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ABSTRACT 

In the development of space equipment, various 
lubricants have been applied to the drive mechanisms. In 
extreme environments such as lunar and planetary 
exploration, molybdenum disulfide (MoS₂) sputtered 
coatings have been used successfully. However, as the 
development of space equipment becomes more active, 
there is a growing need to shorten development times and 
reduce costs while ensuring reliability. Here, we 
investigated thin solid lubricant coating films using 
nanosized molybdenum disulfide (nano-MoS₂) that 
exhibits lubricating properties equivalent to those of 
sputtered coatings. we confirmed that nano-MoS₂ has the 
stable and same friction coefficient as current MoS₂ but 
has a durability life of 300-400%.  
 
1 Introduction 

In recent years, space development has been growing to 
major global business, driven by the significant entry of 
private companies and universities. Particularly, 
planetary exploration will expand to include private 
commercial activities, as outlined in fundamental space 
policies. Spacecraft and planetary exploration 
instruments rely on mechanical components for critical 
functions such as solar array deployment and rover 
locomotion. A main requirement for future lunar and 
planetary exploration mechanisms is them reliably at 
extremely low temperatures and endure long-duration, 
repetitive cycles. For instance, a pressurized rover is 
being designed to traverse 10,000 km over 10 years in 
cryogenic environments, necessitating highly durable 
and reliable mechanical systems. 
 
Lubricants utilized in space applications are diverse, with 
oils, greases, and solid lubricants selected based on 
specific application requirements. Solid lubricants have 
been used particularly in vacuum-exposed environments 
and applications demanding minimal outgassing. 
Furthermore, a substantial number of mechanical 
components designed for cryogenic operation cannot 
utilize traditional greases or oils, thus solid lubrication 
has been the main option. 

 
Sputtered MoS₂ film has been applied to space-grade 
mechanical components, such as bearings and ball screws. 
However, the number of manufacturers capable of 
performing this specialized process has significantly 
decreased in Japan. Furthermore, sputtering requires 
highly advanced technical expertise, making the 
introduction of sputtering equipment difficult for small 
and medium-sized enterprises. To solve these challenges 
by developing long-life, low-cost, and short lead times of 
mechanical components will substantially accelerate the 
entry of private enterprises into lunar and planetary 
exploration. Our research proposes an improved bonded 
molybdenum disulfide (MoS₂) film as a viable solution 
for achieving the long lifespan, high reliability, low cost, 
and short lead times required for future lunar and 
planetary exploration mechanisms. 
 
In the development of a bonded MoS₂ film equivalent to 
sputtered MoS₂ films, a comparative analysis of coating 
characteristics between bonded MoS₂ film and sputtered 
MoS₂ films is presented in Table 1. Key distinctions 
include the presence of a binder and the film thickness. 
Figure 1 shows the wear life of bonded MoS₂ film against 
its film thickness. This trend indicates that it has optimal 
thickness that the lubricant exhibit longest wear life. As 
the film becomes thinner, the absolute amount of the 
lubricating MoS₂ component within the coating 
decreases, leading to a reduction in friction life. On the 
other hand, excessively thick films can lead to the 
detachment of large wear debris, thus also shortening the 
lifespan. The development of a coating that achieves 
sufficient friction life even at reduced thicknesses would 
offer significant advantages in applications with tight 
clearance constraints or those requiring minimal 
outgassing. Furthermore, if the coating can be 
successfully deposited on smooth substrate surfaces, it 
holds promise as a viable alternative to soft metallic thin 
films and sputtered MoS₂ coatings. 
 
To achieve these demands, we focused on nano-sized 
Molybdenum disulfide (nano-MoS₂). Conventional 
MoS₂ utilized in bonded solid lubricant typically has 



 

particle sizes on the micrometer scale, leading to limited 
lubricity relative to the amount added. In contrast, nano-
MoS₂, being on the nanometer scale, is expected to 
exhibit improved lubricity due to its significantly 
increased surface area. This research focuses on 
developing a bonded solid lubricant that leverages the 
superior characteristics of this nano-MoS₂. 
 
