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ABSTRACT 

Dry lubricants like silver or MoS2 are mainly used for 

rolling bearings in space applications. Typical 

applications for such dry lubricants are rolling bearings 

in space mechanisms used for applications like 

SADM/SADA or other pointing mechanisms. The 

bearings operate under a wide temperature range under 

vacuum environment. The friction torque of MoS2 coated 

bearings is nearly independent from the operating 

temperature or the vacuum environment. Nevertheless, 

MoS2-coated bearings will undergo a run-in procedure 

before launching into space and the coating is subject to 

wear which limits the bearing life. 

This paper resumes the development of a novel MoS2 

coating combining coating process, characterisation, and 

tribology. It outlines the results of process development, 

but will focus on the tribological performance starting 

from simple tribometer tests up to performance on 

bearing level. 

Results show that coating process and properties result in 

excellent tribological performance, able to outperform 

commercial coatings. 

 

1 INTRODUCTION 

1.1 Objective 

For ball bearings in space applications, dry lubricants like 

MoS2 are used because of their advantageous properties 

for the prevailing environmental conditions in space. The 

friction of the coating under vacuum is low and robust 

against temperature changes and it offers a good wear 

resistance.  

However, the MoS2 coating is a dry lubricant underlying 

wear in the tribological contact, limiting the bearing life 

time. Other properties like hardness, adhesion, voids, or 

other defects may influence the tribological performance 

and life time, offering space for improvement.  

The above-mentioned properties like hardness, adhesion, 

or defects are properties depending on the coating 

process technology.  

As already for carbonaceous coatings a change in the 

process technology to Laser-Arc deposition led to the 

introduction of very hard tetrahedral amorphous carbon 

(ta-C) coatings, these findings opened the hope that the 

properties of a dry lubricant like MoS2 could be improved 

if only another process technology will be used. 

Therefore, the investigation of the Laser-Arc-deposition 

was initiated by a dedicated project to answer upcoming 

questions concerning the properties of laser-arc-

deposited MoS2 and the comparison of tribological 

performance with a sputtered MoS2 coating.   

 

1.2 Approach 

In a first loop, two different types of coatings were 

selected and deposited for tribological testing by the 

Fraunhofer Institute for Material and Beam technology 

IWS. As tribological testing was done on tribometers at 

the Fraunhofer IWS and in bearing tests at CEROBEAR, 

different types of test specimen were machined and 

surface qualities assured. The surface topographies of the 

specimens were different due to manufacturing 

processes. 

The coating process was adapted from the coating of the 

simple tribometer test specimen geometry to the 

challenges of bearing ring geometries. 

Following first tests, the pure MoS2-coating was selected 

as the most promising candidate. In order to characterize 

its tribological performance, different coating 

thicknesses were evaluated.  

This paper will focus on the tribological tests that have 

been performed within the project. ´Those were the 

simple Tribometer tests under vacuum atmosphere, 

supporting the selection of promising MoS2 

specifications and the bearing tests performed under 

nitrogen atmosphere at CEROBEAR. Bearing tests were 

performed under typical SADM test parameter used for 

run in tests. Assessment of results will be done 

comparing with coated sputtered MoS2 reference parts. 

 

2 STATE OF THE ART 

2.1 MoS2 coating 

For ball bearings in space applications, MoS2 coatings 

are ideal due to their tribological properties. State of the 

art is sputtered MoS2 (PVD), typical coating thicknesses 

applied to ball bearings are 0.2 to 1.0 µm [4]. 

Tribological, MoS2 offers a low friction capability in 

vacuum and inert environments like nitrogen under a 

large temperature range of operation (only for MoS2 

from cryogenic temperature up to 350…800 °C, 

depending on supplier) with a good adhesion on steel 

substrates, making it an ideal candidate for dry 

lubrication of bearings in space applications. The 

coatings are deposited under highly specific process 



 

parameters and offered by only few suppliers. 

Other typical properties of sputtered MoS2 contribute to 

the need of improvement and lead to MoS2 variants. This 

can be in a range of small changes in the process 

parameters up to doping with other elements, like the 

combination of transition metal (Mo, W, Nb) or 

chalcogen atom (S, Se, TE). 

