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ABSTRACT: Solid-liquid lubricating system has received significant attention as a
promising way for energy savings and emission control. For deeply understanding their
tribological behaviours, it is necessary to study interaction mechanisms between solid and
liquid lubricants from tribochemical viewpoint, as tribofilms formed by tribochemical
products on contact surfaces critically affect whole tribological process. Continually or
periodically monitoring tribofilm formation and evolution can contribute significantly to
clarifying its dominating role on tribological behavior under boundary lubrication. However,
detecting tribofilm in situ remains a big challenge for conventional surface analytical
approaches, mainly due to their limitations in accessing tribofilms or low signal intensities of
thin tribofilms. In this study, a highly sensitive Raman-based profilometry with in-situ
potential has been developed for detecting molybdenum dialkyldithiocarbamate (MoDTC)-
derived tribofilms and exploring their effect on a-C:H wear over time. The optical properties
of tribochemical products formed on coating surface in different wear-stages could result in
extra attenuation of Raman signal intensities, in the form of measurement deviations in wear

depth. By monitoring the deviations, key information of tribofilm compositions was obtained
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and a two-stage wear progression mechanism was proposed for the first time to clarify the
detrimental effect of MoDTC-derived tribofilm on a-C:H wear by combining detailed
structure and composition analysis.

KEYWORDS: Raman spectroscopy; tribochemistry; diamond-like carbon; solid-liquid

lubricant; wear measurement.

1. INTRODUCTION

As a promising way for energy savings and emission control, combination of solid and
liquid lubricants in the tribological systems have attracted considerable research attentions in
diverse engineering fields, including lightweight design, manufacturing, aeronautics, marine
equipment, automobiles '°. This approach can effectively integrate the advantages of solid
and liquid lubricants while minimizing their individual drawbacks through interaction !. To
meet the requirements of increasingly demanding lubricating conditions in the future, it is
therefore necessary to develop novel solid-liquid composite lubricating systems. Considering
most of the existing liquid lubricants are tailored for ferrous-base surfaces 4, in-depth studies
of the interaction between non-ferrous surfaces and liquid lubricants are therefore essential
for developing high-performance lubricating systems and understanding further mechanisms,
such as tribochemical reactions on coating surfaces under additive-lubricated conditions.

To date, the majority of experimental studies on friction and wear mechanisms of
boundary lubricated systems are mainly based on understanding the tribofilm nature (e.g.
chemical composition, structure, and mechanical properties) and their tribochemical
interaction with contact surfaces 7. In the case of MoDTC, they have been widely employed
in engine oils as a classic friction modifier (FM) which decomposes into molybdenum
disulphide (MoS2) sheets and molybdenum trioxide (MoOs3) under the action of friction
forces *. For ferrous-base contact surfaces, its effectiveness in friction-reduction can be

attributed to the formation of tribofilms, containing nano-MoS; sheets with layer-lattice
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structure and weak interlaminar shear forces '°. However, when applying MoDTC-containing
oil on the steel/DLC contacts, it dramatically accelerated the wear rate of DLC, further
triggering coating failure "', It is well accepted that MoDTC-derived tribochemical
products play a critical role in this detrimental effect. The wear acceleration mechanisms of
MoDTC on DLC surfaces in previous studies can be summarized as follows: i, oxidation-
reduction reaction between DLC and molybdenum oxides 16. i, abrasive wear of
molybdenum oxides #; iii, abrasive wear of molybdenum carbides formed via tribochemical

3; iv, re-hybridization of C-C bonding from sp® to sp? under severe tribological

reaction !
conditions and delamination of this sp?-rich carbon layer '*. It should be also pointed that
some of the above mechanisms (e.g. abrasive wear mechanism of molybdenum oxides and
re-hybridization mechanism of C-C bonding) remain controversial '*. More importantly, it is
still unclear which type of tribochemical products dominates the coating wear behavior in
different wear-stages when lubricated with MoDTC.

