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1 Abstract

In wind turbine gearboxes, (near-)surface initiated fatigue is attributed to be the primary failure
mechanism. In this work, the surface fatigue of a hydrogenated tungsten carbide/amorphous
carbon (WC/aC:H) thin-film was tested under severe cyclic tribo-contact using
PolyAlphaOlefin (PAO) and PAO + Zinc DialkylDithioPhosphate (ZDDP) lubricants. The
film was characterised in terms of its structure and chemistry using X-ray diffraction, analytical
Transmission  Electron = Microscopy (TEM)  including  Electron  Energy  Loss
Spectroscopy (EELS), as well as X-ray Photoelectron Spectroscopy (XPS). The multilayer
carbon thin-film exhibited promising surface fatigue performance showing a slight change in
the hybridization state of the aC:H matrix. Dehydrogenation of the thin-film and subsequent
transformation of cleaved C-H bonds to non-planar sp? carbon rings were inferred from EELS
and XPS results. Whilst tribo-induced changes to the aC:H matrix were not influenced by a
nanometer-thick ZDDP reaction-film, the rate of oxidation of WC and its oxidation state were
affected. Whilst accelerating surface fatigue on a steel surface, the ZDDP-tribofilm protected
the WC/aC:H film from surface fatigue. In contrast to the formation of polyphosphates from
ZDDP molecules on steel surfaces, it appeared that on the WC/aC:H thin film surface ZDDP

molecules decompose to ZnO suppressing the oxidative degradation of WC.
2 Introduction

With the increased demand for renewable energy, the implementation of wind plants has

escalated significantly. However, premature failures of the bearings in wind turbine gearboxes



have hindered progress towards enhanced wind turbine efficiency. Micropitting is a surface
fatigue phenomenon occurring in wind turbine gearboxes under certain conditions which has
become more prevalent over the last fifteen years. Studies have shown that certain anti-wear
additives which are essential to mitigate catastrophic wear, actually accelerate micropitting .
In order to tackle micropitting, approaches such as applying specific surface finishes * and

coatings > as well as improving lubricant performance ! ® have all been considered.

A surface coating that can mitigate surface fatigue would enable reliable and environmentally-
friendly energy production. Tungsten carbide/amorphous carbon (WC/aC) thin-films show
promising micropitting performance >>. Depending on the WC concentration alloyed into the
aC matrix and the specific deposition parameters, tungsten can chemically react with carbon to
form highly disordered amorphous—like phases or, alternatively, crystallites of either cubic [3-
WCix ™! or hexagonal a-WC '? and a-W,C % ' 1314 This may give rise to different
mechanochemical properties 8 and tribological performance '°. In solely aC thin-films, a
reduction in sp® hybridized bonds as a result of changing the bias voltage during deposition can
decrease the internal stresses in the film '>. With WC/aC thin-films the internal stresses alter in
a more complex manner '> . Up to the solubility limit of WC in carbon, intrinsic stresses in
the thin-film are reduced. This is attributed to the greater mass of the tungsten ion and its higher
momentum which relaxes compressive stresses '* and the presence of W—C bonds which
alleviate strain energy arising from bond angle distortions relative to solely C—C bonds '*.
Above the solubility limit, the formation of incoherent interfaces between the aC matrix and

precipitated tungsten carbide crystals hinder stress fields through incoherent stress relaxation'®.

In addition to the thin-film properties, lubricant additives influence the tribological
performance of aC coated surfaces !”. The impact of lubricant additives on aC thin-films has

18-20

been studied under sliding conditions indicating changes in their mechanochemical

structure '°.

In the literature, there is extensive research on the development and
characterisation of lubricious carbon thin-films and their tribochemistry. Superlubricity of a
tetrahedral amorphous carbon (taC) lubricated with oleic acid has been attributed to graphene
oxide carbonaceous structures at the interface *°. However, there has been no detailed review
of the influence of lubricant additive on the surface fatigue performance of aC coated surfaces.
Mechanistic studies of surface fatigue in aC thin-films and the influence of additives are

required to develop thin-films which are compatible with the lubricant chemistry and can

simultaneously hinder micropitting.



Various aC thin-films have been shown to suppress wear and/or surface fatigue in sliding
and/or sliding-rolling mechanical components 2> 7-10:17-20-21 Qur work has investigated three
types of thin-films: taC, aC:H and WC/aC:H which were tested in rolling-sliding conditions
under the boundary lubrication regime. In the boundary lubrication regime, the lubricant film
occasionally collapses at the contact interface leading to micropitting as a result of solid-solid
contacts of asperities on the contacting surfaces. While the examined taC and aC:H thin-films
underwent severe surface wear/fatigue, WC/aC:H showed promising performance under
different test conditions. This current work presents further investigations into the
microstructure and chemistry of the WC/aC:H thin-film and the mechanism of surface fatigue

under two different Slide-to-Roll Ratios (SRR) of 2% and 10%.
3 Experimental and analysis apparatus

3.1 Surface fatigue tester

The WC/aC:H thin-films were deposited on the surface of AISI 52100 steel substrates through
a combined Physical and Chemical Vapour Deposition (PVD and CVD) technique known as a
plasma enhanced CVD (PECVD) 2. The deposition procedure employed has been described
by Strondl et al. ** and more details can be found in the Supporting Information (SI) (section
S1.1). The thin-film was a multilayer coating with a concentration gradient of WC across the
thin-film (with higher WC concentration at the initial deposition). WC was magnetron
sputtered from a W/WC cathode target to a substrate in an argon/acetylene plasma which
controls the deposition of the aC:H phase *>. A modified PCS Instrument Micropitting Rig
(MPR) was used for surface fatigue investigation of WC/aC:H-coated spherical rollers tribo-
contacted against uncoated 52100-steel counter-bodies using two different lubricant
formulations of PAO as a Base Oil (BO) and PAO+ZDDP (i.e. BO+ZDDP) at a contact
pressure of 1.5 GPa. The reliability of the thin-film was further inspected under a higher contact
pressure of 2.5 GPa which was above the substrate yield modulus. More details and a schematic

diagram of the rig are shown in the SI (sections S1.2 and S1.3).
3.2 X-Ray Diffraction (XRD)

A Phillips X’Pert diffractometer using Cu Ko radiation was used to characterise the
crystallographic structure of the thin-film in both Bragg-Brentano (BB) and Grazing Incidence
(GI) detection geometries. XRD patterns were collected at ambient temperature over a 20 range

of 15°-85°.



