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Despite growing environmental concern, combustion engines are projected to stay themain technology of trans-
portation for many years, so will unpopular S- and P- containing additives in lubricating oils. Therefore, it is es-
sential to maximize efficiency and minimize the harmful impacts of these additives in the meantime. Coatings
based on Mo and W hold great promise as they can chemically interact with S-bearing additives and form low
friction tribofilms like MoS2 and in particular WS2. Here we highlight the reaction pathways involving first the
formation of oxide intermediates, followed by the generation of a highly protective and low-shear transition
metal disulfide tribofilm on a tailored WN-based coating, affording coefficients of friction as low as 0.05 com-
binedwith an extraordinarywear protection (i.e., nomeasurablewear on sliding surfaces even after 100h of test-
ing). High resolution TEM and Raman spectroscopy confirm the formation of WS2 sheets and hence the huge
potential of these coatings for lubricated surfaces.
© 2020 The Authors. Published by Elsevier Ltd. 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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Fig. 1. The proposed tribochemical reaction is separated into three steps (andworks forW
and Mo analogously). In the 3rd step, the initially amorphous WS2 undergoes a shear
stress induced self-organization [27,30,31].
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1. Introduction

Twenty-two percent, that is the shockingly low energy fraction of an
internal combustion engine that actually moves our cars in relation to
the chemical energywe put into them in the form of fuel [1]. The energy
necessary to simply overcome the friction of engine and transmission
alone is roughly 17% [1]. Environmental concerns and the resulting leg-
islative pressure (to reduce emissions) are mounting and pushingman-
ufacturers to offer more efficient engine designs. While it is unlikely,
that we will soon fully substitute internal combustion engines with
electric engines, the necessity for increased mobility is unabated. Even
a complete substitution with electric engines is predicted to only cut
the losses due to friction approximately in half [2,3]. Two strategies
have been pursued in the control and reduction of friction and wear
onmachine elements: (i) the optimization of lubricants and (ii) the im-
provement of the contact interface by increasing the surface quality or
functionality, i.e. by surface texturing or by the application of coatings
like diamond like carbon (DLC) on selected component surfaces [4].

On the lubrication side, low viscosity and ultra-low viscosity lubri-
cants (like 0W-16 or 0W-8) can reduce viscous losses, but at the ex-
pense of wear protection due to much increased metal-to-metal
contacts. To compensate for the reduced surface separation by such
oils, and increase service life in general, additives have to provide
wear protection. Early discoveries highlight that lubrication and wear
protection are not solely reliant on a hydrodynamic oil film between
two counteracting surfaces. Under mixed friction and particularly
under boundary lubrication, thin reaction layers, called tribofilms,
which originate from interactions between exposed surface material
and lubricant molecules or additives, avert any direct contact between
the components' surfaces [5]. In engines (with constant changes of the
sliding speed and direction), the whole range of the Stribeck-curve is
utilized and modern cars' automatic start-stop mechanisms highlight
thenecessity to protect surfaceswith a tribofilm in boundary lubrication
and even in the initialmotion,when the stiction of direct surface contact
has to be overcome.

The most common additive in lubrication is zinc
dialkyldithiophosphate (ZDDP) [6], which under the influence of
shear stresses decomposes [7,8] and (due to the entropy-gain driven
tribochemical reaction) [9] forms protective phosphate based
tribofilms. With its high S and P content, ZDDP is under scrutiny for
environmental concerns and negative effects on a cars' after-
treatment catalysts and exhaust filters. Current oils are highly re-
fined to provide not only low friction and wear, but also to maintain
good viscosity over broad temperature ranges, as well as to inhibit
oxidation and corrosion at the same time [6]. A combination of
ZDDP andMo and S containing additives, i.e. molybdenum dithiocar-
bamate (MoDTC), reduce friction based on the formation of MoS2
[10]. So far it is not possible to completely eliminate S and P from
our lubricants, as no direct substitutes for those additives are avail-
able. Wear protection of the future engines will rely on a complex
range of additive technologies [11]. Some of the most promising can-
didates include layered transition metal dichalcogenides (TMD) like
MoS2 or WS2. Their unique 2D structure consists of a layer of metal
atoms that is covalently sandwiched between two layers of chalco-
gen atoms, which can provide exceptional mechanical and tribolog-
ical performances in addition to impressive optical [12] and
electrical [13,14] properties. In bulk TMD structures, the individual
sandwich sheets are stacked on top of each other while being only
weakly bound by Van der Waals interaction, creating an easy shear
plane, ideal for solid lubrication. TMDs, in the form of nanoparticles
[15–17] (in lubricants) or coatings (unlubricated) have attracted
particular attention due to their chemical stability, which in compar-
ison to ZDDP reduces the negative effects of S and does not pose en-
vironmental concerns [18–21].

