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A B S T R A C T   

WS2 films with different structures and space lubricating oils are combined to construct the WS2/oils composite 
lubricating systems. Friction and wear of the WS2/oils systems are mainly studied in vacuum. Results show that 
WS2/P201 systems display much lower friction coefficient (μ ≈ 0.06) than WS2/PFPE systems (μ ≈ 0.11), which 
is found to depend on lubricity of oils. Noteworthily, the dense WS2 film of the WS2/PFPE systems has the lowest 
wear rate of about 5.6 × 10− 6 mm3⋅(N⋅m)− 1 although friction coefficient of the system is high. This is due to good 
wettability of PFPE on the dense WS2 film, whose contact angle is low to 5◦. Eventually, the lubricating 
mechanism of the WS2/oil systems are revealed via correlating interaction between oil molecules and WS2 
crystals.   

1. Introduction 

With the rapid developments of high-tech industries, single lubricant 
hardly ensures the high reliability, accuracy and extended operational 
life of various mechanism assemblies applied in space under harsh 
working conditions [1–3]. The solid-liquid lubricating materials can 
combine with the respective advantages and gradually be attempt to 
meet the special requirements of mechanical assemblies, which has 
attracted extensive attention recently on how to combine or match 
solid/liquid lubricants and further investigate their tribological prop
erties [4–7]. 

MoS2 and WS2 are the typical lamellar transition metal dichalcoge
nide with strong covalent bond in the sandwich layer structure and weak 
van der Waals interaction between the interlayers, leading to the very 
low shear strength and excellent lubricating property in vacuum [8,9]. 
The sputtered MoS2 and WS2 films have been widely used in the field of 
aerospace due to the distinct lubrication superiority [10,11]. Although a 
large number of studies mainly carried out to improve tribological 
properties of the films via the nanocomposite and multilayer design or 
optimization [12–14], the films still are easy to wear and exhibit the 
limited life after long-term sliding test or under severe condition. 

It is well known that the surfaces of WS2 and MoS2 crystals possess 

basal plane and edge plane. Early several studies reported that some 
lamellar powders like MoS2, WS2 and graphite have strong affinities 
with liquid hydrocarbon compounds, such as paraffinic [15,16]. It was 
found that the liquid compounds with different hydrocarbon chains 
have different adsorption property on the basal and edge planes of MoS2 
and WS2 powders. The strong affinity of the surfaces of these crystals is 
expected to probably affect the lubrication action of these crystals. 

Based on those, several studies have been reported by Quan et al. on 
the tribological performances of WS2-based films/lubricating oils solid- 
liquid composite systems [17,18]. The results indicate that the tribo
logical properties of the WS2-based films/lubricating oils obtain mark
able improvement when the films coupled with the space oil with long 
hydrocarbon chain, such as SiCH (silahydrocarbons) and MACs (multi
alkylated cyclopentanes), and those composite systems exhibit a low and 
stable friction coefficient about 0.05–0.08 for these films with different 
components. But the reverse result is obtained when 
trifluorinated-propyl and chlorinated-phenyl with methyl terminated 
silicone oil (FCPSO) were used to combine with the WS2-based films, 
and the difference is found to result from preferential adsorption of oil 
molecule on the basal and edge planes [17]. Mutyala et al. investigated 
the tribological properties of Ti-MoS2 films deposited on disk and 
spherical rolling elements in the boundary-lubricated (PAO ISO 10 oil) 
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conditions [19]. The results indicate that friction coefficient of the steel 
disk coated Ti-MoS2 films decrease to 0.08 compared to 0.12 of uncoated 
steel disk and the film results in significant improvement in the rolling 
contact fatigue life of bearing steels in boundary-lubricated condition, 
attributing to the formation of protective amorphous hydrocarbon films 
(a-C:H) containing MoS2 precipitates. Our previous study constructed 
the dual lubricating systems of WS2-MoS2 composite film sliding against 
oil-impregnated porous polyimide pin and found the viscosity of lubri
cating oil and film component having significant influence on the 
tribological properties of the systems [20]. 