3.3 Optical and electron microscopy

White Light Interferometry (WLI) using a Bruker NPFLEX™ was used to examine the thin-
film and steel surfaces following surface fatigue testing. SEM was used at an accelerating
voltage of 5 kV in order to image the coated surfaces both prior to and following tribo-contact.
Surfaces were ultrasonically cleaned using n-heptane for 3 minutes prior to imaging. A Focused
Ion Beam (FIB)-SEM was used to prepare thin cross-sectional lamellas of the pristine and
tribo-tested thin-films for TEM. A thin-film lubricated using BO+ZDDP and tribo-tested under
a SRR of 2% and contact pressure of 1.5 GPa was selected for TEM lamella preparation. TEM
was undertaken using a FEI Titan Themis® FEG TEM/STEM operated at 300 kV and fitted
with high solid angle Super-X energy dispersive X-ray (EDX) for elemental mapping and a
Gatan Quantum ER electron energy loss (EEL) spectrometer/filter. Carbon K-edge EEL
spectra from both the pristine and tribo-tested thin-film were collected. A power-law model
was used to subtract the underlying spectral background and spectra were normalised to the
integrated area over a 20 eV energy window with an onset at 282.5 eV 2!:2*, More details are

presented in the SI (section S1.4).
3.4 Surface chemical analysis

The surface chemistry of the tribo-induced reaction-film in the presence of ZDDP and changes
in the chemical state of the WC phase at the thin-film surfaces were studied by XPS using a
PHI 5000 Versa Probe™ spectrometer (Ulvac-PHI Inc, Chanhassen, MN, USA) fitted with a
monochromatic Al Ka X-ray source (1486.6 eV). Specimens were sonicated in n-heptane for
3 minutes before analysis in order to minimise residual lubricant on the surface. High
Resolution (HR) spectra (0.05 eV/channel for O 1s, P 2p, S 2p, W 4f and C 1s signals and 0.1
eV/channel for Zn 2p) were also acquired from wear tracks at an area with no micropitting
and/or severe surface-damage using a beam size of 100 um and a power of 23.7 W in fixed
analyser transmission mode. Chemical depth profiling through the surface film was achieved
by ion beam etching using 2 keV Ar* ions and a 1 pA current; with these sputtering parameters,

60 s of sputtering was found to etch 4.5 nm of a steel surface [6].

In further experiments, C 1s and C KVV spectra were collected with a dwell time of 50 ms
over an area of 300 by 300 um both prior to and following tribo-tests using a Thermo
Scientific™ K-Alpha* XPS (Al Ka X-ray source) in order to assess changes to the hybridisation

state and structure of the thin-film as a result of tribo-contact. Following a meticulous cleaning



procedure (presented in the Sl-section S1.4), surfaces were sputtered in-situ in the XPS
chamber with low energy (4 kV), large (approximately 2000 atom) argon clusters over an area
of 2 by 2 mm in order to eliminate the surface contamination resulting from air exposure 2.
CASAXPS software (version 2.3.19, Casa Software Ltd, UK) was used to fit the XPS and
XAES spectra using parameters elucidated in the SI (section S1.4). Three tribo conditions were
chosen to represent the influence of the additive, the SRR and a contact pressure (discussed in

the SI- Section S1.4).

4 Results:

4.1 Structure of the thin-film

Figure 1 (A) (inset) presents GIXRD data at an incidence angle of 2° which shows three broad
peaks due to the surface layer that is expected to be an amorphous a-C:H matrix that contains
some WC. The peaks are at ~ 36.6° , ~ 61.5° and ~ 73.6° (d spacings 0.245, 0.150 and 0.128
nm) are associated with (111), (220) and (311) planes of cubic B-WCi.x respectively. Tungsten
carbide XRD reference patterns are given in Figure S1. Although cubic B-WCix is normally
only stable above the eutectoid point of 2525°C, in magnetron sputtering metastable B-WCjx
can be deposited without transforming to the thermodynamically-stable a-WC phase 7 2.
Additional reflections in BBXRD data at ~44° and ~64° arise from the Fe substrate ’ and the
Cr interlayer. Further peaks at ~39°, 59°, 69° and 73° in BBXRD data can be assigned to cubic
W and/or a-W2C (Figure 1(A) and Figure S1). GIXRD measurements were also carried out at
different incident angles of 1°, 3°, 5° and 10° and are presented in Figure S2. With increasing
angle, a second peak at ~43° became dissociated from the asymmetric peak at ~36.6° shown
inset in Figure 1 (A). This peak corresponds to the (200) plane in B-WCix which is the more

1. 2 observed a similar result for thin-films

preferred orientation deeper in the film; Baba et a
with greater alloyed WC concentration. The appearance of sharper peaks in the BBXRD data
shown in Figure 1 (A), relative to the GIXRD data, suggests that the B-WCi.x phase is more

crystalline at the bottom layer of the thin-film, in agreement with literature 7%

and suggesting
that higher concentrations of carbon in the thin-film results in more nanocrystalline or
amorphous B-WCix precipitates. The multilayer structure of the as-deposited thin-film is
shown in the STEM image from a cross-sectional lamella in Figure 1(B). A thin layer of the

order of a few to tens of nm indicated by the yellow arrow, can be discerned at the substrate.



