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ABSTRACT 

  Mechanical components on board spacecraft 
experience strong vibrations during the launch operations.  
Such vibrations can adversely affect mechanical 
components, cause solid lubricant wear, and, in the worst 
case, lead to a malfunction. 
  During launch operations, a launch vehicle travels from 
ground to space. Payloads will therefore be subjected to 
vibrations in vacuum as well as in air.  Thus, to 
realistically simulate vibration effects during the launch 
operations, vibration tests should also be carried out in 
vacuum. 
  In our research, a specially designed Vacuum Vibration 
Test Facility enabled vibration tests in a 10-6 Pa vacuum.  
A comparison of the vibration test results measured in 10-6 
Pa vacuum and 1 atm. revealed the effects of vibrations in 
vacuum. 
  As a starting point of the research, we selected a solid 
lubricated ball bearing as a test sample.  After the 
vibration tests, we conducted a surface analysis of the 
solid lubricant on the bearings and numerical simulations 
of the test. 
 
1. INTRODUCTION 
  During launch, a spacecraft suffers mechanical stresses 
such as sine vibration, random vibration and shock.  A 
launch vehicle travels from ground to space within a few 
minutes, and payloads will therefore be subjected to these 
mechanical stresses in vacuum as well as in air. 
  In spacecraft, solid lubricants are widely used on the 
contact surfaces of mechanical parts.  The rubbing 
motion generated by the vibration causes wearing of the 
coating.  If the solid lubricant is worn away during the 
launch operation, metal-to-metal contact of contact 
surface can result, and this probably would lead to failure 
of motion. 
  In 1991, planetary exploration satellite Galileo faced 
this kind of failure.  It lost solid lubricant on the standoff 
pins of high-gain antenna during ground transportation 
and launch, and the vibration from the Inertial Upper 
Stage caused sticking there.  Galileo subsequently could 
not open the antenna due to the excessive friction between 
the pins and sockets.[1]  In 1994, Japanese Engineering 
Satellite VI experienced malfunction of a bipropellant 
valve, an integrated flow-rate control device of fuel and 

oxidizer used in its Apogee Kick Engine, and failed to 
enter geostationary orbit.  The failure analysis attributed 
the cause to the cold-welding between the poppet spring 
and the valve casing caused by the launch vibration.[2] 
  These experiences suggest the importance of evaluating 
vibration in vacuum.  Because the tribological 
characteristics of rubbing surfaces depend strongly on the 
atmosphere, the effects of vacuum vibration may differ 
from those of in-air vibration.  In past tribological 
research and development of mechanical components for 
spacecraft, the absence of a suitable test facility prevented 
vacuum vibration test.  A test sequence from in-air 
vibration test to in-vacuo motion test has been selected in 
most reports,[3] although this might not adequately 
simulate realistic vibration effects during the launch. 
  In our research, NASDA's specially designed test 
facility enabled us to study the effects of vacuum vibration 
in 10-6 Pa ultrahigh vacuum. 
  As a starting point of the research, we selected a solid 
lubricated ball bearing as a test sample.  In the test rig, 
two test bearings supporting a shaft were mounted and a 
preload was applied between them.  Sine vibration tests 
of this test rig were carried out in ultrahigh vacuum and in 
air.  The comparison of driving torque before and after 
the vibration test revealed the effects of the vibration on 
solid lubricant.  Surface analysis using EPMA was also 
conducted.  The elemental mappings of the raceways 
and balls showed the wear and the oxidized portion of 
solid lubricant, and are used to investigate the wear mode.  
The behavior of the races and balls was discussed in the 
numerical simulation of the test rig. 
 
2. TEST BEARINGS 
  In this research #608 solid lubricated deep-groove ball 
bearings provided by three Japanese bearing 
manufacturers were tested.  The balls and races were 
coated with sputtered MoS2 film, and the retainer was 
made of PTFE based composite.  Figure 1 and Table 1 
show the test bearing and its specifications. 
  NASDA investigated the abilities of these #608 
bearings in the simulated ground-storage, launch and 
orbital environments; i.e. humid-air, vibration, and thermal 
vacuum environment.[4]  Almost all of the bearings 
exhibited very good tribological performance and 
demonstrated excellent potentiality for space use. 