Nanoparticles based on TMDs are troubled with high production
costs, and once blended with lubricants, can agglomerate especially in
the absence of dispersants (which, if applied, reduce the lubricating
effect of the nanoparticles [15,22]). On top of that, nanoparticles pose
potential health risks, leading us to our goal of generating TMD, partic-
ularly WS2 in-situ (due to its better thermal stability and load bearing
ability compared to MoS2) [23]. Conventional lubricants have been
developed to operate on ferrous surfaces and cannot reach their full po-
tential in combination with the increased application of coatings.
Pioneering studies demonstrated that a reaction between S from lubri-
cant additives or H2S [24,25] andWorMo containing surfaces is in prin-
ciple possible [26–28], but so far only modest improvements were
achieved or the tested surfaces were of lower technological relevance.
In order to enable this in-situ formation on all types of materials, and
at the same time protect the surfaces from wear and excessive con-
sumption, our approach relies on W containing hard coatings. W
containing coatings deposited by physical vapor deposition are a robust
solution that can be applied for the protection of heavy loaded
components.

We envision a new take onmuchneeded [29] coating–lubricant syn-
ergies, tailoring the coatings to boost their interaction with commer-
cially available additives rather than developing new additives at great
expenses. The friction reduction andwear protection are to be achieved
via the in-operando tribochemical reactions as presented in Fig. 1,
which illustrates our concept of targeted tribofilm formation based on
most desirable solid lubricants like MoS2 or WS2. A benefit of this ap-
proach is that the formation of MoS2 or WS2 does not rely on the use
of lubricant additives containing heavy metals, since the source of Mo
orW is a hard coating. To achieve these goals, we investigate the funda-
mental mechanisms of the in-situ formation of these solid lubricants in
rotating ball-on-disk tribological tests, as the point contact allows to
reach high contact pressures as they often arise in non-conformal con-
tacts, e.g. in geared wheels and rolling contact bearings. Applying this
new knowledge enables us to tailor a Mo or W containing coating for
an optimal in-situ lubrication. The S delivery system is based on an ex-
treme pressure additive (40 at.-% S) in a PAO 8 baseoil (polyalphaolefin,
a synthetic oil for engines, transmissions, gears and pulleys). As a reac-
tion partner, transitionmetals are popular dopants for commercial coat-
ings, but especially Mo and W also form interesting hard nitride
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coatings on their own. While Mo based systems proved crucial for
uncovering themechanism behind the reaction, due to the superior tri-
bological properties of WS2 in applications, our efforts in tailoring coat-
ings are concentrated on tungsten nitride based hard coatings.

2. Methods

2.1. Deposition of the WNx coating

In preparation for the coating process, polished AISI 5200 steel flats
were cleaned in an ultrasonic bath with Acetone and subsequently with
Ethanol. All coatings were prepared in a CemeCon coating chamber
with a twofold rotating sample holder (giving the coating a multilay-
ered look due to shadowing effects). To eliminate surface contamina-
tion an Ar ion etching step was implemented directly before coating.
The coatings were deposited from a W target (N99.5%) in a high-
power impulse magnetron sputtering (HIPIMS) process by applying
4000 W (9 W/cm2). The deposition was carried out at constant 270 °C
and a total pressure of 0.4 Pa in an Ar/N2 mixture (130/55 scccm,
respectively).