This may correspond to an amorphous layer generated by residual oxygen in the deposition

chamber ?” and has been suggested to facilitate the adhesion of Cr to the substrate ’.
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Figure 1. Structure and composition of WC/aC:H thin-film showing A) BB/GIXRD patterns from the thin-film
(the peak in the BB-XRD pattern at ~47° can be attributed to Cr (211) plane which appears in Cr coatings %),
B) cross-sectional STEM image from the thin-film showing overview of the thin-film structure throughout its
depth, C) STEM/EDX profile across the cross-sectional TEM lamella, traversing from the coating into the
substrate (the rectangular bar below the EDX profile shows the corresponding STEM HAADF image from the
profiled area) and D) HRTEM image and SAED pattern from the near-surface zone in the thin-film. Yellow
arrows in (B) and (C) indicate an interfacial layer facilitating adhesion between the substrate and thin-film >’

and carbide nano-precipitates, respectively.
A STEM/EDX line profile across the lamella (Figure 1(C)) shows that the concentration of the
alloyed-phase (W/WC) varies through the thin-film thickness as expected. Approximately 100
nm of the thin-film nearest to the substrate is a Cr interlayer sputtered in an argon plasma,
followed by 150-200 nm of a simultaneously sputtered W/WC and Cr with an increasing
concentration of W/WC over Cr. C2H> gas was then introduced into the chamber to induce an

aC matrix and the concentration of alloyed-phase was gradually reduced. Oxygen shows a



noticeable presence at the very top surface of the thin-film which is accompanied by a decrease
in the relative concentration of carbon (Figure 1(C)). The residual pressure was maintained at
the same level throughout the deposition and hence the enhanced presence of oxygen at the top
surface of the film is due to atmospheric oxidation of the thin-film surface after it was taken
out of the chamber. This oxidation is attributed to the formation of tungsten oxides and/or
passivation of dangling bonds at the surface *°. A gradient of the alloyed-phase concentration
is the preferred architecture yielding higher hardness in the film bulk (where there is a higher
WC concentration) and improved friction and wear characteristics at the thin-film surface

(where there is a higher aC concentration (C > 60 atom%) especially in humid environments*°.

A polycrystalline SAED pattern collected from approximately the top 100-nm of the thin-film
is shown in Figure 1 (D) alongside a TEM image showing segregated nano-precipitates which
index to the B-WCi structure. In contrast, a SAED pattern collected from the bulk of the thin-
film suggest a d spacing of 0.228 nm close to the (101) spacing in a-W>2C (shown in Figure

1. ' who showed that for

S3). These observations agree with the findings of Sdnchez-Loépez et a
phase fractions of WC > 66% in thin-films deposited by magnetron co-sputtering from graphite
and WC targets, this induced the formation of a-W>C, as opposed to -WCix which was

formed at lower concentrations.
4.2 Fatigue mechanism in WC/aC:H thin films

Results in this section detail the wear mechanisms of the WC/aC:H thin-film lubricated with
BO and BO+ZDDP under two SRRs of 2% and 10%. When ZDDP was present in the lubricant,
the thin-film lubricated with a SRR of 2% (Figure 2 (A)) shows signs of mild polishing wear
along with a few scratches on the surface (Figure 2 (A, a & b); no micropitting was observed
on the thin-film surface indicating a substantial improvement in micropitting performance as
compared to steel surfaces (see Figure S4). Delamination of the thin-film was only observed
on tested rollers on one occasion and this occurred at the interface between the Cr interlayer
and the steel substrate (Figure 2 (A, c)). Increasing the SRR to 10% did not alter the wear
mechanism significantly but enhanced the extent of damage; although no micropitting was
observed, scratches became wider and a small degree of degradation wear was observed
(Figure S5). Conversely thin-films lubricated with BO under a SRR of 2% exhibited sub-
micron degradation wear and micropits on the surface, as seen in Figure 2 (B, a & b).
Micropitting was observed both on the surface zone which experienced polishing wear (Figure

2 (B, b)) and also on the region where degradation wear occurred (Figure 2 (B, c).
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Figure 2. Micrographs from thin-film surfaces after tribo-contacts against steel-counterbodies, under 2% SRR,
at a contact pressure of 1.5 GPa and lubricated with A) BO+ZDDP and B) BO respectively. a) optical and b
& c) secondary electron (SE) images showing superior micropitting-performance of the thin-film when ZDDP
was present in the lubricant formulation. A,c) is a SE image showing localised delamination of the thin-film

and its corresponding EDX elemental maps. Micropitting is indicated by yellow dash-line in panel B-b.
The wear scar on the thin-film showed a depth of 200-400 nm by WLI indicating significantly
lower wear as compared to BO-lubricated steel surfaces (see Figure S4). The increase of SRR
to 10% resulted in enhanced degradation wear and altered the appearance of micropits; in some
cases micropits exhibited pothole shapes which can be an indication of a higher degree of

micropit propagation in the circumferential direction (shown in Figure S5). Upon increase of

the contact pressure to 2.5 GPa, spalling was observed on the thin-film surface lubricated with



BO+ZDDP together with polishing wear on the surface where the thin-film endured through
the test. The spalling exhibited delamination of the thin-film from the substrate and is shown

in Figure 3. Subsequent to delamination, micropits appeared on the steel surface.