  A, B and C denote bearings fabricated by three different 
bearing manufacturers. 
 
3. TEST FACILITY 
  Figure 2 shows the schematic view of NASDA's 
Vacuum Vibration Test Facility.  This specially designed 
facility has a water-cooled electro-dynamic shaker 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Specifications of #608 bearing 
Outer diameter 22 mm 
Inner diameter 8 mm 
Width 7 mm 
Number of balls 7 
Precision JIS P5 

(Equivalent to ABEC 5) 
Material of inner ring,  
outer ring, and balls 440C stainless steel 
Material of retainer PTFE based composite 
Lubricant Sputtered MoS2 film 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

installed in the bottom of a vacuum chamber.  A 
cryopump evacuates the chamber to 10-6 Pa ultrahigh 
vacuum, and a rotary pump keeps the inside of the shaker 
at approximately 10-1 Pa.  This vacuum system reduces 
difference of vacuum level between the chamber and the 
shaker, and enables vibration test within a 10-6 Pa vacuum.  
Table 2 lists the specifications of the Vacuum Vibration 
Test Facility.[5] 
 
4. TEST METHOD and TEST RIG 
  Figure 3 depicts the cross-section of the Bearing 
Holder Unit (BHU).  A couple of test bearings 
support a shaft, and a position preloader maintains the 
axial rigidity of this system. 
  In this research, the BHU is subjected to vibration in 
its axial direction.  To evaluate the vibration damage, 
we measured the drive toque of BHU before and after 
the vibration test. 
  Vibration of a bearing-and-shaft system causes 
relative motion between the races and wear of the solid 
lubricant.  The axial displacement of the shaft 
depends on the strength of the vibration and the preload 
applied to the bearings.  Therefore, in order to 
evaluate the effects of vibration on the bearings, we 
must set the preload accurately. 
  If the influence of vibration is expected, the 
 
 Table 2 Specifications of Vacuum Vibration 
 Test Facility 
Dimensions of 
chamber 1000mmφ ×1200mmL 

Vacuum pumps 
Rotary pump (760 ℓ/s) 
Turbomolecular pump (300 ℓ/s) 
Cryopump (10000 ℓ/s) 

Ultimate vacuum 10-6 Pa 
Thermal control 
system -150 to +100 oC 

Vibration force 
of shaker 80 kN (8000 kgf) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Solid lubricated #608 bearing 

Fig. 2 Vacuum Vibration Test Facility 
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Fig. 3 Cross-section view of Bearing Holder Unit 
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position-preloading method is frequently selected to 
remove the internal clearance of a bearing-and-shaft 
system.  Position preloading is usually adjusted using 
the driving torque value of the shaft.  However, 
because the driving torque is insensitive to preloading 
force, it is difficult to adjust preload to a decided value.  
To enable precisely preloading our BHU, we mounted 
the piezoelectric force sensor in the preloading 
equipment.  This rigid, accurate sensor directly 
measures and displays the preload value.  Table 3 
shows the specifications of the sensor.  The axial 
preload depends on the total length of preloading 
blocks and can be adjusted to change the thickness of 
the preloading shim ring between blocks 1 and 2. 
  Figure 4 shows the test rig mounted in the Vacuum 
Vibration Test Facility.  A stepping motor mounted 
outside the chamber turns drive shaft of bearing drive 
unit through a magnetofluid coupling.  The BHU 
shaft and the drive shaft are connected by a drive wire.  
This thin wire was loosened when BHU was vibrated, 
and was rewound to measure the post-vibration driving 
torque. 
  At torque sensor unit, a pulley supported by a leaf 
spring makes the drive wire a right-angled turn, and the 
strain gauges on the leaf spring detect the driving 
torque of BHU as the tension of the wire.  During a 
vibration test, a locking pin inserted vertically into the 
weight restricts the rotation of the shaft and the test 
bearings.  After the vibration test, a linear actuator 
mounted on top of the chamber pulls this pin out and 
releases rotation of the shaft. 
 