The coating hardness was determined with a UMIS Nanoindenter,
equipped with a Berkovich diamond tip. The high surface quality of
the coating allowed for directmeasurements on the untreated as depos-
ited coating. Indents were placed along a line with a distance of 20 μm
and a load range of 3–45 mN. The indentation depths of individual in-
dents for evaluation were kept below 10% of the overall film thickness
to avoid substrate interference [32]. The load-displacement curves
were evaluated according to Oliver and Pharr [33]. To achieve a repre-
sentative hardness, three individual measurements with minimum 40
indents each were consolidated and evaluated.

The phase structures of the coating were investigated by x-ray dif-
fraction with a Panalytical Empyrean diffractometer in the Bragg-
Brentano configuration. The measurements were carried out with
Bragg-Brentano HDmirror, a 0.04 rad soller slit, a fixed 2° Ta anti scatter
slit and a divergence slit of ½°. The diffractogramswhere evaluatedwith
HighScore (Panalytical) and a PDF-4+ 2018 database (ICDD).

2.2. Ball on disk tribological test

The tests were performed in a unidirectional rotating ball on disk
setup and were carried out with a Nanovea T50 Tribometer. All speci-
mens were ultrasonically cleaned in two steps with acetone and n-
heptane. They were tested against a 9.5 mm diameter Si3N4 ball, to
avoid any chemical contamination with other transition metals or any
catalytic effects of additional metal surfaces. The surface roughness
(Ra) of the Si3N4 balls was 0.015 μm. The test temperature was 90 °C,
which was controlled with a radiant heater and the relative humidity
was measured at ≈40%. The contact was lubricated with a PAO 8 mix-
ture, whose S-content was adjusted between 0 and 2 at.-% with the ex-
treme pressure additive Lubrizol LZ 5340 MW. 0.05 ml of oil were
sufficient to cover the surface of the samples. At a constant sliding
speed of 0.1 ms−1 (boundary lubrication), the elevated temperature
and a contact pressures of 0.5 GPa, the parameters mimic conditions
in common applications. The tests were carried out with 3 repetitions
at different radii (0.5 mm apart), while the revolutions per minute
were adapted to allow for a constant sample speed and test distance
(360 m).

TheMo andW sampleswere polished to a roughness of Ra= 20 nm,
while the coated samples were tested as deposited. The annealing of
tungsten samples for the testing of a pre-oxidized surface was carried
out in ambient air at 600 °C for 15 min and yielded an even WO3 ther-
mally grown oxide layer.

After the test, ball and diskwere separated immediately and allowed
to cool before the oil was removedwith n-heptane. In order to conserve
the tribofilm, the samples were cleaned only by submersing without
any additional agitating or ultrasonic procedures. All samples were
surveyed with optical microscopy (Olympus STM6) and an optical
profilometer (Bruker, Contour GT).

2.3. Surface analyses of the tribofilm

The n-heptane-cleaned samples were investigated, with a confocal
Ramanmicroscope (inVia Reflex, Renishaw) at a 50-fold magnification,
directly after the tribological tests. The 633 nm laser powerwas reduced
to 6 mW, to avoid any heat induced reactions during the measurement.
The Raman instrumentwas calibrated with an internal silicon standard,
and commercial MoS2 and WS2 powders (≥99%, Sigma-Aldrich) were
used as a reference. The spectra were averaged over three individual
measurements and recorded in a range of 150–2200 cm−1. In order to
investigate the formation of lubricating carbon films, some measure-
ments reached up to 3200 cm−1.

The SIMSmeasurements were performed on a TOF-SIMS5 (ION-TOF
GmbH) equipped with a bismuth liquid metal ion gun (LMIG, primary
gun), a dual source column (DSC, secondary gun) and a low energy
flood gun.