Figure 3. Back-scattered electron micrographs from thin-film surface after tribo-contact against steel-
counterbodies using BO+ZDDP lubricant, under 2% SRR and at a contact pressure of 2.5 GPa showing spalling
of the thin-film from substrate and micropits on the spalled surface. White spots in the inset and at the edge of
the spall correspond to residual thin-film (mostly Cr interlayer) which were not worn away.
The coated surfaces lubricated with BO+ZDDP showed a similar friction behaviour to that of
steel tests, alongside around 15% friction reduction as compared to steel surfaces (See Figure
S4). The friction coefficient of coated surfaces lubricated with the base oil dropped rapidly
during tribo-contact and was lower than that of BO+ZDDP lubricated thin-films (i.e. around
15%, see Figure S4). This behaviour is associated with carbonaceous transfer layer formation
on the counter-body surfaces which has been shown to accompany friction reduction and high
wear '8, Conversely the friction coefficient of BO-lubricated steel surfaces was lower as
compared to thin-film surfaces and BO+ZDDP lubricated steel surfaces. This was caused by
severe solid-solid contacts at BO-lubricated steel surfaces leading to a significant reduction in
the surface roughness of the counterbodies and a considerable change in the contact geometry
and conformity resulting in decreased contact pressure >. A manifestation of the severe solid-
solid contacts was a deep wear scar (Figure S4). ZDDP protected the steel surfaces from wear
but induced micropits and high frictional forces on the steel surfaces (Figure S4) in agreement

with the previous studies !,

The fatigue mechanism of the thin-film was further investigated by preparing a TEM lamella
from the thin-film lubricated with BO+ZDDP under a SRR of 2%. Figure 4 (A) shows a SEM
image from the top surface of a pristine thin-film and Figure 4 (B) presents the thin-film surface

after tribotesting using BO and a SRR of 2%. There are evident slit-like features on the surface



of the pristine thin-film which are denoted by yellow arrows in the figure. The slit-like features
are defects which are generated during thin-film deposition. As seen in Figure 4 (C), these
features can also be discerned in the cross-sectional electron micrographs of the pristine thin-
film. The slit-like features in some cases extended throughout the thin-film which often,

although not exclusively, appeared associated with polishing marks on the substrate surface.
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Figure 4. Plan view SEM (A and B) and cross—sectional (C and D) STEM images from (A) and (C) pristine
unworn thin-film and (B) and (D) tribo-contacted thin-film against steel-counterbodies under 2% SRRs, at a
contact pressure of 1.5 GPa and lubricated with BO+ZDDP respectively ((C) is a SEM image from a TEM
lamella and (D) is a STEM HAADF image). Yellow circles in (C) and (D) Sland S2, indicate the approximate
locations from which EELS spectra in Figure 5 were collected.
Internal stresses, roller geometry (a barrel shape) and imperfections on the substrate are
postulated to be contributing factors to slit generation. Wang et al. ' studied the influence of
dopant concentration on internal stresses in WC-doped carbon thin-films and observed a
narrow dopant concentration range in which intrinsic stress rises before dropping at higher
concentrations. Therefore, the change in the concentration of B-WCi at different thin-film
depths results in varying residual stress behaviour and hence an increase in cohesive forces
between layers which may be the driving force to dissociate the whole thin-film resulting in
slit formation. The worn surface in Figure 4 (B) shows widening of the initial slits after tribo-

contact and the cross-sectional STEM image in Figure 4 (D) confirms that surface damage

originates from the initial slits. Therefore, defects on the thin-film surface act as damage



nucleation sites and hence the slits contribute to the factors leading to fatigue of the thin-film.
As observed in Figure 2, ZDDP excelled in protecting the thin-film surfaces from micropitting.
However, the slit widening and lamellar dissociation of the thin-film was observed following
tribo-contact regardless of the lubricant formulation. Therefore, it can be inferred that ZDDP
influences surface fatigue performance of the thin-film by chemically interacting with either

carbon or B-WCi in the thin-film which will be discussed in sections 4.3 and 4.4.

4.3 The carbon chemistry in the thin-film and the influence of ZDDP

4.3.1 EELS

The normalised C K-edge core loss EEL spectra collected from different areas (indicated in
Figure 4) of the pristine thin-film and also the thin-film after tribo-testing using BO+ZDDP
lubricant and a 2% SRR are shown in Figure 5. A reference C K-edge from an evaporated
carbon layer which was deposited on the thin-film for surface protection is also included in
Figure 5(A) for comparison. Three main features in the C K-edge are apparent: a first peak at
285.0 eV corresponds to transitions from the carbon 1s level to C=C n* states, a second peak
at 292 eV is attributed to C—C o* states and third peak at 300 eV is assigned to C=C o* states
3! In addition, intensity in the region between the first two peaks, between ~ 286.6 and 288.5
eV 2, can arise from the presence of heterospecies (e.g. O and H bonded with carbon) 3!, non-
planar sp? C—C bonds (similar to fullerene) and from the asymmetric tail of the ©* component
23.31 Furthermore, there will be a contribution from the carbide C K-edge associated with WCj.
« precipitates *> embedded in the aC:H matrix. The latter made reliable extraction of the carbon
sp?/sp’ ratio from EELS C K-edge measurements extremely difficult owing to the varying WC

alloying concentration as a function of depth within the thin-film.

As shown in Figure 5 (A), the C K-edge from the middle of the coating, with a higher
concentration of WC, 1s almost identical to the C K-edge from the top of the coating where
there is a lower alloying concentration and, in comparison with the C K-edge of evaporated
carbon, both spectra show an increased relative intensity in the 286.6 eV to 288.5 eV region
due to presence of C-H bonds. This implies that the a-C:H structure was not greatly affected
by the change in the WC concentration which is in agreement with a prior report '*. Also, this
suggests that the contribution of B-WCi to the total C K-edge intensity is small, at least for
the upper and middle portions of the thin-film studied here, i.e. the number of carbon atoms

associated with B-WCix is in the minority as compared to the number of carbon atoms