It can be seen that the film microstructure and type of lubricating oil 
have important impact on the tribological properties of the transition 
metal dichalcogenide-based solid-liquid composite systems. It is 
noticeable that the WS2- or MoS2-based films reported presently in those 
literatures all performed a loose and large columnar platelet along 
whole cross-section of the films in the solid/liquid composite systems 
[17,20]. In comparison with MoS2, WS2 has a higher oxidation resis
tance temperature (up to 450 ◦C) and a lower friction coefficient in the 
atmospheric environment. It can be speculated that the WS2 film should 
exhibit better environmental suitability and might have potential 
advantage in space application. Therefore, WS2 has attracted extensive 
attention recently [13]. However, the studies still are unknown on the 
interactive effects between WS2 film with different dense structures and 
space oils for improvement of tribological performances in the 
solid-liquid composite system. 

Accordingly, in this study, two different WS2 films with loose and 
whole dense structures were deposited. The WS2/space oils composite 
lubricating systems were constructed via spinning-coating technology. 
The effects of film microstructure and lubricating oil on the tribological 
performances of those composite lubricating systems were investigated 
in vacuum, and lubricating mechanism of the WS2 films/oils composite 
systems is also explored. 

2. Experimental detail 

2.1. Film preparation 

The WS2 films with different structures were deposited on both 
substrates of commercial n-type Si and stainless-steel disc (Ø 25 mm × 8 
mm, Ra ~25 nm) by Plasma enhanced chemical vapor deposition system 
(PECVD, BAK760, Highland). The WS2 targets (345 ×145 ×8 mm3, 
99.99 wt% in purity) were utilized as the cathode of radio frequency 
power. At a base pressure of 1.0 × 10− 3 Pa, the substrates’ surfaces were 
etched in argon plasma for 20 min to eliminate possible contaminants. 
Afterwards, the loose WS2 film was deposited on the substrate under a 
sputter power of 400 W, Ar flow of 70 sccm, bias voltage of 15 V, argon 
pressure of 3 × 10− 3 Pa and rotation speed of 1 rpm. Deposition duration 
is 120 min. The dense WS2 film was deposited under a sputter power of 
500 W, Ar flow of 60 sccm, bias voltage of 20 V and argon pressure of 
2.8 × 10− 3 Pa. The substrate sample was located statically in front of the 
target. Deposition duration is 70 min. The resulted thicknesses of the 
two films all are about 0.6 µm. 

2.2. Friction and wear tests in vacuum environment 

The polyalphaolefin (PAO) and PFPE (perfluoropolyether, Fomblin 
Y25) oils as typical liquid lubricants for space application are used. The 
certain amounts of lubricating oils were spined and uniformly formed a 
layer of oil film on the surfaces of WS2 films to construct the WS2 film/ 
PAO and WS2 film/PFPE composite lubricating systems, respectively. 
The physicochemical properties of the selected oils are listed in Table 1. 

The friction and wear tests were conducted by a ball-on-disk trib
ometer (State Key Laboratory of Solid Lubrication) under vacuum 
environment (below 3.0 ×10− 3 Pa, ~25% RH and 25 ± 5℃). The 
counterpart is the 9Cr18 steel ball (Ø 6 mm). The applied normal load is 
3 N, the rotation speed is 500 r/min and rotational radius is 5 mm. Each 

test was conducted three times under the same condition. 

2.3. Structure, component, mechanical and tribological property 
characterization 

The surface morphologies and compositions of the WS2 films, wear 
tracks and wear scars were charactered by field emission scanning 
electron microscopy (FESEM, JSM-7610 F, JEOL, Japan), equipped with 
an energy dispersive spectroscopy (EDS). The crystal structures of the 
films were measured by X-ray diffraction (GIXRD, EMPYREAN, PAN
alytical). The nano-hardness and elastic modulus of the film were 
determined by Nano-Indenter G200 apparatus (MTS, USA) using the 
Berkovich diamond scratching tip with a taper angle of 90◦. The adhe
sive force of the film-substrate was measured by a scratch test instru
ment (MFT-4000, Lanzhou Huahui Instrument Technology). Contact 
angles of the oils on surfaces of the film were measured using a contact 
angle measurement instrument (DSA 100). Wear volumes and surface 
roughness of the films were measured by a non-contact 3D profilemeter 
(MicroMAX-800). The morphologies of the debris collected from wear 
tracks were examined by transmission electron microscopy (TEM, 
TECNAI G2 TF20, FEI, USA). 