The samples were measured in the high current bunched mode
(HCBU) with approximately 16 nA target current in the non-pulsed
state. This measurement mode provides the best mass resolution and
maximumcount rate. Bi1+was used as the primary projectile. The region
of interest (ROI) was set to 500 ∗ 500 μm2 at a resolution of 512 ∗ 512 Px
for the overview measurements.

The measurements in positive and negative ion mode were realized
with two different projectiles, dependent on the enhancement effect. A
2 kV O2

+ beamwith a sputter crater of 1000 ∗ 1000 μm2 was utilized for
the detection of positive ions. For negative measurements, a 1 kV Cs
beam with a sputter crater of the same size was set.

The measurements were performed in the non-interlaced mode
with 1 acquisition frame, 1 s of sputtering and 0.5 s pause time. This sep-
aration of the analysis and the sputter cycle leads to an improved S/N
ratio and generally speaking often to a higher data quality.

The floodgun provided about 15 μA of low energy electrons to effec-
tively prevent charging of the samples. This is highly recommended for
the used materials.

The pressure in themain chamberwas approximately 3 ∗ 10−8mbar
for the negative measurements. Due to the EI gas source for O2

+

sputtering, also the pressure of themain chamberwas slightly increased
to around 7 ∗ 10−8 mbar.

The lamellas for TEM investigations were prepared using a FEI
Quanta 200 3D DualBeam- focused ion beam (FIB). Specimens were
coated with 4 nm gold and subsequently protected with a thin Pt
layer in order to conserve the fragile tribofilm on the surface. Compared
to the W based coating, the tribofilm is very fragile and was difficult to
conserve. Therefore, the final thinning of the lamella was achieved by
a 20 min ion polishing procedure using a Gentlemill (TechnoorgLinda).

Transmission electron microscopy (TEM) investigations were per-
formed with FEI TECNAI F20 operated with an acceleration voltage of
200 kV, which was equipped with an Apollo XLTW SDD EDAX detector
for chemical analyses.

2.4. DFT calculations on the in-situ formation

The calculations were performed using the Density Functional The-
ory (DFT) as implemented in the Vienna Ab initio Simulation package
(VASP) [34,35] together with the projector augmented plane wave
(PAW) pseudopotentials under the generalized gradient approximation
(GGA) [36] and the Perdew-Burke-Ernzerhof (PBE) exchange correla-
tion functional [37]. The plane-wave cutoff energy was always set to
600 eV and the reciprocal space was sampled with Γ-centered
Monkhorst-Pack meshes [38] equivalent to at least 25,000 k-points
atoms. All systems were converged to about 10−3 eV/at.

Table 1 provides structural description of the phases of WN, WC,
WS2, and WO3 considered in our study. Equilibrium lattice parameters
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of all systems were obtained by fitting the minimum of the energy vs.
volume curve with the Murnaghan equation of state [39].
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where the parameter E0 denotes the total energy of the system at
equilibrium volume V0, while B0and B0′ are the corresponding bulk
modulus and its pressure derivative at the reference state of zero pres-
sure. In order to analyze the pressure effect on the stabilities ofWN,WC,
WS2, and WO3 polymorphs, we calculate their formation enthalpies
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where Htot(p) is the enthalpy of the system, ns and μs are the number of
atoms and the chemical potential, respectively, of a species s. The refer-
ence chemical potentials for C, S, andWare conventionally set to the en-
thalpy per atom of graphite-C, μC, orth-S, μS, and bcc-W, μW, while the N2

and O2 molecules, represent the chemical potential of N, μN and O, μO.
The total enthalpy in the above Eq. (2) reads

Htot pð Þ ¼ E pð Þ þ pV pð Þ ð3Þ

Using the definition of pressure, p = ∂E/∂V, formulas for V(p) and E
(p) can be derrived from Eq. (1) and plugged in Eq. (4), therefore,
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Since the reference chemical potentials for C, S, andW are related to
the enthalpies of their.

crystalline phases which do depend on pressure through the
Murnaghan Eq. (1), we also consider μC, μS, and μW in Eq. (2) to vary
with pressure, analogically to the binary systems. Following the argu-
mentation of Reuter and Scheffler [40], the μN and μO chemical poten-
tials are kept constant irrespectively of the pressure, due to the fact
that our DFT calculations are performed at 0 K.