associated with the aC:H matrix *2. The overlaid spectra in Figure 5 (B) indicate that the
structure and hybridisation state of the coating have not significantly altered following tribo-
contact. However, a small change in the relative intensity can be observed in the energy region
286-289 eV. We attribute this to the presence of non-planar sp? bonds as reported for fullerenes
31 and which has been observed in an a-C:H coating as a result of tribo-contact by Lanigan et
al. 2. In Figure 5 (B), the intensity of the sp’ region (above 290 eV) remained relatively
constant after tribo-contact which, if changes are occurring during wear, could imply a

transformation of C—H bonds to non-planar sp’ carbon bonds as has been observed in

non-graphitising carbonaceous materials during heat treatment 3'.
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Figure 5. Core loss C K-edge spectra collected from A) pristine thin-film and deposited protective carbon layer
on the thin-film and B) thin-film after tribo-contacts against steel-counterbodies, lubricated with BO+ZDDP
under 2% of SRR and at a contact pressure of 1.5 GPa. The approximate locations associated with EELS spectra
collection spots are shown in Figure 4 (C and D). Reference spectrum in (B) shows the C K-edge from the top

of the pristine thin-film which is also presented in (A).

4.3.2 XPS and XAES from carbon

In Figure 6 (A) XPS C 1s spectra from three tribo-contacted thin-films are compared against a
pristine surface. Deconvolution of all C 1s spectra led to an envelope of six peaks. The first
peak at 283.6 eV is attributed to W and C bonding which is close to the binding energy (BE)
values reported for cubic B-WCi in the literature "> 3 and correlates with the GIXRD and
SAED results. In contrast, the hexagonal carbide XPS C 1s peak is reported to be at ~ 282.8 34,
a lower BE compared to the cubic phase " ¥, The second intense peak at ~ 284.6 eV is
associated with a-C:H carbon *>3® which is in the 284.4 - 284.6 eV BE range suggested by
Kaciulis et al. *°. Adventitious aliphatic carbon gives rise to the third component at 285.0 eV

3336 The three remaining peaks at 286.6, 287.8-288.0 and 289.2-289.3 eV are minor



contributions which can be assigned to carbon-oxygen bonding **. Full details of the C 1s XPS
peak fitting and atomic concentrations associated with each component can be found in Table
S3. It has been suggested that C—H bond formation results in a broadened XPS C 1s component
37, Here we observed that the FWHM of the a-C:H peak was reduced for tribo-contacted films
relative to the pristine counterpart (Figure 6 (A)). This may suggest that the C—H bond
contribution is diminished following tribo-contact which would be consistent with the

observations derived from EELS.
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Figure 6. A) Cls XPS and B) C KVV XAES spectra collected from thin-film surfaces. Spectra present (a)
pristine surface (b) the wear scar of the thin-film lubricated with BO under 1.5 GPa contact pressure and 2%
of SRR (c) the wear scar of the thin-film lubricated with BO+ZDDP under 1.5 GPa contact pressure and 10%
of SRR (d) the wear scar of the thin-film lubricated with BO+ZDDP under 2.5 GPa contact pressure and 2%

of SRR. (b), (c) and (d) were collected from thin-film surfaces after tribo-contacts against steel-counterbodies.
Figure 6 (B) presents the X-ray excited C KVV Auger peaks and their first derivative signals
from both pristine and tribo-contacted surfaces following in-situ cleaning using low energy Ar
clusters which has been reported to remove contaminants without significant surface damage

24 The BE difference between the maximum and minimum points in the first derivative C KVV

spectrum (the so-called D parameter) provides insight into the thin-film structure and has been



reported to be linearly proportional to the extent of sp? hybridisation in the carbon thin-film .
The difference in D values observed for sp? graphite and sp® diamond is reported to be either
7.5 eV 3®or 8.3 eV 8. Following tribo-contact, the D parameter value increased by 0.3-0.4 eV
(indicated in Figure 6 (B)), suggesting approximately a 5% change in hybridisation state (i.e.
only a small increase in sp? bonding). With increasing H» flow during deposition, incorporation
of H and O into the a-C:H has been shown to decrease the sp?/sp’ ratio due to the greater
hydroxylic and carboxylic components on the surface *°. Therefore, as suggested by EELS and
C 1s XPS results, it can be inferred that dehydrogenation of the thin-film, which results in
dissociation of sp® C—H bonds and the formation of non-planar sp> C-C bonds, is the reason
for the increase in D parameter for the tribo-contacted surfaces. This analysis assumes that the
contribution of W—C bonds to C KVV Auger spectra remains unchanged and does not

influence the D parameter calibration.

Features in the derivative C KVV spectra at ~1248 eV and ~ 1240 eV are attributed to a
plasmon loss #° and carbon-oxygen bonds 8 respectively. The C 1s XPS results in Figure 6 (A)
show oxidised carbon species at the surface which decrease from 5.8 at% in the pristine thin-
film to 2.9 at% in the thin-film tribo-contacted with BO+ZDDP and a 10% SRR ; this is also
reflected in the intensity of the feature at ~1240 eV in the C KVV spectra. The other tribo-
contacted thin-films also exhibited reductions in carbon-oxygen bonding as compared to the
pristine thin-film. Reduction of C-O bonding has also been suggested to increase the D

parameter 3% 4!

and this could be a potential mechanism for the observed change in carbon
hybridisation state. However, at least in this case, the lowest contribution of C and O bonds
(observed for the thin-film after tribo-contacts lubricated with BO+ZDDP and 10% SRR) does
not associate with the largest D parameter. Accordingly, at least in this case, the change in C—H
bonds appears to be the most influential factor leading to the observed increase in the D

parameter.
4.4 Influence of the anti-wear additive

ZDDP is known to generate reaction films with a complex structure on both steel and
amorphous-carbon coated surfaces !”#*. Figure 7 (A) shows the XPS depth profile through the
tribo-induced reaction film on the surface of the thin-film lubricated with BO+ZDDP. It shows
a film composed of P, S, Zn and O, with S and P predominantly at the surface and O and, to a
lesser extent Zn, extending deeper into the film. Some parameters from XPS analyses of the