3. Results and discussion 

3.1. Film morphology and structure 

The loose WS2 film exhibits a porous dendrite-like surface and 
duplex structure consisting of dense layer near substrate and upper loose 
columnar layer (Fig. 1a, b). Dentrite surface is typical for the sputtered 
MoS2 and WS2 films [21], mainly attributing to anisotropy of WS2 
crystal and its equiaxed crystal transition [22]. Fig. 1c, d show surface 
and cross-section FESEM micrographs of the whole dense WS2 films. It 
can be seen that the dendrite-like platelets of the film become small in 
size and embed into the dense film. The film presents a whole dense 
structure. It indicates that adjusting the argon pressures and dwell time 
of sample on the front of the target is an effective approach to tailor the 
microstructure of WS2 film. It is attributed that the plasma’s bombard 
effect for the growing film is enhanced due to the long mean free path as 
the argon pressure decreased [23]. The surface roughnesses are 
approximate and about 30 nm for the loose and whole dense WS2 films. 
For the WS2 film/oil systems, an oil film is evenly spread out the surface 
of WS2 film. 

Fig. 2 gives the typical GIXRD patterns of the loose and whole dense 
WS2 films. The films can be identified as 2 H-WS2 phase (JCPDS card no. 
08–0237). The loose WS2 film mainly shows two diffraction peaks that 
correspond to the textures of edge planes (100) and (110) of WS2, 
respectively. In comparison to the loose WS2 film, the whole dense WS2 
film shows a low and broad peak of (100) texture, whose intensity 

Table 1 
Physicochemical properties of PAO and PFPE oils.  

Parameters PAO PFPE 

Molecular 
structure 

Viscosity at 
40 ºC/ 
mm2⋅s− 1 

147.0 80 

Viscosity at 
100 ºC/ 
mm2⋅s− 1 

18.4 10 

Viscosity 
index 

140 113 

Density at 20 
ºC/g⋅cm− 3 

0.852 1.90  
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obviously decreases and the full width at half maximum (FWHM) in
creases, suggesting crystallite reorientation [24]. It is attributed that the 
WS2 crystal grain size with (100) orientation become smaller and the 
turbostrating stacking of the S-W-S sandwich interlayer presents in the 
film [25]. The weak (002) and strong (112) peaks appear including weak 
(110) peak, indicating that parts of WS2 crystals grew in the basal plane 
orientation and edge plane of (112) in film is preferential growth [22]. It 
makes film become densifying. 

3.2. Mechanical properties 

The hardness, elastic modulus and elastic index of the WS2 films are 
depicted in Fig. 3. It can be seen that the hardness and elastic modulus of 
the loose WS2 film are 0.15 GPa and 13.6 GPa, respectively, which is 
common for sputtered WS2 film reported presently [26]. For the whole 
dense WS2 film, the hardness and elastic modulus are 7.5 GPa and 
109 GPa, respectively. The values are far higher than those of sputtered 

pure WS2 or MoS2 films with good crystalline in the reported studies 
[27–29]. The elastic index (H/E) is used to evaluate the elastic behav
ioral limit of surface contact and resistance plastic deformation of ma
terial [30,31]. It is concluded that the whole dense film exhibits much 
higher hardness, elastic modulus and higher H/E ratio compared to the 
loose WS2 film. 

The scratch tests were measured to evaluate adhesion of film-sub
strate of the WS2 films under a linearly increasing load from 0 N to 20 N 
and loading speed of 15 N/min. The friction force curves and optical 
images of the scratch tracks for the WS2 films are shows Fig. 4. It can be 
seen that the friction force curves dose not exhibit obvious fluctuation 
with increase of loading force due to good lubricity of the film, which 
cannot use to determine the critical load value. From scratch track im
ages, the white areas inside the worn track are the film spallation region 
at the critical load. The loose film shows obvious plastic deformation, 
and the thin cracks and film spallation occurred when the adhesion force 
reached to about 12 N (Fig. 4a). Differently, for the whole dense film, 
slight cracks and film spallation are observed at the adhesion force 18 N 

Fig. 1. Typical surface and cross-section FESEM micrographs of the loose (a, b) and whole dense (c, d) WS2 films.  

Fig. 2. GIXRD patterns of the loose and whole dense WS2 films.  
Fig. 3. The hardness and elastic modulus of the WS2 films.  
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near the end of the scratch track (Fig. 4b). It indicates the whole dense 
WS2 film have much better adhesion and resistance plastic deformation, 
meaning more excellent mechanical property. 