2.5. Following breadcrumbs towards in-situ solid lubrication

Our investigations into themechanism behind the in-situ formation
started with unidirectional ball-on-disk tests (contact pressure:
0.5 GPa) of polished commercial Mo samples at 100 °C. To avoid any
chemical interactions or analytical interferences of the counter body,
all tests were performed with inert Si3N4 balls. Without the S-
containing additive (pure PAO 8), the coefficient of friction (COF) on
the Mo sample in Fig. 2a, starts at around 0.18, slightly decreases to
0.14 in the run-in phase but stays well above the steel flat (AISI
52100) vs. Si3N4 ball reference (same COF for all S concentrations).
Table 1
Crystal symmetry classes and space groups of the here considered phases of WN, WC, WS2, an

System Symmetry Space group a(Å)

WN Cubic Fm3m 4.369

WN Cubic Pm3m 4.133
WN Hexagonal P6m2 2.877
WC Cubic Fm3m 4.394
WC Hexagonal P6m2 2.931

WS2 Hexagonal P63/mmc 3.201
WS2 Trigonal R3m 3.197
WO3 Cubic Pm3m 3.840
WO3 Hexagonal P6/mmm 7.475
WO3 Tetragonal P6/nmm 5.368
The addition of 2 at.-% S in the form of the sulphurized additive, drasti-
cally changes the tribological behavior, lowering the COF to just below
0.05 after a run-in period and contributing to a smoother andmore sta-
ble run. The corresponding Raman spectroscopy in Fig. 2b can link the
highly improved performance on Mo to the in-situ formation of the
solid lubricant MoS2 (see red line for 2 at.-% S).

In order to determine whether we can translate the results of a Mo
surface to a chemically similar W surface we conducted similar tests
with stepwise increased S content in the oil. While the friction is
reduced to 0.1 by adding 0.6 to 2.0 at.-% S additive (no trend within
this concentration-window), it does not reach the low friction level
we would expect from a WS2 lubricated contact. As evidenced by
Raman spectroscopy (Fig. 2b) theW surface with its low chemical reac-
tivity (compared to Mo) does not facilitate the in-situ formation of
dichalcogenides. Interestingly, X-ray photoelectron spectroscopy re-
vealed that theMo contact contained 37 at.-% oxygen frommetal oxides
in the contact zone. ForW, in comparison, the test conditions are not se-
vere enough for oxidative attack on the metallic surface (1 at.-% oxygen
from metal oxides). The absence of oxides in the W contact (while an
oxide layer is present on the undisturbed sample surface) lead us to be-
lieve that the in-situ formation of both, MoS2 andWS2, is dominated by
an oxidation pathway, in which the transitionmetal is first oxidized in a
first step (activation, Fig. 1) and the oxide subsequently reacts with the
S of the additive to form the respective disulfide (step 2, Fig. 1). A repe-
tition of the tests onMo surfaces in an O2-free dry nitrogen atmosphere
(Fig. 1a) supports this suggested formation pathway, as the friction is
significantly higher.

For verification of the reaction pathway, another set of W samples
have been thermally annealed in air prior to testing. They provide a hex-
agonal WO3 (P6/mmm) surface with an up to 500 nm thick oxide scale
andwere tested under the same conditions as themetallic samples. The
COF for the oxidizedW surface (Fig. 2a) slightly decreases as the S con-
tent in the oil increases and shows a drastic drop to 0.05 as a certain
threshold concentration is exceeded and in-situ WS2 formation was
enabled (confirmed by Raman spectroscopy in Fig. 2b). The Raman in-
vestigations in both cases (Mo and W) also demonstrate that the lubri-
cating effect is solely based on the formation of TMD and no oil derived
lubricating carbon structures [47] are present. While the COF on theMo
sample experiences an exponential decrease due to an initial shortage
of oxides, the pre-applied oxide educts are at instantaneous disposal
on the annealed W surfaces, reducing the running in period to only a
few cycles. The relationship between the availability of oxides and S is
also highlighted by the run in period with 0.6 at.-% S and the significant
rise in friction at the end of the testwith 2 at.-% S. In both casesWS2was
initially formed, but the unbalanced availability of educts (low S content
in the oil or thin oxide layer on the oxidized W samples) lead to depri-
vation of one reaction partner and resulted in the termination of a
sustained in-situ lubrication. Therefore, the in-situ lubrication relies
on a competing process whereby the oxidation rate of the transition
metal source and the availability of S need to be well balanced.