MoS2 coating properties which may be disadvantageous 

for the application in rolling bearings are for example the 

low hardness which leads to low resistance against wear, 

voids or other defects and the coatings’ microstructure 

which is disoriented. The disorientation of the coating 

requires a run in to orientate the microstructure parallel 

to the counterpart and to achieve low friction values.  

 

2.2 Bearing application / Space 

Most commonly used bearings for space mechanisms are 

angular contact ball bearings assembled as a preloaded 

bearing pair in back-to-back or face-to-face 

configuration. Alternatively, a super duplex bearing with 

a single outer ring and two inner rings provides easier 

handling combined with a higher precision. Fig. 1shows 

the selected test bearing geometry. 

 

 
Figure 1: Drawing of super duplex test bearing 

 

3 LASER-ARC MOS2 

3.1 Laser-Arc technology 

The Laser-Arc technology [1] is a well-suited technology 

for the deposition of carbon-based coatings like 

diamond-like carbon (DLC) and tetrahedral-amorphous 

carbon (ta-C). Especially hard ta-C-coatings deposited in 

Laser-Arc process have been subject to investigations in 

rolling bearings up to now. The process synthesis for 

MoS2 was done in the project. Similarly to graphite 

evaporation for ta-C coatings, a pure MoS2 cathode was 

used. The discharge current was reduced to 250 A, and 

no bias voltage was applied. The chosen process 

conditions result in a sulfur to molybdenum ratio in the 

growing film similar to that in the cathode. 

 

3.2 Film characterization 

The MoS2 film thickness was measured by ball-cratering 

technique on a flat reference sample and amounted to 

2.1±0.1 µm and 1.0 µm, respectively. The hardness of the 

MoS2 coating was determined by nanoindentation 

according to ISO 14577. It amounted to 2 GPa. The 

surface of the coating was analysed by SEM (Figure 2). 

It shows some small particles or droplets, which are 

typically for arc deposition processes.  

The morphology and atomic structure were analysed in a 

previous paper [2]. It was found, that the MoS2 films are 

in an amorphous state after deposition, but started to 

crystallize under mechanical loading in the tribological 

contact region. The orientation of the formed MoS2-

crystals was in (002) direction parallel to the surface (and 

sliding plane). The relatively high hardness of the as-

deposited MoS2 coatings is attributed to the amorphous 

state. 

 

 
Figure 2: SEM image of  the MoS2-film surface 

 

The coating composition was measured by EDX in the 

SEM. It amounted to 34 at% Mo, 54 at% S and 12 at% 

C. The origin of the latter is still unclear. It is possible 

that it is a contamination. The proportion of Mo:S 

corresponds to the composition of the cathode. To 

compare the bonding state between cathode and coating, 

Raman spectroscopy was carried out (Figure 3). It is 

shown two peaks between 380 and 415 cm-1, which is 

characteristic for MoS2 bulk materials. In spite the 

coatings are amorphous, the bonding state is identical to 

crystalline MoS2. 

 

 
Figure 3: Raman spectra of MoS2 film vs. MoS2 target  

 



 

4 TRIBOMETER TESTING 

4.1 Research questions 

As the Laser-Arc MoS2 coating process is novel for the 

application in rolling bearings, there are some open 

questions arising around Laser-Arc deposited MoS2 

behaviour in tribological contacts. They should be 

answered by performance investigations. 

Major questions concerning the tribological performance 

were the behaviour under air versus high vacuum 

(10 - 5 bar), the comparability with common sputtered 

MoS2, the quantification of differences under air and high 

vacuum and the influence of the coating thickness. 

In a former tribological test series with different MoS2 

coatings [2] it was found, that an increasing MoS2 film 

thickness is beneficial for the lifetime of the coating. In 

EDX observations on MoS2 coating wear tracks and 

uncoated steel counter parts a transfer of MoS2 on the 

counterpart was observed.  