3.3. Tribological property 

In order to firstly evaluate the natural friction coefficient of the PFPE 
and P201 oils, the enough oil amount was used to fully overspread on 
the surface of steel substrate. It can be seen that the friction coefficient of 
PFPE oil is much higher than that of P201 oil in vacuum shown in  
Fig. 5a. The PFPE oil exhibits a transient high friction at the initial 
running-in stage and then friction coefficient stabilizes at 0.16 when the 
continuous oil film was formed on the contact area of the steel/steel 
tribo-pair, in accordance with the related study [32]. However, P201 oil 
shows a low and stable friction coefficient of 0.08. It can be concluded 
that P201 oil have more excellent lubricating property and lower shear 
force among oil molecules in comparison with PFPE oil. Fig. 5b gives the 
friction coefficient curves and wear life of the loose and whole dense 
WS2 films under the dry friction condition. It can be seen that the two 
WS2 films exhibit similar friction coefficient of about 0.02. The average 
wear life is about 6.2 × 104 r and 8.8 × 104 r for the loose and dense 
WS2 films, respectively, indicating that the dense WS2 film exhibits 
greater life than the loose film. It verified that the whole dense film 
possesses more excellent lubricating property. 

Generally, proper combination of solid and liquid lubricants can 
produce a significant improvement for the tribological performance in 
comparison with the single lubricant. Fig. 6 shows the typical friction 
curves of the loose WS2 film/oils and whole dense WS2 films/oils sys
tems in vacuum. It can be seen that for the loose WS2 film, the friction 
coefficients of the WS2/P201 and WS2/PFPE systems are about 0.10 and 

0.05, respectively. For that dense film, the friction coefficients of the 
WS2/P201 and WS2/PFPE systems slightly increase compared to the 
loose WS2 film in the solid/oil systems. It indicates that the WS2/P201 
systems have more excellent lubricating property than the WS2/PFPE 
systems, which mainly depends on natural lubricity of the oils. The re
sults also indicate that densification of the WS2 film has no obvious in
fluence on the friction in the solid-liquid interface and the friction of the 
two films in the WS2/oil systems appear virtually the same. 

Fig. 7 shows the average friction coefficients and wear rates of the 
WS2 films in the WS2/oils composite systems and the dry friction con
dition. It can be seen that lubricating oils and film structure have 
different influence on the average friction coefficients and wear rates of 
the two films. WS2/PFPE systems show the highest average friction co
efficients. In comparison with the loose film, the average friction coef
ficient of whole dense WS2 film slightly decreases in the dry friction 
condition. Inversely, it all slightly increase in the solid/oils systems for 
the dense WS2 film (Fig. 7a). 

In terms of the average wear rates (Fig. 7b), it decreases 60% for 
dense WS2 film compared to the loose film in the dry friction condition, 
indicating that wear resistance of the dense WS2 film is evidently 
enhanced. It is attributed to the dense microstructure, better adhesion 
and resistance plastic deformation of the whole dense WS2 film. The 
loose WS2 film shows lower wear rate compared to the whole dense WS2 
film in the WS2/P201 system. Differently, the whole dense WS2 film 
exhibits the lower wear rate in the WS2/ PFPE system. Therefore, it 
indicates that the loose WS2 film has better wear resistance in the WS2/ 
P201 system and the whole dense film has better wear resistance in the 
WS2/ PFPE system. Similar results also are reported that the loose WS2 
film with large columnar platelets combined with PAO oil obviously 
decrease the wear of the film [17,33]. It indicates that the WS2 film with 

Fig. 4. The friction force curves and optical images of the scratch tracks for the loose (a) and whole dense (b) WS2 films.  

Fig. 5. Friction curves of single lubricating oil (a) and the loose and whole dense WS2 films (b) as function of sliding time in vacuum (inset the wear life of film).  
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loose structure is more favorable to decrease the wear of film in the 
solid/oil composite system, but when the microstructure of WS2 film 
becomes densifying, the film lubricated with PFPE oil is more favorable 
to decrease the wear of film. 

3.4. Lubricating mechanism 

In order to study the interaction between WS2 films and oils for 

improvement of tribological performances in the solid-liquid systems, 
the wear tracks and corresponding scars for the loose and whole dense 
WS2 films are firstly investigated, as shown in Fig. 8. It can be seen that 
the wear track of whole dense film becomes narrower and the scratches 
and groove becomes less (Fig. 8b1, b2) compared to that of the loose film 
under dry friction condition (Fig. 8a1, a2), confirming more excellent 
wear resistance for the whole dense film. Besides, there are amounts of 
wear debris inside and at the edge of the wear track for the two films, 

Fig. 6. Friction curves of the loose WS2 films/oils (a) and whole dense WS2 films/oils (b) systems in vacuum.  