For any application, low friction on its own is not the whole success
story andmight be easily achieved otherwise. The true value ofWS2 lies
d WO3 together with the calculated lattice parameters, a and c.

aref(Å) c (Å) cref(Å)

4.357 [41], 4.362 [42]

4.120 [43], 4.125 [41]
2.865 [42] 2.912 2.912 [41]
4.398 [42]
2.926 [42] 2.853 2.849 [42]

3.153 [44] 14.349 12.323 [44]
3.158 [44] 21.880 18.49 [44]
3.84 [45]
7.298 [46] 3.840 3.899 [46]
5.36 [45] 3.996 4.01 [45]



Fig. 2. (a) Interactions of the Mo surface with 2 at.-% S in the oil lead to a drastic reduction
of the COF.While metallicW surfaces do not follow this low friction behavior, a thermally
annealed tungsten oxide surface demonstrate an immediate drop in friction at sufficient S
concentrations in the lubricant. (b) The low COF for S-containing tests onMo and oxidized
W can be directly linked to the formation of MoS2 and WS2 respectively, via Raman
spectroscopy of the wear scar on the counter body while on W no sulfide is formed.

Fig. 3. (a) The in-situ formation of MoS2 offers excellent wear protection (e). (b) Tests on
W surfaces lead to the formation of abrasive particles and (f) result in high wear on the
ball. (c) A similar wear mechanism can be noticed on oxidized W surfaces without the
presence of S. (d) The addition of 1.2 at.-% S to the contact sustains the formation of
WS2, leading to the same polishing as with Mo, averting any measurable wear (g).

Fig. 4. (a) Low friction via the in-situ generation of WS2 can also be achieved by applying
coatings in thepresence of S containing additives. The evolution of the COF depends on the
contact pressure, as the tribofilm suffers from higher loads. Raman spectroscopy
(b) demonstrates that WS2 has formed in higher amounts as the contact pressure
increases. (c) Without any additive to react and form the WS2 based tribofilm, the wear
is quite severe and increases proportionally. (d) Although, the COF increases for higher
contact pressures (despite the presence of the S containing additive), the wear
protection capabilities are still excellent pushing the amount of wear below detectable
levels.
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in its combination with excellent wear protection. As the tested bulk
materials possess different mechanical properties, compatibility of the
wear behavior is limited to investigations of the ball as counter-body.
Tests without the S containing additive (as well as tests in which no
TMD formation was sustained due to low S or O content), present
high abrasive wear on the ball (Fig. 3b,c,f). The systems involving a
Mo surface (Fig. 3a,e) or an oxidized W surface (Fig. 3d,g) in combina-
tion with the S additive on the other hand only experienced slight
changes in the surface morphology (noticeable shining finish), without
any measurable wear. This demonstrates the excellent wear protection
properties of the in-situ formed MoS2 and WS2 tribofilm.

2.6. Tungsten nitride coatings – the key to in-situ WS2 formation

WhileMoS2was easily formed onmetallicMo surfaces, the generally
more stable and better performing WS2 needs additional modification
of the W-delivery system to work. Therefore, tungsten nitride based
coatings were applied to modify the surface oxidation rate (as the
Gibbs free energy is less negative) and at the same time to benefit
from synergetic protection of the surface by enhancedmechanical prop-
erties of the coating. This coating was produced with high power im-
pulse magnetron sputtering, leading to a nano-crystalline morphology.
It obtains a hexagonal sub-stoichiometric δ-WN structure (P63/mmc)
and exhibits a hardness of 31 GPa (compared to 22 GPa of a metallic
W coating). Further coating details are given in the supplemental
information.