 

Table 1. Properties of MoS₂ coatings 
Type Sputtered  Bonded 
Thickness <1 µm 5-20 µm 
Binder No binder Organic, Inorganic 
Annealing Unnecessary Necessary 
Surface 
roughness 

Ra 0.03 µm Ra 0.15 µm 

Corrosion 
resistance 

Low High 

Methods PVD Splay, etc 
 
 

 
 
Figure1. Effect of bonded MoS₂ film thickness on wear 
life  
 
 
 
2 Experimental 

2.1 Nano-Molybdenum disulfide 

Nano-MoS₂ was prepared by DIC Corporation[1]. The 
average particle size of nano-MoS₂ is 5 nm to 50 nm. It 
is known that MoS₂ has two crystallographic structures 
depending on its stacking sequence: 2H (hexagonal) and 
3R (rhombohedral). It is known that MoS₂ commonly 
used as a lubricant is found in the 2H. The nano-MoS₂ 
utilized in this study contains over 10% of the 3R 
structure, providing lubrication performance that is 
difficult to achieve through conventional methods such 
as grinding natural ore or synthesizing from molybdenum 
trioxide.  
 
 

2.2 Test specimen 

Two types of MoS₂ solid film shown below were used as 
the test specimen. 
 
(1) Bonded conventional MoS₂ lubricant film 
(2) Bonded nano-MoS₂ lubricant film 

 
Both types of films were deposited on 304 stainless steal 
plate (the thickness of 0.8 mm). The film conditions and 
pre-treatment conditions are described below, and the 
summary was listed in table 2. 
 
(1) Bonded conventional MoS₂ lubricant film 
Conventional bonded MoS₂ film was deposited on two 
types of substrates, which has different pre-treatment 
conditions. In the context of conventional bonded MoS₂ 
films previously utilized in space applications, 
sandblasting pre-treatment is applied to the substrate 
prior to coating to enhance the adhesion between the 
substrate and the applied film. However, sandblasting 
significantly increases the surface roughness of the 
substrate, therefore it unsuitable for mechanical 
components such as bearings, which demand a highly 
smooth surface for optimal performance. Consequently, 
a primary objective of this research is to develop a 
coating that can be successfully formed on substrates 
without sandblasting. To compare with results from 
previous vacuum friction tests jointly conducted by 
JAXA and NASA[2][3], experiments were performed on 
lubricant films prepared with and without sandblasting 
pre-treatment. Furthermore, two types of films thickness, 
10 µm and 3 µm, were prepared for investigating the 
influence of film thickness on wear life of the lubricant 
films.  
 
(2) Bonded nano-MoS₂ lubricant film 
Nano-MoS₂ was dispersed in silicate binder. This 
developed lubricant film was deposited on the substrate 
without sandblasting, to keep the surface roughness low. 
To evaluate the coverage of the developed film, 0.5, 1.5 
and 3 um films were prepared. Friction test was 
conducted with only 1.5 um, which shows good coverage 
and low surface roughness. 
 

Table 2. Test specimen 
MoS₂ particle 

size 
Film 

materials 
Film 

thickness 
pretreatment 

Micro polyamide 
imid 

10 µm Degreasing 
Sandblasting 

Micro polyamide 
imid 

3,10 µm Degreasing 
 

Nano Silicate 0.5, 1.5, 3 
µm 

Degreasing 
 

 
 
 
 

600

500

400

300

200

100

0

W
ea

r L
ife

, m
in

302520151050

Film thickness, µm



 

2.3 Friction test methods 

Friction tests were carried out in high vacuum and 
atmosphere. Ball on disk tribometer which has a rotary 
pump and a turbo-molecular pump as a vacuum pumping 
system was used as shown in figure 2. The pressure of an 
order of 10-4Pa can be attained in vacuum condition. The 
test conditions and test specimen are listed in table3. The 
counterpart ball specimen was made of 304 stainless steel, 
with a diameter of 6.35 mm (1/4"). The applied load was 
10N and 30N, and sliding speed was 50 mm/s. Wear life 
of the film was defined as the number of cycles at which 
the friction coefficient exceeded 0.3. 
 