ZDDP-films on steel and thin film surfaces are presented in Table 1. As shown in Table 1,



ZDDP-derived films on the thin-film surface showed a similar Zn 3s - P 2p3, separation value
to that of the film on the steel surface indicating a similar phosphate chain length **. However,
the modified Auger parameter (’) of the film on the amorphous carbon surface shifted to a
lower value , close to the o’ for ZnO which is reported to be 2009.5 — 2010.5 eV *, implying
a higher contribution of ZnO. Furthermore, in Table 1, slight, moderate and significant
increases in the Zn/P, S/P and O/P atomic ratios respectively, were observed for the ZDDP-
film on the WC/aC:H surface compared to the steel. This, together with the depth profile data,
indicate that the reaction film is richer in oxidised compounds with potentially a multilayer
structure comprising a ZnO-like layer at the interface between the thin-film surface and top
phosphate-containing layer. STEM/EDX mapping was carried out on a thin film TEM cross-
section which confirmed the presence of a Zn and O rich tribofilm at the interface (Figure S6).
A multilayer ZDDP tribofilm structure has previously been reported > which suggested the

presence of iron-oxide and iron/zinc sulphide/sulphate at the interface .
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Figure 7. The influence of ZDDP additive on the surface chemistry of W-aC:H thin-films after tribo-contact
against steel-counterbodies under 2% of SRR and at a contact pressure of 1.5 GPa. A) Depth profile of reaction

film on the thin-film surface lubricated with BO+ZDDP, B) W 4f spectra collected from the top surfaces (prior
to sputtering) of (a) the pristine thin-film, and tribo-contacted thin-films using (b) BO and (c) BO+ZDDP



XPS W 4f signals from both the pristine and tribo-contacted thin-film surfaces are presented
in Figure 7 B(a-c) (Table S4). The W 4f peak was deconvoluted into seven peaks exhibiting
three different valence states of W; six peaks are associated with the spin orbit splitting of the
W 417, and 4fs,, doublets (2.18 eV). The most intense peak at 31.7-31.8 eV can be assigned to
the W 4f7, signal from metallic W and/or W-C bonding 3*. As discussed in section 4.1, this
peak corresponds to the B-WCi.x phase " %> ¥, Note B-WCj.x was deconvoluted using an
asymmetric modified Lorentzian lineshape similar to Krasovskii et al. 3* which significantly
influences the position and intensity of oxide peaks appearing with an energy shift relative to
carbide phases. A carbide W 5p3,» XPS signal appeared at 37.3-4 eV 3* showing a BE difference
of ~5.5 eV relative to its corresponding W 4f7> core level which agrees with the BE difference

(5.6 eV) reported for W0 46,

Fitting resulted in a peak at 32.8 eV which is assigned to a WOx phase (x~ 2) 4748

corresponding
to W in an oxidation state of IV 3* 47 with a chemical shift of 0.9-1 eV relative to p-WCjx. An
additional peak is present at either 36.1 eV or 35.6 eV in the pristine thin-film and the tribo-
contacted surfaces respectively which can be assigned to WOy where y is ~3. W 4f7, BE values
of 35.547,35.78,35.9 and 36.0 *® eV are attributed to the oxidation state VI (W%"). WO and
WOy compounds on the surface and indicate oxidised layers at the thin-film surface which are
discernible in the STEM/EDX linescan in Figure 1 (C). Comparing the W 4f spectra in Figure
7 and Table S4 showing the atomic concentration of each component, it is clear that there is a
substantial contribution of tungsten oxide to the chemistry of the surface film. The contribution
of WOy and WOx dropped by 50% and 60% after tribo-contact in BO. In addition, the relative
amount of WOy on the thin-film surface lubricated with BO+ZDDP was less than half that on
the BO lubricated surface indicating that the thin-film lubricated with BO+ZDDP had the least

oxidised tungsten at the top surface.
Table 1. XPS parameters and atomic concentration ratio of elements detected in spectra acquisition. Spectra

were collected from wear scars lubricated with BO+ZDDP under 2% of SRR and at a contact pressure of 1.5
GPa.

Test materials Zn 3s - P 2p3p | Zn modified Auger parameter Zn/P S/P O/P
Steel — Steel pair 6.85 +0.05 eV 2010.18 £0.12 eV 1.07 0.71 1.75
WC/aC:H—Steel pair 6.80 eV 2009.90 eV 1.09 1.00 2.99




5 Discussion

5.1 Impact of multilayer architecture and thin-film structure

We have shown that a multilayer B-WCi.x-alloyed aC:H thin-film hinders micropitting on the
roller bearing surfaces. A similar thin-film has been shown to enhance gear life, improve load
carrying capacity by a factor of 200-300% 2 and provide promising corrosion resistance and
low wear under dry contacts *°. Delamination of the thin-film is highly influenced by shear
stresses at the subsurface region and was predominantly observed for a contact pressure of 2.5
GPa. The multilayer architecture has been shown to shift the depth of maximum shear stress
closer to the top surface of the film %’ suppressing delamination from the substrate. This,
however, induces stress localisation in the region closer to the top surface of the film resulting

in micropitting, particularly for BO lubricated thin-films.

The role of the p-WC)x alloying-phase is to relax compressive internal stresses '°, especially
when in solid solution '#, leading to a reduced potential for thin film delamination *°. A lower
concentration of the alloyed-phase towards the thin-film surface results in smaller WC;_x grains

which results in smoother surfaces 26

so improving micropitting performance !> and hence a
gradient in the alloying concentration is desirable. It is believed that a dispersion of tungsten
carbide nanocrystallites in the amorphous matrix provides toughness '® and hence supresses
surface fatigue by inhibiting stress localisation. Localised stresses result in plastic deformation
on the surface which triggers micropitting ' and hence the presence of B-WC.x improves the

thin-film properties accommodating shear stresses with minor surface damage during wear. .