Putting the coating to the (tribological) test, Fig. 4a shows that, un-
like metallic W, the coating supports the in-situ formation of WS2
(under the same conditions). Compared to a COF of 0.1 without the
presence of S the COFwith 2 at.-% S in the lubricant is lowered to a stable
level between 0.04 and 0.05. Increasing the load and thereby the contact
pressure initially demonstrates similar low friction behavior, but after
the run in period the COF starts rising again until it levels out at 0.08.
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Raman spectroscopy of the contact area, Fig. 4b, suggests that this is the
result of theWS2 tribofilm beingworn away at higher contact pressures.
The tribofilm is increasingly mechanically removed from the contact
while the reaction constantly replenishes the WS2 on the exposed sur-
face. This leads to an accumulation of WS2 based debris around the
wear track, delivering a stronger Raman signal.

Without the S-additive, the contact is subjected to high wear of the
ball (increasing with the contact pressure, Fig. 4c), whereas any coating
wear is below the detection limit. In presence of 2 at.-% S in the contact,
tests that exhibit low friction also experience no wear. Unexpectedly,
despite the elevated COF of 0.08 (at this level tests with metallic W ex-
perienced high wear on the ball), the increased contact pressure does
not lead to any measurable wear on coating or ball. The 3D images of
the associated balls, Fig. 4d, prove that although the removal of the
tribofilm from the contact might hinder excellent lubricating properties
at high loads, the wear protection of the in-situ formed WS2 is still in-
tact, preventing any measurable wear. The wear protection of the
tribofilm and the coating at a contact pressure of 0.5 GPa also proves
to be very reliable and extremely efficient in long term tests, exhibiting
no measurable wear on either ball or coating after 100 h (or 36 km) of
testing (see supplemental data).

The Si3N4 ball (Fig. 5a) presents a small contact interface with a sur-
rounding rim of relatively thick tribofilm at areas of lower contact pres-
sure. Around the contact, accumulated debris (containing WS2 and oil
derived by-products) adheres to the ball surface. These deposits of de-
bris also form outside of the wear track on the coated flat sample
(Fig. 5b), whereas the tribofilm itself is predominantly developing on
the ball. Although no wear was measurable, the increased load leads
to a rising buildup of debris as more tribofilm is worn away and contin-
uously regenerated. This build-up also supports the concept of the in-
situ formation of WS2 as secondary ion mass spectroscopy investiga-
tions reveal that the tribofilm debris is rich in S (Fig. 5c) while being
oxygen-depleted (in respect of the surrounding surface oxidation,
Fig. 5d). The investigations also uncovered the WS2 generation area in
the center of the wear track where local oxidation generates the
Fig. 5. (a) The contact area of a ball at 0.9 GPa with 2 at.-% S exhibits no measurable wear
and presents areas of accumulated debris (investigated by Raman spectroscopy, contains
WS2) and tribofilm, that has been investigated with TEM. (b) The coated flat does not
show any measurable wear as well, but illustrates the formation of a debris zone around
the wear track (intensifying with the contact pressure). This area was investigated with
secondary ion mass spectroscopy (c) revealing a high concentration of S in the debris,
while (d) oxygen species are absent from the debris.
required tungsten oxides and the conditions are severe enough to facil-
itate the subsequent WS2 formation.

The lubricating and protective effect of WS2 requires the formation
of easy slide planes, more precisely crystalline WS2 sheets, emerging
from the initially unaligned or amorphous reaction products. The
major fraction of the tribofilm has an amorphous appearance in TEM
(Fig. 6a) and selected area diffraction (SAED). Detailed high-resolution
(HR) studies (Fig. 6b) reveal that the lubrication, as envisioned, is in
fact supported by the formation of crystalline WS2 regions. These
nanocrystallites are only few nanometers in diameter and are roughly
aligned parallel to the interface. These regions are too small for SAED,
but the spacing between the planes can be calculated (by Fourier trans-
formation of HR image sections) andmatches the distance between the
easy shear planes ofWS2. Although themajor part of the tribofilm is not
crystalline, it still containsW and S in the ratio 1:2 according to EDX line
scans (Fig. 6c), ready to self-organize under shear forces in order to form
a few nm thick easy-glide top-layer on the tribofilm.