 
 

Figure 2. Schematic images of tribometer 
 

Table 3. Friction test conditions 
 condition 
Load 10 N, 30 N 
Speed 50 mm/sec 
Stroke 10 mm 
Ball specimen SUS304 1/4” 
Disk specimen SUS304 0.8 mm 

Atmosphere Atmosphere 
High vacuum（10-4 Pa） 

 
3 Surface character 

SEM images of bare 304 stainless steel and conventional 
bonded MoS₂ film and bonded nano-MoS₂ film deposited 
on 304 stainless steels without sandblasting are shown in 
Figure 3. Film thickness of conventional bonded MoS₂ 
film and bonded nano-MoS₂ film are 3 µm and 1.5 µm 
respectively. Conventional MoS₂ films are characterized 
by relatively large particles, which results in the 
agglomeration of these particles on the film surface, 
leading to significantly higher surface roughness 
compared to the substrate. In addition, Due to the 
relatively large particle size, it has been observed that 
when the film thickness is approximately 3 µm, the 
coating does not completely cover the substrate. In 
contrast, nano-MoS₂ coatings, owing to their remarkably 
fine particle size, exhibit a smooth surface morphology 

and achieve superior coverage. 
 
Figure 4 shows the surface morphologies of the bare 304 
stainless steel substrate, conventional bonded MoS₂ film 
with 3 µm film thickness and developed bonded nano-
MoS₂ film with 1.5 µm film thickness. The developed 
film exhibits an Ra value of 0.15 and an Rz value of 1.08. 
Compared to conventional MoS₂ film of 3 µm film 
thickness (which have Ra and Rz values of 0.2 and 2.0 
respectively), this confirms that the developed coating 
possesses a significantly smoother surface. 
MoS₂ sputtered films typically have a thickness of 
approximately 1 µm and exhibit a surface roughness very 
close to that of the substrate. This characteristic enables 
them to function as solid lubricants without impeding the 
smooth rotation of components like bearings. A 
challenge for conventional bonded films in similar 
applications is achieving a surface quality comparable to 
that of sputtered films. Given that the substrate used in 
this study has an Ra of 0.13 and an Rz of 1.01, the 
developed coating's values is equivalent to the substrate. 
This suggests that the developed coating possesses a 
surface quality that is sufficiently comparable to 
sputtered films and can potentially serve as an alternative. 
 
Relationship between the thickness of bonded nano-
MoS₂ film and its surface roughness are evaluated as 
shown in figure 5. It was observed that the surface 
roughness of the developed coating increases 
proportionally with film thickness. Based on this result, 
it is concluded that the developed coating is more suitable 
for use as a thinner film when considered as an alternative 
to sputtered films. However, a film thickness of 0.5 µm, 
while achieving a smooth surface, exhibited partial 
exposure of the underlying substrate. Therefore, to 
achieve stable performance, friction tests were conducted 
using coatings with a film thickness of 1.5 µm. 
 

 
 
Figure 3. SEM images of bare 304 stainless steel after 
degreasing and conventional bonded MoS₂ film and 
bonded nano- MoS₂ film deposited on 304 stainless steels. 



 

 

 
 
Figure 4. Surface morphologies of (a) bare 304 stainless 
steel substrate, (b) conventional bonded MoS₂ film and 
(c) bonded nano-MoS₂ film. 
 

 
 
Figure 5. Surface roughness (Ra and Rz) of bonded 
Nano-MoS₂ film thickness 
 
 
4 Friction test  
4.1 Conventional bonded MoS₂ film 

We investigated the frictional properties of conventional 
bonded MoS₂ film, which have a proven track record in 
space applications. Friction tests were carried in both 
atmospheric and vacuum environments. The results of 
the friction tests are shown in Figure 6. For the existing 
bonded MoS₂ film, the 3 µm thin film exhibited 
significantly shorter friction life in both atmospheric and 