Table 3 Specifications of force sensor 
Type KISTLER 9133B 
Range 14 kN 
Threshold 0.01 N 
Rigidity 2.5 kN/µm 
Inner diameter  6.1 mm 
Outer diameter  20.0 mm 
Height 3.5 mm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  The conventional method of sine vibration test 
sweeps the vibration frequency up and down within a 
decided range, from 5 Hz to 2000 Hz for example. 
  Figure 5 illustrates the fluctuation of axial preload 
during a modal survey of BHU, a swept sine vibration 
test with a vibration force of 0.3 G.  In Fig. 5, while 
the vibration frequency was far from resonance 
frequency, 1034 Hz in this case, small relative motion 
caused by weak fluctuations of the axial preload 
induced miner damage to solid lubricant.  In contrast, 
when vibration frequency increased or decreased to a 
near the resonance frequency, large relative motion 
generated by the resonance effect induced severe 
damage on the solid lubricant.  Therefore, the 
behavior of BHU vibrated near its resonance frequency 
should be noted during a vibration test.  In this 
research, a fixed-frequency sine vibration test was 
conducted at a vibration frequency near resonance. 
  Although BHU and the test bearings are designed 
and produced precisely, micrometer-order dimensional 
errors change frequency-response characteristics of the 
shaft at each setting.  Therefore, if the same vibration 
frequency is selected for every vibration test, a different 
axial stress should be applied to the test bearings.  In 
this research, the test frequency is adjusted to produce 
the same axial load using the embedded preload sensor 
in each vibration test.  This method realized identical 
fluctuation of contact force and sliding length at the 
friction point of bearings in each vibration test. 
 
5. TEST CONDITIONS and ENVIRONMENT 
  Table 4 shows the vibration test conditions.  In this 
research, a 200N preload force was applied to the 
bearings in the axial direction.  This preload generates 
1.6 to 1.9 GPa of maximum Hertzian contact stress 
between the inner or outer race and balls of a test 
bearing. 
  The sine vibration force applied to the test rig was 20 
G, which was measured at the shaker head, and the test 
duration was 180 seconds.  As mentioned previously, 
the test frequency was adjusted for each vibration test 
to counteract the axial preload of BHU.  Table 4 lists 
the selected test frequencies. 
  Figure 6 depicts the fluctuation of axial preload 
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 Fig. 5 Fluctuation of preload when vibration 
  frequency was swept (0.3G vibration) 
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during a vibration test.  If the fluctuation reaches +200 
N or -200 N, the bearing may momentarily lose 
preload and gapping, a phenomenon that causes 
hammering damage when the gaps between the 
unloaded races and balls are closed, may occur. 
  The asymmetry of the fluctuation shown in Fig. 6 
may be caused by the difference in the rigidity of parts.  
The rigidity of the preload sensor or the preloading 
shim ring may be lower than that of the bearing cover 
(Fig. 3). 
  In this research, all vibration tests and driving torque 
measurements were carried out at room temperature, 
22 °C.  The vibration tests in the air were carried out 
in 1 atm. and about 50% RH.  The vacuum vibration 
tests were conducted in a 10-6 Pa ultrahigh vacuum. 
  Driving torque of BHU was measured before and 
after a vibration test.  The rotation angle of shaft 
during the torque measurement was 1080 degrees, 
approximately corresponding to a 400-degree orbital 
rotation angle of balls.  The initial torque data were 
measured in air.  The post-vibration driving torque of  
 

Table 4 Test parameters and environments 
Preload 200 N (axial load) 

A-1 1090 Hz 
A-2 1025 Hz 
B-1 1130 Hz 
B-2 1050 Hz 
C-1 1065 Hz 

Test Frequency 
(Sine vibration) 

C-2 1050 Hz 
Test acceleration 20 G 
Test duration 3 min. 
Total mass of 
weight, shaft, drive 
pulley, and two 
inner races 

685 grams 

Test environment Room temperature (22 °C) 
50% relative humidity 
A-1 1 atm. 
A-2 UHV (10-6Pa) 
B-1 1 atm. 
B-2 UHV (10-6Pa) 
C-1 1 atm. 