Fig. 7. The average friction coefficients (a) and wear rates (b) of the WS2 films in the WS2/oils composite systems and the dry friction condition.  

Fig. 8. FESEM images of the wear tracks and corresponding scars for the loose (a1-a3) and whole dense (b1-b3) WS2 films under dry friction condition.  

Z. Yan et al.                                                                                                                                                                                                                                     



Tribology International 170 (2022) 107431

6

and more transfer film is clearly observed on the wear scar for the loose 
film (Fig. 8a3). It indicates that film structure has significant influence 
on the wear behavior of the lamellar solid film. 

For the WS2 films/oils systems, the lubricating oils remaining on 
wear track were cleaned using solvent and then used to analyze wear 
tracks. Fig. 9 shows FESEM images of the wear tracks for the loose and 
whole dense WS2 films/oils systems. A common character is noticed for 
these WS2/oil systems, wear tracks become relatively smooth and 
scratches obviously disappear. It indicates that strong interaction 
occurred between WS2 crystal planes and oil molecules. 

Noteworthy, the film structure and oil medium have obvious impact 
on the wear of the film. For the loose film, some scour pits inside the 
wear track can be observed and parts of flake-like debris or fragments 
adhere to the wear track owing to film detachment for the film/P201 
system (Fig. 9a). However, for the dense film/oils systems (Fig. 9c, d), 
some pits and scratches are clearly observed on the wear track. The 
maximum depth of worn track is larger in the WS2/P201 system and 
becomes smaller in the WS2/PFPE system compared to the loose WS2 
film. It indicates that the interaction between oil molecules and WS2 
crystals is different and affects the wear of the two films. The results also 
confirm that the P201 and PFPE oils must preferentially adsorb on the 
different planes of WS2 crystals, where the crystal planes adsorbed by 
P201 oil are easy to slip and the crystal planes adsorbed by PFPE oil are 
slipped difficultly. 

The wear scars of the counterpart balls after friction tests were also 
examined. Fig. 10 shows the optical images of the wear scars on steel 
ball sliding against the loose and dense WS2 films/oils composite sys
tems. For the loose film, a bit of shallow furrows and black debris can be 
observed on surface of wear scar due to plowing function of debris for 
the film/P201 system (Fig. 10a), while the number of furrows becomes 
more for the film/PFPE system (Fig. 10b), in good accordance with 
morphologies of corresponding wear tracks. In comparison with the 
loose film, the sizes of wear scars are larger and the number of furrows 
significantly increases accompanying some debris squeezed into the 
furrows for the dense film (Fig. 10c, d). It is attributed that the dense film 
seemingly tends to form hard particles plowing the contact area during 
the friction test. 

In the solid-liquid composite system, it is well-known that wettability 
of liquid lubricant with solid lubricant has important influence on the 
friction and wear of the system as well as generation of synergistic 
lubricating effect [2,7,34]. The wettability of PFPE and P201 oils with 
the WS2 films was assessed by measuring the contact angles at room 
temperature (25℃) by injecting 4 μl oil. Fig. 11 gives the values and 
images of contact angle of the two oils on surfaces of the loose and dense 
WS2 films. It can be seen that the contact angles of PFPE and P201 oils 
are similar and about 9◦ on the surface of the loose film, indicating the 
two oils have good wettability with the loose film. Differently, the 
contact angle is low to 5◦ for PFPE oil while is high to 14◦ for P201 oil on 
the surface of the dense film. It illustrates that PFPE oil molecules with 
C-F chain are easier to combine and absorb with the dense film, thereby 
resulting in low wear rate for the dense film due to formation of an oil 
layer on the contact zone. 

For the sake of further elucidating the lubricating mechanism of the 
WS2 films/ oil systems, the debris inside the wear track were examined 
by TEM. Fig. 12 shows the TEM images of the debris for single whole 
dense WS2 film as well as the film/oils systems after friction tests. It can 
be seen that the debris of the single dense film presents the large size and 
black thick platelets (Figs. 12a, a1), while the platelets of debris 
evidently become thin in the solid-oil systems. For the WS2/P201 sys
tem, the surface of the platelet is uneven and shows many cavities, and 
the local high-resolution image of the platelet further presents the 
multiple different crystal orientations in the vicinity of cavities 
(Figs. 12b, b1). It implies that the P201 oil molecules have strong 
interaction with planes of WS2 crystals during the slippages and cleav
ages of WS2 crystals under shear force. Noteworthily, it is found that the 
platelets of the debris exhibit a variety of shapes and become fragmen
tation for the dense WS2 film/PFPE system (Figs. 12c, c1). Meanwhile, a 
few lattice fringes can be seen on the local high-resolution image of the 
platelet of the debris, suggesting that P201 oil molecules might appear 
different absorption strength on the different texture planes of WS2 
crystals in the film. 