 

4.2 Tribological characterization 

In this study, tribological testing was performed using a 

UHVT universal vacuum tribometer (Tetra, Ilmenau, 

Germany) in ball-on-disk geometry with a rotating 

motion using a MoS2-coated disk and an uncoated  10 

mm AISI 52100 steel ball loaded with a normal force of 

5 N. By rotating the disk, the sliding speed was kept 

constant at 3 mm/s for all experiments by varying the 

angular speed. The pressure was kept between 1×10-4 

mbar for high vacuum conditions and at approximately 

1013 mbar and 40 to 50% rH for atmospheric conditions. 

To investigate the friction behaviour both in air and in 

high vacuum, tests were carried out twice in direct 

sequence in vacuum and in atmosphere in the same 

configuration (Figure 3) with a 2.1 µm thick MoS2 coated 

disk sample.  

 
Figure 3: Friction curves of MoS2 vs. steel with alternating 

vacuum and atmosphere conditions  

The tribological testing show very low friction 

coefficients in high vacuum, rather low friction also in 

normal air and a good reproducibility of friction 

behaviour in alternating testing. 

 

5 BEARING TESTING 

5.1 Test specimen  

For the performance of rolling bearing tests, a bearing 

geometry inspired by a typical space mechanism was 

selected. The inner bearing geometry is identical to a 

SADM bearing to have comparable contact conditions, 

while the outer geometry was adapted.  

The test bearing was super duplex bearing based on a 

constant section bearing with ID x OD x width of 101.6 

x 117.475 x 7.938 mm. Rings and balls were made of 

AISI 440 C steel, the cage is made of a PTFE material 

with MoS2 and glass fibre (GF). To maintain a hard 

preload of 2000 N a small gap between the inner rings is 

closed by axial clamping force during installation. (see 

Fig. 1). 

 

 
Figure 4: Detail of outer ring raceway 

The bearing rings and balls were made from high carbon 

chromium stainless steel (AISI 440C) with high hardness 

(min 58 HRC) and corrosion resistance. 

The cages for ball guidance were made of a PTFE based 

material filled with glass fibre (GF) and Molybdenum 

Disulphide (MoS2). The material provides good 

tribological properties and is qualified for space 

applications. It is primarily used in ball bearings in 

conjunction with MoS2 coatings 

The test bearing components inner and outer ring were 

coated for testing. Two variants of pure MoS2 were 

selected for bearing tests. The main difference was in the 

thickness of coating. Each variant was deposited on 

components for assembly of two test bearings. Those are 

summarized in the Table below (see Tab. 1) 

 
Table 1: Overview coated Test bearings 

Bearing No. Coating Thickness 

1, 3 MoS2 2,1 µm 

13, 17 MoS2 1,0 µm 

 

The coating thicknesses of the investigated Laser-Arc 

MoS2 coatings was higher compared to the typically used 

sputtered coatings.  

 

5.2 Test design 

The aim of bearing testing was the investigation of the 

influence of Laser-Arc deposited MoS2 on the friction 

performance of a SADM like test bearing in comparison 

to sputtered MoS2. 

The test set up used was built for the characterisation of 
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bearing friction under nitrogen atmosphere for space 

bearings.  The drive is a controlled Harmonic Drive step 

motor with a high accuracy at low speeds. The bearing is 

fixed directly on the drive by a specially designed 

tooling. The inner ring of the bearing rotates, while the 

outer ring fixture is connected to a load cell, measuring 

the bearing friction. Adjustment of clamping force for 

bearing was done by a load cell arranged within the force 

flow. The clamping force adjusted was higher than the 

bearing preload to assure a proper bearing preload. Data 

acquisition is done using a National Instruments (NI) 

DAQ System and test software designed based on 

LabView. 

 

 
Figure 5: Test set up 

 

Test procedure comprises a run in to align the 

microstructure of the coating and a friction torque 

measurement. Both were done with different parameters 

regarding speed and test duration. The run in was done in 

one rotational direction, the friction measurement in both 

rotational directions (defined assembly direction of 

bearing). After run in, the bearings were flushed with 

isopropanol to clean the raceways from particles. As the 

friction and wear of MoS2 is very sensitive concerning 

the environmental conditions (humidity), testing was 

done under nitrogen atmosphere with a defined 

maximum value. Humidity was controlled during 

measurements. Additionally, the condition of test 

bearings was inspected before and after testing. An 

overview on the test parameters gives Table 2. 