To reveal the impact of tribochemical products, various surface analytical techniques have
been applied to identify the composition and microstructure of MoDTC-derived tribofilms *
1416 " Although a significant progress has been achieved in understanding the chemical nature
of tribofilms, the wear acceleration mechanisms are still not fully understanded. The main
reason is the difficulty in continuously or periodically obtaining the tribofilm composition
during the wear process. It is well-known that wear process is always accompanied with the
formation and evolution of tribochemical products. In different wear-stages, there exists
specific tribochemical products dominating the tribological behavior. It is therefore of great
importance to verify the tribofilm composition in the correlated wear-stage. However, this
remains a significant challenge for conventional surface analytical approaches due to their

limitations in accessing the tribofilms in friction process or low signal intensities of thin

tribofilms with nanometers thickness .



Raman spectroscopy, as a powerful surface analysis technique, has been widely used in
chemical analysis of tribofilm formation and removal >, By combining a flexible
sampling arm, in-situ chemical analysis of MoDTC-derived tribofilm has been realized by
combing Raman spectroscopy and in-situ tribometer '°. With development of highly compact
laser excitation and detection system expected in near future, Raman spectroscopy displays
considerable promise for continuously monitoring the wear process of mechanical
components. One main limitation posed by applying Raman spectroscopy in in-situ
monitoring is the low Raman intensities of thin tribofilms. As indicated in this study, Raman
peaks, attributed to MoDTC-derived MoS; nanosheet, cannot be detected for MoS, with
small crystal size or poor crystallinity. To overcome this limitation, a highly sensitive Raman-
based profilometry was introduced in this study. This new approach employs a silicon layer
with high Raman intensity under the target coatings (a-C:H) to provide information on the
coating wear and tribofilm formed on the coating surfaces. The formation of additive-derived
tribofilms caused extra attenuation of Raman signal which led to remarkable deviations of
coating thickness measurement via Raman-based approach. Meanwhile, tribofilms formed by
different tribochemical products displayed varying degrees of attenuation for Raman signal
due to their distinct optical properties. Therefore, critical information about tribofilm
composition and evolution could be obtained by monitoring the deviation variation, which
contributed significantly to the clarification of coating wear mechanisms under additive-
lubricated condition. To verify the Raman-based approach, structural and composition
analysis of tribofilms were also performed by combination of Raman, TEM (transmission
electron microscopy), FIB (focused ion beam) and FFT (fast Fourier transform) patterns. This
proposed methodology has the potential to open a new pathway for in-situ detecting
tribofilms, which is crucial for revealing coating wear mechanisms and developing novel

solid-liquid composite lubricating systems.



2. EXPERIMENTAL SECTION

2.1. Synthesis of hydrogenated amorphous carbon films (a-C:H). The a-C:H films were
deposited by a Plasma Enhanced Chemical Vapour Deposition technique (PECVD) with
acetylene as gas feed (Flexicoat 850, Hauzer Corp., Netherlands). Two kinds of substrates, n-
type silicon (100) wafers (10 mm x 10 mm x 0.5 mm, Ra < 1 nm) and glass plates (25 mm x
25 mm x 1 mm, Ra < 1 nm), were employed. The a-C:H films deposited on silicon wafers
were used for tribo-test, thickness quantification, and characterization of structure and
composition, while that on glass plates was for the optical studies of a-C:H films. The
substrates were ultrasonically cleaned by acetone and ethanol. Before the deposition, the
vacuum chamber was evacuated to a base pressure of 3.0 x 10~ Pa and heated to 200 °C.
After that, the substrate surface was etched in argon plasma at the pressure of 0.15 Pa for 5
mins and roughness was ca. 6.1 nm (Ra). During the deposition, a pulsed DC power with bias
voltage at -500 V was applied to the substrates and the chamber pressure was 0.85 Pa with
acetylene as feeding gas with feeding rate at ca. 250 sccm. The deposition time of the a-C:H
films with thickness of ~ 183 and 277 nm was 100 mins and 130 mins, respectively.
Additionally, part of silicon wafer was sheltered for measuring the thickness of a-C:H films
by NPFLEX 3D non-contact optical profilometer, schematically shown in Figure S1.
Detailed information of a-C:H film 1s as follows: hydrogen content of ca. 22 %, hardness of
ca. 21 GPa, Young’s modulus of ca. 180 GPa, initial roughness of ca. 5.3 nm (Ra) and
Poisson’s ration of 0.2.