It is well known that the surfaces of WS2 or MoS2 crystals consist of 
basal and edge plane areas. The basal plane of S atoms layer in a hex
agonal arrangement has a high aspect ratio and a relatively low surface 

Fig. 9. FESEM images of the wear tracks for the loose (a, b) and whole dense (c, d) WS2 films/oils systems.  
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energy as well as non-polarity [35]. It has been reported that lamellar 
powders like MoS2, WS2 and graphite have strong affinities with liquid 
paraffins or mineral oils, and normal hydrocarbon could convert pow
ders surface from polar plane to basal plane to some extent via effecting 
the cleavage of the lamellar crystals during the grinding process [36,37]. 
Quan et al. revealed whether the lubricating oil first preferentially 
adsorbed on basal or edge planes, which mainly depend on the carbon 
hydrocarbon chain structure and polarity of the oil molecules [18]. 

In fact, for the solid-liquid system, the contact zone of the tribopair is 
separated by the lubricating oil, mixture layers composed of oil and WS2 
platelets and WS2 film during the friction tests. The schematic illustra
tion of the lubricating mechanism is shown in Fig. 13. The mixture layer 
plays a vital role in generating different lubricating effect. Therefore, for 
the dense WS2 film/P201 system, compared to the bulky debris under 
dry friction, the thin plate-like debris confirm that P201 oil molecule 
strongly absorbed the WS2 crystal plane. Moreover, the uneven surface 
exposed multiple different crystal plane of the debris reveals that 
adsorption force of the P201 oil molecule has different intensities on 
different crystal planes and thus results in the cleavages of the lamellar 
crystals at different local position. However, for the whole dense WS2 

film/PFPE system, the debris become strip-like particle and thin frag
mentation. PFPE molecule is composed of C-C and C-F chain and is 
polar, which preferentially adsorbed on the edge planes of WS2 crystals 
[33]. Cleavages of WS2 crystals are easy to generate along the edge 
planes absorbed by PFPE molecule. But edge planes of WS2 crystals is 
difficult to slip and become smaller particles under the shear force. 
Those smaller particles are not flat during sliding and is easy to further 
become the fragmentation of WS2 particles. Interestingly, it is favorable 
to inversely improve friction and wear of the whole dense WS2 
film/PFPE system due to formation of continue mixture layer on the 
surface of the dense WS2 film. 

4. Conclusions 

The WS2 films with loose and whole dense structures were prepared 
and the WS2/oils composite lubricating systems were successfully 
established. Compared to the loose WS2 film, the whole dense WS2 film 
exhibits more excellent mechanical and tribological properties. Results 
indicates that WS2/P201 system shows much lower friction coefficient 
than that of WS2/PFPE system, depending on intrinsic lubricating 

Fig. 10. The morphologies of wear scars on the counterpart balls for W the loose (a, b) and whole dense (c, d) WS2 films/oils systems after the tests.  

Fig. 11. The values and images of contact angle of the two oils on the surfaces of the loose and dense WS2 films.  
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Fig. 12. TEM images of the debris for single whole dense WS2 film (a, a1) as well as the film/P201(b, b1) and/PFPE (c, c1) oils systems.  

Fig. 13. The schematic illustration of the lubricating mechanism.  
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properties of neat oils. Differently, the property of oil and film structure 
generate evident impact on the wear of film in the WS2/oil systems. The 
whole dense WS2 film/PFPE system inversely displays lowest wear rate 
although PFPE oil is poor in lubricity compared to P201 oil, which was 
found to be related to wettability of oils. It is concluded that the whole 
dense WS2 film/P201 system has more excellent lubricity and wear 
resistance, which is the best combination for mechanism assemblies 
applied in space under harsh working conditions. Meanwhile, it reveals 
that the interaction among oil, WS2 platelets and WS2 film is responsible 
for lubricity of the WS2/oil system. It would provide additional insight 
on the lubrication design of solid-liquid system in space. 
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