 
Table 2: Test parameter 

Parameter Unit Run In Friction 

measurement 

Clamping load kN 6 6 

Speed rpm 5 1 

Revolutions rev 450 10 

Durations min 90 10 

Temperature °C RT RT 

Humidity Rh % <5 < 5 

 

The clamping load used for bearing testing was defined 

based on the bearing preload to 6 kN which is close to the 

ideal clamping load which is estimated to 3 to 5 times the 

bearing preload [3]. Pre-tests investigation the influence 

of preload showed, that the bearing friction is on a nearly 

constant level under clamping loads between 2500 and 

6500 N.  

Bearing friction testing was performed under room 

temperature, which is about 21 °C. Due to the low speed 

and friction, the temperature development in the bearing 

was not significant for evaluation.  

 

5.3 Run In 

From the run in procedure, it was apparent that the run in 

behaviour of sputtered and laser-arc deposited MoS2 was 

different. In the following, representative results for 

sputtered and laser-arc-deposited MoS2 coatings are 

shown. The bearing friction values were measured by a 

load cell, measuring the force (N). The bearing friction 

torque (mNm) can be determined by calculation. 

The run in of the sputtered MoS2 was clearly pronounced. 

Friction noise and level were high at the beginning and 

became steady and lower after 4000 s (appr. 1 h) of run-

in test. The peak value reduces from 15 N to 9 N under 

steady state conditions while the mean value reduces 

from 9.3 to 6.3 N. The graph of sputtered MoS2 with a 

coating thickness about 1µm is shown in Fig. 6. 

 

 
Figure 6: Run in sputtered MoS2 

 

After Run in procedure, the bearing with sputtered MoS2 

coating was cleaned to remove particles generated during 

run in. Cleaning was done by flushing the bearing with 

Isopropanol and following desiccating before performing 

friction measurement. 

The run in of the Laser-arc MoS2 coating shows not that 

distinctive course. Torque noise and friction level for the 

coating with a thickness of are from beginning of the run 

in on a low level. When run in was finished, the coating 

with a thickness of 2,1µm (bearing no. 1) showed a 

slightly lower level under steady state conditions. Steady 

state conditions set in after 1900 seconds (30 Minutes).  

The peak value reduces from 5 N to 3 N under steady 

state conditions while the mean value reduces from 3.2 to 

2.3 N. The graph of Laser-Arc MoS2 bearing no. 1 is 

shown in the figure below (Fig. 7). 

 



 

 
Figure 7: Run In Laser-Arc MoS2-Bearing No. 1 (2,1 µm) 

 

Torque noise and friction level for the coating with a 

thickness of 1 µm showed a similar behaviour.  They 

were from beginning of the run in on a low level. When 

run in was finished, the coating with a thickness of 2,1µm 

(bearing no. 1) showed a slightly lower level under steady 

state conditions. Steady state conditions set in after 1000 

seconds (16 Minutes).  

The peak value reduces from 5 N to 3,2 N under steady 

state conditions while the mean value reduces from 3.9 to 

2.4 N. The graph of Laser-Arc MoS2 is shown in the 

figure below. 

 

 
Figure 4: Run In Laser-Arc MoS2- Bearing No. 13 (1 µm) 

 

The Laser-Arc MoS2 was not subjected to the cleaning 

procedure. Due to the run in performance of coating the 

particle generation was low and not required. The Laser-

Arc-MoS2 performed the friction measurement without 

cleaning. 

 

5.4 Friction measurement 

Friction measurement was performed with both coatings 

as well. The performance was tested in short tests, 

showing different results. In the following the results of 

one measured direction (counter clockwise, ccw) are 

shown, as the difference between the two rotational 

directions (ccw, cw) was negligible. For the sputtered 

MoS2 a mean friction of 5.0 N was measured with a peak 

value of 6.5 N. The friction noise was in a range of 

±0.8 N (see Fig. 8). The course shows slight irregularis 

maybe resulting from remaining particles. 