With respect to the friction performance, BO+ZDDP-lubricated thin-films provided moderate
friction reduction as compared to a steel-steel pair, with no significant damage to the thin-film
surface. Although lubricious chemistries (e.g. WS2) and/or graphitic compounds are postulated
to form at the interfacial contact with WC/aC:H thin films resulting in friction reduction "+ 1%,
neither of these compounds were observed here. However tungsten oxides were observed at
the outer surface of the thin film which may provide moderate friction reduction as a result of
their enhanced propensity to shear (i.e. they possess solid lubricant properties) !. The aC:H
thin film matrix underwent slight structural change during wear particularly for non-planar sp’
C-C and sp’ C-H/O bonds, suggesting a tenacious structure for the WC/aC:H thin-film which

is considerably harder than steel. This harder surface with a different chemical nature to the

counterbody (i.e. steel) hinders adhesive wear between surfaces which in turn influences



frictional forces. Severe seizure and the incidence of pitting fatigue dramatically increase
frictional forces in the contact > and micropits on the steel surface act as stress concentration
zones resulting in the evolution of areas at the surface which bear high localised contact
pressures. At these areas, the lubricant film collapses resulting in an enhanced incidence of
asperity-asperity contacts, so the proportion of load carried by the solid-solid increases.
Accordingly, a thin-film surface with no micropits on the surface reduces solid-solid contacts

leading to lower tangential forces.
5.2 Tribo-contact and changes in hybridisation state

Rehybridization of carbon sp® bonds to graphitic-like carbon sp? bonds within tribo-contacts
has been postulated 3 to be the origin of low friction in carbon thin-films. Konicek et al. *°
showed that the rehybridization of carbon sp’ bonds promoted disordered carbon sp? bonding
within sliding tribo-contacts which is then followed by wear of the softer sp? carbon-rich layer.
They also postulated that repassivation of dangling bonds at surfaces brings about a friction
reduction *°.

In our studies we observed a relatively constant fraction of sp” C—C bonds, a slight increase in

21,29 and a

disordered non-planar sp? carbon bonding in agreement with some previous reports
possible decrease in C-H bonding (i.e. a dissociation of C—H bonds). We suggest that C—H
bonds in the thin-film dissociated and re-hybridised to form disordered sp® carbon bonds.
Cleavage of C—H bonds is favoured over C—C bonds **>¥* due to a significantly lower
activation energy barrier for sp° C—H to sp? C—C bond transformation as compared to sp® C—C
to sp’ C—C transformation *° and sterically hindered access to sp’ hybridised orbitals in C—C
bonds >34 Interestingly we note that tungsten carbides have been shown to catalyse chemical
reactions (including dehydrogenation) *°. The superior wear/micropitting performance of the
present coating may then originate from the maintenance of a stable and harder carbon sp’

matrix (relative to sp?) which resists tribo-induced shear stresses.

Thermal re-hybridisation of aC:H and taC structures have been shown in the literature 3 °

showing sp? ordering of re-hybridised carbon bonds in aC:H at lower temperatures (just above
200°C) 3> which was attributed to the incorporation of hydrogen into aC thin-films. Tribo-
contact imposes frictional and shear forces on the thin-film which can be partly dissipated as
heat, propelling C—H bond dissociation and the subsequent re-hybridisation. Tribo-induced

shear forces have been postulated to reduce the activation energy of reactions >’ and stretch



C—H bonds resulting in strain-driven cleavage triggered by mechanochemical energy . The
tribo-induced re-hybridisation is probably a mechanism to compensate for tribo-stresses
imposed on the thin-film similar to the dehydrogenation and re-arrangement to six-membered
carbon rings observed by Catena et al. °°. Thermal effects usually involve ordered conformation
of 7 electrons ¥, while we observed formation of disordered sp2 carbon bonds in agreement

2129 which could be due to the fact that shear stresses tend to increase entropy

with some studies
and plasticity. The formation of ordered hydrogenated sp® carbon structures following the
dissociation of C—H bonds conferring super-lubricity on tribo-sheared aC:H contacts requires
the existence of certain loading conditions 0 Therefore, the disordered sp2 carbon bonds could
be a transient response to tribostresses and could, in principle, transform to ordered sp? carbon

bonds 2" and/or re-hybridise (with the aid of mediators such as oleic acid for taC thin-films)

and re-arrange to form (super)lubricious planar six-membered sp? rings *°.
5.3 Okxidation of the carbide phase and its influence on surface fatigue

The chemistry of the alloyed-phase at the very top layer of the pristine thin-film showed a
significant oxide contribution (46 atomic%). Ellingham diagrams for the W, C and W,O binary
systems show more negative values of free energy of formation (AGt) for WOz and WO3 as
compared to WC and W»C (see Table S5) implying the favoured formation of WO3. However,
due to the low oxygen partial pressure in PECVD and plasma induced non-equilibrium, B-WCj.
x phase is formed in the thin-film. It is most likely that oxidation of the B-WCi.x phase occurred

post deposition forming an uppermost WOy (y~3) layer .

XPS results showed a BE decrease of 0.5 eV in WOy following tribo-contact implying a
reduction reaction of WOy to sub-stoichiometric WOy, where a<l (e.g.
Wi5049/W5014/W24068/'W200ss) ©162. Literature generally suggests oxidation during tribo-
contact as opposed to reduction, however annealing of WOs at relatively high temperatures has
been shown to induce oxygen vacancies in WOs3 resulting in a chemical shift of 0.6 eV to lower
BE . It is also possible that crystallographic shear of the WOj3 structure could induce oxygen
vacancies ®. Besides either thermal effects or crystallographic shear in tribo-contacts inducing
oxygen-deficient WO3 phases, alternatively tribo-oxidation of the exposed B-WCix phase
(following tribowear of the uppermost oxide layers) to sub-stoichiometric WOy.. could occur.
The stoichiometry and stability of the WOy.. phase which formed as a result of tribo-contacts
would be highly dependent on the oxygen accessibility at the thin-film surface. Although tribo-

contacts were lubricated which should hinder oxygen access, the severe tribo-contact



conditions used in this study resulted in the collapse of lubricant films within contacting
surface-asperities and hence potential exposure of the asperities to atmospheric oxygen and the

generation of substantial heat dissipation into the contacting bodies.