2.2. Tribological experiments. The friction experiments were conducted via a ball-on-disc
tribometer (Bruker UMT-Tribolab) at room temperature under both dry and oil-lubricated
condition. The samples with a-C:H film deposited on silicon wafer was clamped on a
reciprocating platform, meanwhile employing a fixed upper ball (AISI 52100 steel, 6.35 mm

in diameter, HRC 60-67) as the counterpart. In oil-lubricated condition, PAO4 with 0.8 wt.%



MoDTC (molybdenum dialkyldithiocarbamate) was employed as lubricant. Dry tribo-test
conditions: a-C:H of 277 nm thickness on silicon wafer, time of 30 to 110 mins, applied load
of 1N (580 MPa), frequency of 10 mm/s, ambient environment. Oil-lubricated test conditions:
a-C:H of 183 nm thickness on silicon wafer, PAO with 0.8 wt.% MoDTC, time of 30 to 140
mins, applied load of IN and 10 to 40 N (1.2 to 2.0 GPa), frequency of 10 mm/s, ambient
environment.

2.3. Materials Characterization. A Renishaw inVia™ Raman spectrometer was used to
quantify the thickness of a-C:H films in line-scanning mode and backscattering geometry
with 488 nm laser and ImW laser power. As indicated in section 2.1, the silicon wafers were
etched in argon plasma before depositing a-C:H. Considering the effect of etching process to
the Raman signal of silicon wafer, a standard silicon wafer was etched in the same condition
and tested first to obtain the Raman intensity of silicon without attenuation (/,f) before every
Raman line-scanning test. NPFLEX 3D non-contact optical profilometer and TALYSURF
120L contact profilometer were employed to characterize the wear scars and verify the results
of Raman-based coating wear quantification method. UV-vis-NIR spectroscopy (PerkinElmer
Lambda 950) was employed to study the optical properties of a-C:H films deposited on glass
plates.

A focused ion beam (FIB, FEI Helios G4 CX DualBeam FIB-SEM) was used to prepare
thin cross-sectional lamellar specimens of tribofilms for TEM (transmission electron
microscopy) investigations. Prior to FIB milling, the contact area was coated by a layer of
iridium (20 nm) to eliminate contaminations. Then, the samples were transferred into FIB-
SEM chamber and coated by a thick Pt film (~ 1 pm) in order to protect coating structure
during FIB milling (low-kV Ga* ion milling). FEI Titan3 Themis 300 TEM/STEM (Scanning

transmission electron microscopy) equipped with Gatan Quantum ER energy filter and



energy dispersive X-ray spectroscopy (EDS) was employed for TEM characterization and
elemental mapping.

3. RESULTS AND DISCUSSION

3.1. Improved profilometry for coating wear measurement

To obtain accurate topographic information of wear scars, both non-contact optical and
contact profilometers were employed to characterize the tribo-tested samples as shown in
Figure 1 and S2. Figure 1a shows the morphologies of the wear tracks under test time of 30
mins. Through comparison, the wear profiles obtained by different profilometers show
similar depth evolution trend along the wear scar. However, when the test time was extended
to 60 mins (Figure 1b), the wear profile given by non-contact optical profilometer displayed
obvious depth rising in the centre area, which was not observed in the result of contact
profilometer. It is well known that non-contact optical profilometer builds up a 3D map by
collecting array signals of light interference of reflected light. Given the high sensitivity
towards optical signal, it is suggested that the tribo-induced variation of optical properties
(i.e., reflectivity) on the top surface, termed tribo-induced polishing effect, may affect the
intensity of light signal and further results in remarkable measurement deviation of optical
profilometer.

To avoid the influence of tribo-induced polishing effect on the measurement accuracy of
optical profilometer, an optical signal synchronization layer of iridium with uniform
thickness (~ 20 nm in Figure S3) was deposited on the tribo-tested sample by DC magnetron
sputtering to provide a top surface with consistent optical properties. Then, optical
profilometer was used again to characterize the sample and it was found that the depth rising
in the centre area disappeared after depositing iridium layer and the wear profile showed
similar evolution trend with that of contact profilometer. Similar tribo-induced effect was

also observed for tribo-tested samples with test time of 90 and 110 mins in Figure S2. This



improved profilometry with optical signal synchronization layer of iridium was used to

provide accurate wear depth as standard reference to verify the quantified results based on

Raman signal in the later section.
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Figure 1. Comparison of wear profile curves obtained by non-contact optical profilometer (before and

after depositing iridium layer on top of a-C:H) and contact profilometer for tribo-tested samples under

dry friction (a, IN, 30mins; b, IN, 60mins). The marked areas in (b) indicate the measurement

deviations of optical profilometer (before depositing iridium layers).