The in-situ reaction undoubtedly producesWS2, but it is unexpected
that oxides are the key trigger to the formation. Considering normal at-
mospheric conditions, wewould imagine themetal oxide to be themost
stable compound. However, in tribological contacts the conditions tend
Fig. 6. (a) The tribofilm (protected by an Au and Pt layer), that formed on the Si3N4 ball,
was investigated with TEM and exhibits a mostly amorphous appearance. (b) In the
tribofilm crystalline WS2 nanoparticles are embedded. (c) The chemical composition
(determined by EDX) across the tribofilm is dominated by amorphous carbon (from
decomposed oil) and W as well as S in a 1:2 ratio. (d) The in-situ formation is also
suggested by density functional theory calculations, which suggest that at increasing
contact pressure the WS2 becomes energetically more favorable than WO3 which has
formed in the contact.
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to be more extreme and in order to truly understand a tribochemical
reaction we need to investigate behavior of materials under these
borderline conditions. From an energetic point of view, the formation
of WS2, with a standard Gibbs energy ΔfGm

o (293.15 K) of −232.1 ±
3.1 kJ·mol−1, is feasible [48] but in experiments it seems to be kineti-
cally inhibited. While an oxidative environment in tribocontacts is
common, it is surprising that stable oxides in combination with S com-
pounds react further to form a less stable disulfide. First of all, the energy
of formation for WO3 increases with temperature until it becomes pos-
itive and decomposes. The free Gibbs energies for potential variations of
in-situ reactionmechanismon the other hand decreasewith rising tem-
perature. Only the thermal decomposition of WS2 hinders a pure ther-
modynamic explanation. Neglecting these phase transformations, high
temperatures would energetically favor theWS2 formation. As reported
by Polcar et al., our experimental data confirms that a sufficiently high
contact pressure is a major condition for the formation of crystalline
WS2 [30,31]. Therefore, we studied the influence of pressure on the for-
mation enthalpy with ab-initio density functional theory calculations
(Fig. 6d, details in the supplemental information). Much like high tem-
peratures, the high pressure in single asperity contacts destabilizes
tungsten oxides and in combination with local temperature bursts tips
the scale in favor of the WS2 formation.

3. Conclusion

The formation of WS2 is a delicately balanced system between the
availability of S and the oxidation rate of the W-supply, as the reaction
predominantly takes the path of an initial oxidation and subsequent sul-
fide generation. Both, temperature and pressure, in the contact region of
single asperities are significantly higher than in the rest of the contact.
These conditions enable the formation of WS2 in the center of the
wear track, which under these conditions becomes energetically more
favorable than the oxide.

WN coatings provide an important benefit to loaded surfaces, as
they are applicable on all technologically relevant materials, add in-
creased wear protection, and unlike metallic W facilitate the formation
of WS2 in presence of S-containing lubricant additives. Our approach is
compatible with current lubricant formulations since they readily con-
tain additives with S and avoids the need of organic lubricant additives
containing heavy metals.

TheWS2 is incorporated in the tribofilm on the counter face (ball) of
the coating and self organizes under shear stress, forming lubricating
nanocrystals. These nanocrystalline regions are reducing the COF signif-
icantly and offer excellentwear protection,with nomeasurablewear on
either ball or disk after 100 h.

While the tribofilm is continuously worn away under higher loads,
leading to a COF only slightly below the reference, the formation of
new WS2 in the generation area is sufficient enough to sustain the
wear protection. The in-situ formation ofWS2 allows the harmonization
of coatings and lubricants, and offers a synergetic and novel approach
on long term wear protection.
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