert atmosphere, allW–S–Nfilms exhibit an exceptional perfor-
mance,with very low friction (μ≈ 0.02) andwear (often b 100 μm3/Nm).
Interestingly, this is true also for a N-rich coating (HT-47) consisting
mainly of a nanocrystalline nitride, WyN, and containing only 13 at.% S.
This coating thus shows that the addition ofmoderate amounts of sulphur
to tungsten nitride can give coatings with a high hardness and the possi-
bility of ultra-low friction by WS2 formation.
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