3.2. Raman-based profilometry for tribofilm detection

In our previous study °, an accurate Raman-based coating thickness quantification method

was established by introducing a silicon layer with strong Raman signal under the target

coatings of a-C:H. As shown in Figure S4, the Raman signal intensity of silicon underlayer

will be attenuated in the a-C:H due to absorption and reflection. Based on Beer’s law 2!, the



relationship between thickness of a-C:H and Raman intensity of attenuated silicon signal was
constructed by equation (5) in S1.1 section. It has also been demonstrated that the Raman
intensity of silicon decreased logarithmically with increasing the a-C:H thickness. Detailed
information of Raman-based coating thickness quantification process can be found in S1.1
section and our previous study?’.

In this study, this proposed approach was employed to detect the formation and evolution
of additive-derived tribofilm on the coating surface in the tribological process. As shown in
Figure 2, the formation of tribofilms, composed of tribochemical products, on the coating
surface can result in extra attenuation of Raman signal from silicon underlayer, further
leading to measurement deviation of Raman-based coating thickness measurement.
Considering the distinct optical properties of tribochemical products, key information of

tribofilm compositions can be obtained by monitoring the measurement deviation.

(500 nm) I, : Intensity of laser

T,T,T,T; I, : Raman intensity of silicon
t : Coating thickness of DLC

T Tribo T :Transmittance

v -film A: Absorption

R: Reflection

S : Light scattering

\m‘

B : Scattering rate
[)1.C «: Absorption coefficient of DLC
T,, A, R, T5, Az R, - 488 nm light
‘81 TiALR,,Ts,AgR;- 500 nm light

Figure 2. Schematic illustration of Raman-based coating thickness quantification process with

additive-derived tribofilms on coating surface.
3.3. Wear behavior of a-C:H under additive-lubricated condition

For gaining fundamental insights into wear behavior of a-C:H coatings under additive-
lubricated condition, this proposed Raman-based method was employed to study effect of
MoDTC-derived tribofilms on the wear behaviors a-C:H coatings. As shown in Figure S7, a

series of tribo-tests were performed on the a-C:H/steel contact.



After removing the oil, Raman-based approach was first used to quantify the wear depth
via the same process as stated in the last section. Then improved optical profilometry (with
iridium layer on top) was employed to characterize the wear scars to provide standard
reference. Compared with the standard reference, obvious depth deviations obtained by
Raman-based method (presented as black bars) were observed in Figure 3. It is well-accepted
that MoDTC tribofilm, composed of various tribo-chemical products, could be formed on the
sliding surface of a-C:H 2", Since they possess different optical properties compared with a-
C:H, obvious deviations of Raman-based method were obtained. The depth difference
between the results of optical profilometer with and without iridium layers also confirms the
formation of tribofilms with different optical properties. Table 1 summarizes the optical
properties of MoDTC-derived tribochemical products 2%, Based on equation (3) and (4) in
S1.1 section, it can be suggested that tribofilms should be composed of products with lower
transmittance than a-C:H, since decreasing the transmittance resulted in the reduction of
Raman signal intensity which corresponds to the thickening of coating in the form of depth
decrease. As shown in Table 1, MoS2, MoC, and Fe3O4 possessed lower transmittance
(higher absorption coefficient or/and reflectivity) than a-C:H coating. Based on Raman
spectra in Figure 3f, it can be suggested that MoS2 and MoC should be the main tribo-
chemical products of MoDTC. Raman signals of MoS: and MoC could be detected on a small
number of deviation points as marked in the Figure 3. This should be attributed to the low
Raman intensity of small crystal size or poor crystallinity of MoS2 and MoC formed on other
deviation points. However, as quantified wear depth based on Raman scattering signals
depended on the transmittance of top coatings, this Raman-based approach could provide
insight into tribofilm formation and evolution on the top sliding surface based on the