Vacuum 
Environment 

C-2 UHV (10-6Pa) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

in-air vibration test was measured in air.  After a 
vacuum vibration test, the driving torque was measured 
in 10-6 Pa vacuum.  Running-in preparation was not 
performed before these vibration tests. 
 
6. TEST RESULTS 
  Figures 7 to 12 present the driving-torque curves of 
BHU measured before and after the vibration tests.  
All comparisons show the increments of starting torque 
after the vibration tests.  In most cases, post-vibration 
driving torque data have spike-like torque peaks, where 
the shaft stuck and slipped.  Figure 13 illustrates the 
measured rotation angle of the BHU shaft where the 
torque peaks appeared and the theoretical rotation 
angle where the wear marks on inner and outer 
raceways and ball disturb the driving torque. 
  As shown in Figs. 7 and 8, only bearing A exhibited 
the large, fluctuated torque in initial data.  The MoS2 
on bearing A might be softer than that on B or C, and 
this fresh-snow-like coating might have presented the 
significant resistance when the BHU shaft rotated. 
  Figures 14 to 19 show SEM and elemental mapping 
images of inner races C-1 and C-2 by EPMA.  Figure 
20 illustrates the schematic of the contact ellipse on the 
inner raceway. 
  In the surface analysis data, seven wear marks in the 
axial direction appeared on the raceway.  The  
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Fig. 6 Fluctuation of preload (B-2 in-vacuo test) 

Fig. 7 Driving Torque (A-1, in-air test) 

Fig. 8 Driving Torque (A-2, in-vacuo test) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
positions of these wear marks coincide with the contact 
areas of balls.  Wear marks were about 1000 µm long, 
and was the same as the theoretical sliding length of a 
ball over an inner race.  They were about 100 µm 
wide, corresponding to that of maximum contact 
ellipse between the inner race and balls. 
  Wear mark depth measured by a roundness 
measuring apparatus was approximately 1 µm, which 
agreed with the initial thickness of the solid lubricant.  
However, because the traces of MoS2 were found in the 
wear marks by visual observation, a thin layer of solid 
lubricant may remain there. 
  As shown in Fig. 13, the torque peaks clearly 
appeared when an orbital-moving ball passed a wear 
mark on raceways or when a wear mark on a ball faced 
the raceways. 
  For these reasons, it is clear the wear marks on the 
solid lubricant caused the starting torque increments 
and the torque peaks in post-vibration data. 
  For all bearings A, B and C, the starting torque peak 
of post-in-air-vibration data exceeded that of 
post-in-vacuo-vibration data.  In the post vibration 
data of bearings B and C, the starting torque peak 
tested in air reached approximately 140% of that tested 
in vacuum.  For bearing A, the magnification rate was 
about 110%.  In the post-vibration data of bearings A  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and B, torque peaks of in-air data were larger than 
those of in-vacuo data.  For bearing C, the torque 
peaks of in-vacuo data exceeded those of in-air data.  
However, smaller torque peaks were found in 
additional post-in-vacuo vibration data. 
  The increment of torque peaks may be caused by the 
concave on the solid-lubricated raceway, and its depth 
may be related to the magnitude of the increment. 
  Oxide wear may be able to explain these phenomena.  
In Fig. 16, an oxidized portion was found in and near 
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the wear mark on the race tested in air.  In contrast, 
negligible oxide was found in Fig. 19, the analysis data 
of in-vacuo test. 
  For MoS2 solid lubricant, oxidation during the in-air 
vibration may generate MoO3.  This may cause 
abrasive wear and accelerate the wear. 
  However, the exact reason for the difference 
between in-air and in-vacuo vibration tests is not yet 
known.  Researchers are conducting further surface 
research and numerical simulation analysis to describe  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the behavior of BHU and determine the reason. 
 
7. NUMERICAL SIMULATION 
  The numerical simulation model of the vibration 
tests is now being constructed, and only the following 
topics can be presented here. 
 