 

 
Figure 8: Friction measurement sputtered MoS2 coating 

 

For the Laser-Arc MoS2 (coating thickness 2,1 µm) a 

mean friction of 2.1 N was measured with a peak value 

of 3.1 N (see Fig. 6). The friction noise was in a range of 

±0.7 N. The course shows a slight waviness, correlating 

to the number of revolutions tested. As it was also 

corresponding to the cage frequency, the waviness was 

expected to be caused by the cage. 

 

 
Figure 9: Friction measurement Laser-Arc MoS2 -bearing No.1 

(2,1 µm) 

 

For the Laser-Arc MoS2 (coating thickness 1 µm) a mean 

friction of 2.4 N was measured with a peak value of 3.9 N 

(see Fig. 6). The friction curve course is constant, the 

noise also but higher than for test bearing no. 1. 

 

 
Figure 5: Friction measurement Laser-Arc MoS2 -bearing 

No.13 (1 µm) 



 

 

A visual inspection of the test bearings components was 

done before and after testing. Fig. 10 shows the condition 

exemplary of one inner ring of test bearing no. 1 before 

testing (left) and after run in and friction measurement 

(right). Before testing, the MoS2 coating looks even in 

raceway and on the cage guidance bord. After run in and 

friction measurement, the coating looks different in 

raceway and bord. It is generally in a good condition, the 

raceway looked polished. The cage guidance showed a 

brighter coloration in the tribological contact area, on the 

other bord marks from the disassembly were visible.  

 

 
Figure 10. Visual condition raceway Laser-Arc MoS2 (new & 

after testing) bearing #1 

 

Generally, the Laser-Arc Coating was in a good 

condition after testing.  

 

5.5 Comparison of MoS2 

Comparing the two MoS2 variants, the friction 

performance was in the focus of testing. A comparison of 

performance of the MoS2 variants showed, that the Laser-

Arc MoS2 outperforms the sputtered MoS2 in terms of run 

in behaviour and achieved friction level.  

Both values, peak and mean values were reduced 

performing a run in procedure. Peak and the mean value 

showed a reduction of about 60 respectively 70 %. The 

difference in peak and mean value of run in was 67 

respectively 63 %. The lower friction was measured for 

the Laser-Arc MoS2.  

Looking at the friction measurement, the difference in 

peak and mean friction of both variants was above 50 %, 

also in favour of the Laser-arc MoS2 coating (see Tab. 3). 

  
Table 3: Summary results (Friction force, N) 

Friction force 

(measured value) 

Sputtered Laser Arc 

1 

Laser Arc 

13 

Run In Peak 15 / 9 5 / 3 5 / 3.2 

 Mean 9.3 / 6.3 3.2 / 2.3 3.9 / 2.4 

Friction Peak  6.5 3.1 3.9 

 Mean 5.0 2.1 2.4 

 

The friction torque was calculated based on the measured 

friction force. The conversion in friction torque was done 

to get an idea on the bearing torque values. The mean 

value of the sputtered MoS2 was 315 mNm, of the Laser-

Arc MoS2 with a thickness of 2.1 µm it was 131 mNm 

and for the MoS2 with a coating thickness of 1 µm it was 

151 mNm (see Table 4). 

 
Table 4. Summary results Friction measurement (mNm) 

Friction torque 

(calculated values 

Sputtered Laser 

Arc 1 

Laser 

Arc 2 

Torque Peak  343 195 245 

(mNm) Mean 315 131 151 

 

 

6 CONCLUSION 

Tribological testing in tribometer and bearing tests both 

showed a high potential of the Laser-Arc MoS2 to reduce 

friction under vacuum und nitrogen atmosphere. In terms 

of friction and run in behaviour, the Laser-Arc deposited 

MoS2 coating outperformed the sputtered MoS2 coating. 

It is supposed, that for the Laser-Arc deposited MoS2 

coating, the thickness will have an influence on the life 

time of the coatings.  

Additionally, the lower debris generation and wear is 

supposed to contribute to the life time. As both effects 

could be an indication for longer lifetime, the life time 

depending on the coating thickness will be investigated 

further. 
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