vacuum environments. It's considered that these thin 
films failed to transition into a stable lubrication state 
before reaching their lifespan limit. Regarding the 
friction coefficient, its influence of the ambient 
atmosphere was more pronounced than its influence of 
film thickness. In vacuum, both the thin and thick films 
showed similar friction coefficient ranges. However, in 
the atmosphere, the thin film exhibited a higher friction 
coefficient. Typically, after the initiation of friction, 
MoS₂ films shows stable friction coefficient because of 
the orientation, then the friction coefficient tends to 
increase sharply. In our experiments, the thin films 
showed a much shorter stable friction coefficient region, 
with a rapid increase in friction coefficient occurring over 
a shorter duration. It is considered that this is attributable 
to the lower absolute amount of MoS₂ in the thin film. In 
atmospheric conditions, the orientation process might not 
proceed smoothly, leading to a lower coverage rate of the 
substrate and partial contact between the sliding surfaces 
and the bare substrate. 
 
The lifespan of solid lubricant films must be considered 
with their interaction with the substrate. We investigated 
the correlation between surface roughness and friction 
life by applying a conventional bonded  MoS₂ film to two 
types of test specimens: one mechanically finished and 
the other sandblasted, as shown in figure 7. Film 
thickness of both films were 10 µm.  The results 
revealed a significant improvement in friction life for the 
sandblasted specimens, which exhibited a lifespan 
extended by more than tenfold. This substantial increase 
in life is attributed to two primary factors: the anchoring 
effect provided by the roughened surface and the 
enhanced adhesion of the coating resulting from the 
surface cleaning achieved through sandblasting. 
 
 

 
 
Figure 6. Wear life and coefficient of friction against film 
thickness in atmospheric and vacuum conditions. 
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Figure 7. Coefficient of friction of bonded MoS₂ film 
deposited on substrate with and without sandblasting 
 
4.2 Comparison of wear life between conventional 

bonded MoS₂ film and bonded nano-MoS₂ film 

Figure 8 shows the results of friction tests conducted on 
the developed nano-MoS₂ film and conventional bonded 
MoS₂ film. For the conventional bonded film, two film 
thicknesses were evaluated: an optimized 10 µm film, 
previously established through extensive evaluation, and 
a 3 µm film, selected to match the thickness of the 
developed material.  
 
The nano-MoS₂ films demonstrated a lower coefficient 
of friction and longer lifespan compared to conventional 
bonded MoS₂ films. Specifically, under vacuum 
conditions, the nano-MoS₂ film exhibited a lower and 
more stable coefficient of friction, confirming its superior 
performance over the conventional bonded MoS₂ film. In 
contrast, the conventional bonded MoS₂ film showed an 
initial increase in the coefficient of friction, followed by 
a decrease around 10,000 cycles. Although the 
coefficient of friction of the nano-MoS₂ film was higher 
in an atmospheric environment compared to the 
conventional material, this is likely due to the inherent 
property of MoS₂ to oxidize into hard molybdenum 
trioxide (MoO₃) when subjected to friction in air. This 
effect was more pronounced in the nano-MoS₂ coating, 
whereas in the conventional bonded MoS₂ film, the 
polyamide-imide binder presumably inhibited air 
exposure, and the added antimony trioxide (Sb₂O₃) 
effectively suppressed oxidation. Regarding lifespan, 
the novel coating exhibited a longer lifespan under 
vacuum conditions, which is a critical factor for space 
applications. For conventional coatings, the lifespan of a 
3 µm thick film in vacuum was less than 1/3 that of a 10 
µm thick film. This reduced lifespan is likely due to its 
low coverage and the limited quantity of lubricating 
components, leading to premature failure. In contrast, the 
developed thin film, despite its reduced thickness, 
exhibited a significantly longer lifespan. This is 
attributed to its superior coverage and the fine, well-
dispersed particles, which allow for more effective and 

durable lubrication. When compared to sputtered MoS₂ 
films, which were a development target, studies by JAXA 
and NASA [2, 3] have reported that the lifespan of 
sputtered MoS₂ films is less than 1/3 that of conventional 
bonded MoS₂ film with sandblasted substrate. This 
suggests that the developed nano-MoS₂ coating also 
offers a long lifespan as long as that of sputtered MoS₂ 
films. In atmospheric conditions, the difference in 
lifespan between the novel and conventional coatings, as 
shown in the figure 9, is more pronounced. As previously 
discussed, this can be attributed to the greater 
susceptibility of the novel coating to oxidation effects 
compared to the conventional material. 
 