measurement deviations.
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Figure 3. (a)-(e) Comparison between calculated wear profiles derived from Raman intensity of
silicon bands and wear profiles characterized by non-contact optical profilometer (before and after
depositing iridium layer on top of a-C:H) under oil lubrication (PAO with 0.8 wt.% MoDTC, test time
of 30-140 mins, applied load of 1 N). Black bars display the depth deviation of wear depth values
obtained between Raman-based method and non-contact optical profilometer (after depositing iridium
layer). Red and green bars indicate the formation of MoS> and MoS: + MoC, respectively. (f) Raman
spectra of MoS», and MoS>+MoC detected on the tribo-tested samples under different test time.
Table 1. Reflectivity (R) and absorption coefficient (a) of MoDTC-derived products in the

wavelength region 450-550 nm reported in the literature.

Materials R (%) a(cm™)

MoO3 2% ~20 ~4x10*
Fe,0;3%3!  ~10 ~5x10*
MoC323 <50 ~12x10*
MoS; ¥ ~19 ~15x10*

As shown in Figure 3f, when test time was less than 90 mins only MoS; was detected, and
MoC always appeared simultaneously with MoS: in the longer test time. Meanwhile, the blue
shift of the E!5, vibration and red shift of A, vibration of MoS: in the Raman spectra with the

formation of both MoC and MoS; indicated the degradation of MoS; crystal *°. It was
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therefore suggested that MoS: crystals were gradually converted into MoC in friction process.
Thermal carburization of MoS» into MoC has been reported in the literature 37 where MoS»
shell was broken first through reaction between hydrogen and sulfur atoms of MoS;, followed
by CHy attack to form MoC. Therefore, the key reaction conditions for MoS: carburization
were heat, active sites on MoS: resulting from structure degradation as well as carbon source.
Indeed, these requirements can also be fulfilled in friction process: (a) Tribo-contact imposed
shear forces on the coating can be partly dissipated as heat. Meanwhile, tribo-induced shear
stress can result in the activation energy reduction of chemical reactions, leading to the
decrease of reaction temperature . (b) Tribo-induced transformation or degradation of the
microstructure of nano-additives can also be realized in friction process 3941 (¢) Some studies
have demonstrated the degradation of lubricating oil into shorter chains in the friction process,
which could further form solid carbon-based films 3%42% While for PAO oil used in this
study, the degradation of olefin chains into shorter hydrocarbon fragments was also found
under the action of friction forces 3%2. Additionally, CH4 and H> have been demonstrated as

the main products of tribo-chemical degradation from PECVD a-C:H coatings *.

For further verifying the finding of MoS> and MoC formation from MoDTC, FIB with in-
situ lift-out technique was used to fabricate cross-sectional lamellar specimens of tribofilms
for structure and composition characterization by TEM and FFT. As shown in Figure 4a, a
thin tribofilm (thickness below 10 nm) with small patches of MoS; sheets was formed under
30 mins test time. The distance between MoS: layers was measured to be 0.62 nm, agreeing
with the lattice structure of MoS> *’. When prolonging test time to 90 mins (Figure 4b),
significant increase of tribofilm thickness (up to ~ 35 nm) was observed with the formation of
highly crystallized MoS: structures (~ 3-4 layers). With extending the time to 140 mins, the
formation of hybrid structures of nano-MoS: and nano-MoC was confirmed by TEM images

and FFT patterns. The interplanar crystal spacing and intersection angle agreed very well
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with those of (200) and (111) planes of cubic a-MoC (Figure 4c-II and III) *>%. It was

demonstrated that MoS; was formed in the initial stage and further converted to MoC.

L
BT i dors
2 A

Figure 4. HRTEM images showing the tribofilms formed under different test time (a, 30mins; b, 90mins; c,
140 mins) and fast Fourier transform (FFT) patterns clarifying the crystal phases.