(1) Contact ellipse size between ball and race 
  Axial relative displacement during a vibration test 
changes the size and the position of Hertzian contact 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15 Elemental mapping of S (C-1, in-air test) 

Fig. 16 Elemental mapping of O (C-1, in-air test) 

Fig. 14 SEM image (C-1, in-air test) 

Fig. 19 Elemental mapping of O (C-2, in-vacuo test) 

Fig. 18 Elemental mapping of S (C-2, in-vacuo test) 

Fig. 17 SEM image (C-2, in-vacuo test) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ellipse and maximum Hertzian contact stress.  
Calculated sizes of the contact ellipses were presented 
in Fig. 20. 
 
(2) Coefficient of friction (COF) dependency of the  
 motion of BHU 
  Numerical analysis using the Runge-Kutta method 
revealed that the change of the contact angle and the 

contact pressure between the race and ball might be 
independent of COF. 
  The analysis also suggests that the macroscopic slip 
between the ball and race may be dependent on COF.  
The threshold from rolling to slipping may exist 
between the COF of 0.01 to 0.1. 
 
8. ON-GOING RESEARCH 
  Three research activities, Over-stress test, Reduction 
of torque peaks, and Long-term measurement of 
driving torque, have been conducted. 
 
(1) Over-stress test, 
  In the Over-stress test, 22 G of vibration force, 
measured at the shaker head, was applied to the BHU 
in air at a vibration frequency that offloads test bearings 
at 20G vibration.  Figure 21 shows the elemental 
mapping data of an over-stressed inner raceway 
(bearing C-3).  The 22 G vibration rotated the 
offloaded outer race or balls, and the wear on the solid 
lubricant spread around the raceway, not only the initial 
contact area. 
 
(2) Reduction of torque peaks 
  In our past study, the oscillatory motion of solid 
lubricated bearings scraped indents on the raceways 
and generated peaks in the driving torque curve.  
Running-in preparation reduced these torque peaks 
very well.[6]  This may also minimize the 
post-vibration torque peak of solid-lubricated bearings. 
  For running-in preparation, 2000 rounds of 
unidirectional motion were performed before the 
vibration test.  Torque peaks were reduced in some 
test results.  Figure 22 compares post-vibration torque 
data with (bearing A-3) and without (bearing A-1) 
running-in. 
 
(3) Long-term measurement of driving torque 
  The test rig used in this research measures BHU 
driving torque while the shaft rotates three times.  The 
length of the drive wire restricts this time. 
  The long-term tendency of the driving torque is also 
needed for the practical purposes.  With a small 
modification of the test rig, about 200 or more rounds 
of driving torque measurement can be performed. 
 
9. CONCLUSION 
  At the beginning of this research, we designed and 
constructed the bearing test rig for in-air and in-vacuo 
vibration test using NASDA's Vacuum Vibration Test 
Facility. 
  To overcome the difficult adjustment of position 
preloading equipment, suitable for a vibratory 
environment, a piezoelectric force sensor that measures 
the preload directly was embedded in the equipment. 
  In order to perform the bearing tests in the identical 
vibration condition, a new test method had to be 
established.  Since the frequency response of the test 
rig varies from test to test, the vibration test result at the 
same frequency differs from test to test.  To eliminate 
this difference, the test frequency was adjusted to 
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 Fig. 20 Schematic of the contact ellipse on 
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produce the decided axial load using the embedded 
preload sensor. 
  The BHU driving torque was measured before and 
after each vibration test.  In every test case, the 
starting torque peak of post-in-air-vibration data 
exceeded that of post-in-vacuo-vibration data.  For 
bearings B and C, the starting torque peak tested in air 
reached approximately 140% of that tested in vacuum.  
In most post-vibration data, the torque peaks of in-air 
data exceeded those of in-vacuo data.  In the surface 
analysis using EPMA, oxidation was found only on the 
raceway tested in air.  Oxidation may accelerate wear, 
and the deep indents on the raceway may increase the 
torque peaks.  From these results, the wear caused in 
air seems severer than that caused in ultrahigh vacuum. 
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