Oxidation of the (WC) alloyed phase in aC thin-films has been shown to deteriorate their wear
performance 7. WO3 has a large Pilling-Bedworth Ratio (PBR) %% (3.39 - well above that of
the oxides of Al, Ti and Cr) resulting in significant compressive stresses in the oxide layer
which makes it susceptible to catastrophic delamination from the layer beneath, especially in
regions of lattice mismatch. WO3 shows several polymorphic phases depending on the
temperature % and the stable phase at room temperature is monoclinic y-WOj rather than the
cubic crystal structure. Recurrent oxidation of B-WCjx to WOy.,, may therefore result in a
lattice mismatch and this, together with the large PBR value of WOy.., may result in continuing
delamination of the oxide layer from the carbide phase under shear stress inducing the
degradation wear observed on the thin-film surfaces, especially in the BO-lubricated surfaces

which have a greater oxide contribution.
5.4 Influence of additive chemistry: suppression of oxidative fatigue

For the thin-films a higher friction coefficient was observed when ZDDP was present. This can
be attributed to the formation of a ZDDP-tribofilm at the thin film surface which inhibits
carbonaceous transfer-film formation ®. Conversely the ZDDP-tribofilm substantially
improved the wear and fatigue performance of the thin-film (opposite to its effect on steel
surfaces) which correlated with a reduction in oxide species at the thin-film surface. ZDDP,
when subjected to thermal oxidation and tribostresses, generates a 50-200 nm thick film mainly

comprised Zn/Fe (thio)phosphates on steel surfaces > 4 68-69

, which protects them from wear,
together with minor traces of ZnO embedded between the phosphate chains, formed via the
tribochemical reaction between polyphosphate and iron oxide . However, as is typical for aC
coated surfaces, here we have shown a substantially thinner tribofilm (only 5-15 nm)
containing minor traces of zinc phosphates at the top surface and a distinct ZnO layer (with a
minor contribution of ZnS) at the interface between the phosphates and the as-deposited thin-
film. The latter interfacial layer has not previously been reported in the literature and could
arise as the product of either the reaction between ZDDP-induced polyphosphates and iron-
oxide particles from the counterbody, or from the decomposition of basic ZDDP to neutral

ZDDP and ZnO 7°. Chemical digestion of the top oxide layer (WOs3) by polyphosphates from

ZDDP to form ZnO is not envisaged, owing to the borderline Lewis acid characteristics of both



W% and Zn>*. We note that a ZnO layer was not observed for an aC:H thin-film tested under

the same conditions implying the catalytic impact of B-WCi.x on ZDDP-film formation.

The suppressed oxidation of the B-WCj.x phase (and the resultant reduced surface fatigue) when
ZDDP was present in the lubricant can be explained by the antioxidant action of ZDDP
molecules (which although well-known is not completely understood) and also the presence of
dissociated ZnO from basic ZDDP which could act to inhibit hydrolysis reactions . In
addition, the solid ZDDP-tribofilm can act as a physical barrier against inward diffusion of

oxidative radicals.

Unlike XPS, STEM-EDX did not provide any great evidence for a phosphate-rich tribofilm
suggesting that it may have been washed off during the cleaning procedure employed prior to
FIB preparation. This would in turn imply a weakly bonded phosphate film at the very top layer
of the tribofilm **. Zinc is believed to play an important role in facilitating crosslinking of the
phosphate network under pressure ® and the tribochemical decomposition of ZDDP to ZnO
precipitates may have led to a Zn-deficient phosphate film so hindering its polymerisation and

hence formation of a robust film #>9°,

6 Conclusions

In this work the fatigue and wear mechanisms of a PECVD deposited WC/aC:H thin-film,
composed of nanometre B-WC carbide precipitates dispersed in a sp?/sp’ bonded aC:H matrix
at the top 100 nm of the film, were investigated using a variety of analytical techniques. Signs
of a relatively more crystalline structure and cubic W/a-W2C were observed deeper in the thin-
film where the phase fraction of the carbides increased. The formation of (and/or phase
transformation to) a WOy.n eand n<1) layer after the tribological contact was observed, rather than
initial WOy (y~3) phase at the pristine thin-film surface, implying the evolution of shear-
induced oxygen vacancies. The results suggest a tribo-induced slight change to the
hybridisation state of the aC:H matrix as transformation of carbon-hydrogen bonding to non-
planar sp? carbon-carbon bonds, probably through rearrangements to closed loop carbon rings

to compensate for shear stresses.

The ZDDP anti-wear additive which promoted micropitting on steel surfaces, actually
mitigated against micropitting and alleviated degradative wear of the thin-film surfaces through
formation of ZnO which assuaged oxidation of B-WCjx. The presence of ZDDP did not appear

to influence the hybridisation state of the aC:H matrix. Conversely, the lowest friction



coefficient was observed with the base-oil only lubricant due to a greater formation of
carbonaceous transfer film and lubricous tungsten oxide layers, whilst the thin-film suffered
from micropitting and degradation wear. Increased contact pressure above the yield stress of
the substrate led to delamination of the thin-film from the substrate, however, increasing the
SRR to 10% did not alter the damage mechanism but intensified the extent of the damage. It
was noted that ZDDP still remained effective in suppressing micropitting in the higher contact

pressure and SRR.
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