Figure S8 shows the evolution of maximum width and depth of wear scars with test time. It
was found that the width increased linearly while depth trend could be divided in two stages.
Compared with stage 1, the growth rate of wear depth in stage 2 was obviously increased,
indicating a higher wear rate. For better understanding the underlying mechanism, average

13



values of depth difference between the results of Raman-based wear measurement and
improved profilometry was given in Figure S8. As the depth difference was attributed to the
formation of tribofilm with different optical properties on the top surface of a-C:H, it could
provide valuable information about the tribofilm formation and evolution. Here the average
depth difference increased remarkably in the stage 2 in contrast with stage 1, indicating the
formation of tribo-chemical products with lower transmittance. This agreed with the above
finding about carburization of MoS; into MoC under the longer tribotest time, as MoC
displayed lower transmittance (higher reflectivity) than MoS; as shown Table 1. Meanwhile,
MoC can trigger abrasive wear and speed up coating wear due to its high hardness 6. As
suggested above, the shear forces critically promoted the carburization of MoS; into MoC in
the friction process. To further validate this hypothesis, wear behaviors of a-C:H lubricated
by MoDTC-containing oil under high applied load (10-40 N) were investigated as shown in
Figure 5. Similarly, the wear rate was accelerated dramatically in stage 2 accompanied by the
formation of abundant MoC (Figure 5d), indicating the critical role of MoC in wear

acceleration of a-C:H films in the stage 2.
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Figure 5. (a)-(d) Comparison between calculated wear profile derived from Raman intensity of
silicon bands and wear profile characterized by non-contact optical profilometer (before and after
depositing iridium layer on top of a-C:H) under oil lubrication (PAO with 0.8 wt.% MoDTC, test time
of 30 mins, applied load of 10-40 N). Black bars displayed the depth difference of wear profile curves
obtained by Raman-based method and non-contact optical profilometer (after depositing iridium
layer). Red and green bars indicated the formation of MoS, and MoS, + MoC, respectively. (e)
Evolution of width, depth and average depth difference of wear scars with load. (f) Raman spectra of
MoS, and MoS>+MoC detected on the tribo-tested samples under different test time.

As indicated in the introduction, the effect of MoDTC on the wear acceleration of a-C:H
film on the steel/ a-C:H contact under ambient environment has become one research hotspot
during the past decade. It is well accepted that MoDTC-derived tribochemical products play a
key role in this detrimental effect. However, the mechanisms about which type of products
dominates the wear process are still not fully understood. In this study, for the first time it is
reported that the wear behavior of a-C:H coatings with MoDTC as lubricating additive
accelerates during the test in contrast to the condition lubricated by pure PAO . Based on
the above results, a two-stage wear process was proposed to explain the wear acceleration
mechanism as shown in Figure 6. It is well accepted that MoS: is always formed
accompanied by MoOs formation %*. It is suggested that wear acceleration in the first stage
can be attributed to the catalytic effect of molybdenum oxides in the oxidation of a-C:H
coating and easy-shear capability of top oxidation layers *7*°. Due to the easy-shear

capability of oxidation products 47-50->4

, only tiny oxidation layer remains on the surface with
the thickness around several nanometers >'. Considering the large probe depth of Raman
(~300 nm) and its high sensitivity towards sp>-C phase, the bulk signal of a-C:H dominates
the Raman spectra, explaining why we cannot detect the oxidation layer by Raman

spectroscopy which is in line with the literature '®2*>!, Meanwhile, to clarify the formation of

MoOs in tribofilm, TEM and EDS elemental mapping were used to characterize the
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composition and structure of tribofilm as shown in Figure 7. Figure 7a shows the HRTEM
image of tribofilm formed after tribo-test (1 N, 90 mins). In the selected area, obvious
accumulation zones of highly crystalline MoS, are observed, which are surrounded by
material with amorphous structure. By comparing the EDS mapping images of Mo, S and O,
it is found that elements Mo and O are enriched in the areas of amorphous material, while the
MoS; accumulation areas are abundant in Mo and S. This finding gives direct evidence of
MoOs3 formation in the tribofilm and its accompanying relationship with MoS.. In addition,
the main reason why it is hard to detected MoO3 via Raman is due to low Raman intensity of
the poor crystalline MoO3 in the tribofilm. Meanwhile, the formation of MoDTC-derived
MoOs in the tribological process has also been confirmed based on the XPS analysis in the
literature *162+27 While for the second wear stage, the tribo-induced shear forces trigger the
degradation of PAO into hydrocarbon fragments (carbon source) and generate heat for
prompting the conversion of MoS:> into MoC. Due to its high hardness, MoC acts like

abrasive particle to further accelerate the wear of a-C:H in the second stage.
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Figure 6. Schematic illustration of the two-stage wear process for clarifying the wear acceleration

mechanisms of a-C:H films under MoDTC-lubricated condition.
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Figure 7. (a) HRTEM image showing the tribofilms after tribo-test (1 N, 90 mins). (b) High-angle annular
dark-field (HAADF) image of selected area in (a). (c-f) The corresponding EDXS elemental mapping
images of Ir, Mo, O and S.