 
 
Figure 8. Friction traces of films of bonded nano- MoS₂ 
film, conventional bonded MoS₂ film with 10 µm, and 
conventional bonded MoS₂ film with 3 µm in sliding 
contact with 304 stainless ball in vacuum condition. 
 
 

 
 
Figure 9. Friction traces of films of nano- MoS₂ film, 
bonded MoS₂ film with 10 µm, and bonded MoS₂ film with 
3 µm in sliding contact with 304 stainless ball in 
atmospheric condition. 
 
4.3 Friction behaviour of nano- MoS₂ bonded film 

The results of friction tests conducted under loads of 5 N, 
10 N, and 30 N are showed in the figure 10. A clear trend 
was observed where increasing the applied load led to a 
reduction in friction life. Notably, the life at 10 N was 
approximately five times longer than at 30 N, indicating 
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a significant dependency of the developed coating's life 
on the applied load. Conversely, the friction coefficient 
tended to decrease as the normal load increased. At 30 N, 
the friction coefficient was around 0.02, while at 5 N, it 
exceeded 0.1. This observed trend aligns with the 
behavior of conventional films: at lower loads, the 
friction coefficient is higher due to the influence of 
interlaminar shear resistance. However, because the film 
experiences less overall stress, it exhibits a longer 
lifespan. 
Nano-MoS₂ coating performed excellent tribological 
properties in vacuum environments. However, its 
performance was observed to degrade significantly in 
atmospheric conditions. To investigate the impact of 
ambient conditions, we conducted experiments under 
three types of pressures: atmospheric air and two distinct 
vacuum levels. As shown in Figure 11, higher vacuum 
levels correlated with a lower average friction coefficient 
and longer friction life. Conversely, the coating exhibited 
a higher friction coefficient and shorter friction life in 
atmospheric air. It is considered that the high sensitivity 
of the nano-MoS₂ coating to atmospheric conditions is 
attributable to its smaller particle size and consequently 
larger surface area, and that property can negatively 
affect its lubrication performance. 
 

 
 
Figure 10. Wear life and coefficient of friction against 
load of friction test. 
 

 
 
Figure 11. Influence of ambient condition on wear life 
and coefficient of friction. 

5 Conclusion 

This study focused on developing a bonded film using 
nano-MoS₂ with the aim of achieving tribological 
properties comparable to those of sputtered MoS₂ films, 
which is applied to space mechanical components, such 
as bearings and ball screws for lunar and planetary 
exploration.  As a result, we developed bonded nano- 
MoS₂ film with film thicknesses and surface roughness 
equivalent to those of sputtered coatings. 
Our tribological evaluations confirmed that these bonded 
nano-MoS₂ film exhibit tribological performance 
equivalent to or exceeding that of sputtered films. These 
results clearly show the effectiveness of utilizing nano-
MoS₂ in developing high-performance solid lubricant 
coatings. The result obtained are summarized as follows; 
 
- Developed bonded nano-MoS₂ film, at a film 

thickness of 1.5 µm, exhibited superior smoothness 
and coverage compared to conventional bonded 
MoS₂ film of the same thickness. 

- Relative to the substrate, both the Rz and Ra 
surface roughness values showed only 
approximately a 30% difference, indicating a 
surface roughness comparable to that of sputtered 
films. 

- Results from friction tests conducted in vacuum at a 
30 N load showed that the developed coating 
achieved a lifespan 3.5 times longer than that of 
conventional products. This lifespan was found to 
be comparable to that of sputtered films, as 
indicated by previous research. 

- The developed nano- MoS₂ bonded film was 
observed to exhibit dependencies on load and 
ambient atmosphere. 

 
 
This paper is based on results obtained from a project, 
JPNP23020, subsidized by the New Energy and 
Industrial Technology Development Organization 
(NEDO). 
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