To further verify this wear mechanism, EDS was employed to characterize the element
distribution in the interface area between a-C:H and tribofilm as displayed in Figure 8. Figure
8a shows the HRTEM image of tribofilm after tribo-test (1 N, 140 mins) where hybrid
structure of nano-MoS2 and nano-MoC is observed as stated above. EDS line-scanning was
conducted from the bottom of hybrid structure to a-C:H as shown in Figure 8b and the
corresponding result is given in Figure 8c. Along the line-scanning direction, the C
concentration increases continuously and achieved maximum value when it is close to the a-
C:H surface, while the concentrations of Mo and S show opposite trend and drop to zero
when it reaches the a-C:H surface. An interesting finding is the oxygen doping region in the
subsurface of a-C:H (thickness of ca. 3 nm, grey area in Figure 8c), which directly
demonstrates the catalytic effect of MoO3z on a-C:H surface under shear forces leading to
significant weakening and wear of a-C:H. In addition, the accelerated wear in the second

stage is caused by the abrasive wear of hard MoC rather than the reason of sulphur doping in
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the subsurface area of DLC reported in the literature 3 As shown in this literature, the
sulphur doping happens on hard DLC surface (hardness > 50 GPa) and the existence of H in

a-C:H can prevent chemical mixing of sulphur into coatings.
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Figure 8. (a) HRTEM image showing the tribofilms after tribo-test (1 N, 140 mins). (b) HAADF image of
selected area in (a). (c) EDS line-scanning results showing the elements distribution (C, Mo, O, and S)
along the direction as marked in (b).

Based on this proposed mechanism, the following strategies of inhibiting the MoDTC-
induced wear acceleration on a-C:H can be given: (a) The catalytic effect of molybdenum
oxides in the oxidation of a-C:H can be eliminated by adding additives which are prone to

10.56 it has been demonstrated that

react with molybdenum oxides. In the previous studies
zinc dialkyldithiophosphate (ZDDP) can prevent the wear acceleration of MoDTC on a-C:H.
This is because ZDDP will degrade into zinc phosphate in the friction process and phosphate
anion (PO4+*) as a hard base prefers to react with Mo® of MoOs (hard acid) to form Zn/Mo
phosphate according to hard and soft acids and bases (HSAB) principle. (b) For limiting the
carbon source, it is suggested to use base oils with low carbon content (e.g. silicone oil and

base oil containing fluorine) or high anti-shear ability (base oil containing rigid molecular

chains like ester bond and aromatic ring).

4. CONCLUSION
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The evolution process of MoDTC-derived tribofilms formed on a-C:H coating surface was
investigated by combination of Raman-based profilometry, TEM and FFT. The obtained
results confirmed that the remarkable deviations of Raman-based coating wear measurement
were attributed to the tribofilm formation on the top surface of a-C:H due to their distinct
optical properties compared with a-C:H. Formation of MoS» nano-sheet was observed in the
initial stage, which was further converted into nano-MoC via carburization reaction under the
impact of shear forces. In combination with previous studies about MoDTC-derived
tribofilms, MoDTC-induced wear process on a-C:H/steel contact could be divided into two
stages. In the first stage, wear acceleration was attributed to the catalytic effect of
molybdenum oxides (accompaniment of MoS; derived from MoDTC) in the oxidation of a-
C:H and easy-shear capability of oxidation layers. While for the second stage, the tribo-
induced MoS; carburization into hard MoC led to abrasive wear, dominating the wear
acceleration process. Based on this proposed mechanism, inhibiting strategies for the
detrimental effect of MoDTC were also provided. The findings of this study may open a new
pathway for detecting tribofilm composition formed on coating surface and clarifying its
relation to coating wear behaviors which can help gain fundamental insights into wear
mechanisms of a broad range of additives and coatings, and thus benefit the development and

optimization of effective solid-liquid lubricating system.
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