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1. Introduction 

Space appliances such as satellites and space probes 
after launch are almost impossible to be collected and 
repaired in the present circumstances. Thus various 
machine elements incorporated in these appliances need 
to keep expected performances for a long time period. 
Rolling elements represented by rolling contact bearings 
or ball screws are also applied to paddle driving 
mechanism of solar cell, antenna pointing mechanism, 
and reaction wheel or gyroscope for attitude control. 
These elements are required to work normally even under 
high vacuum, wide range operating temperature, 
microgravity and radial rays. In order to achieve the 
object, selection of lubricant with possible to sustain 
enough lubricating performance on a long-term period 
even under completely different conditions from ground 
level is remarkably important. 

In consideration with such operating environments, 
when the operating temperature can be controlled on 
strictly sealing, lubrication function in space appliances 
has been realized by employing the highly refined 
mineral oils. In the environment subjected to high 
vacuum, high or low temperature and radial rays the solid 
lubricants such as molybdenum disulfide or 
polytetrafluoroethylene has been employed. And these 
lubricants have been also applied to the appliances with 
optical sensor or spectroscope in which the 
contamination by the evaporation of oil must be 
prevented the utmost. 

Perfluoropolyether (PFPE) and mulitiply alkylated 
cycropentane (MAC) synthetic oils with the vapor 

pressure of less than 10-9 show the excellent lubricating 
properties even under high vacuum. Recently, in order to 
improve durability and reliability of space appliances, not 
only above-mentioned liquid lubricants but also the 
PFPE based and MAC based greases have been 
developed and commercialized. Performances of the 
lubricants for space applications have been evaluated by 
the high-pressure viscosity tests, the high-pressure 
density tests, the friction wear tests, and the rolling 
contact fatigue tests with thrust ball bearing [1-3].  

In the present study, using the four kinds of MAC 
2001A based greases of R2000, ML, MU and 5200, the 
states of oil film formation in the conventional ball screw 
were measured at ground level by electric resistance 
method. The running performances such as vibration and 
rotating torque were also examined. The experimental 
results for vibration and torque were compared to those 
obtained by using the PFPE 815Z based greases of 600EF, 
601EF and 602EF. Furthermore, in order to discuss the 
difference in the lubricating performances of test greases 
observed in the ball screw tests, the squeeze film 
formation abilities of test greases are examined under 
impact load by falling bearing steel ball against a flat 
anvil made of mild steel. 
 
2. Experimental method 

2.1. Test apparatus and procedure 
Figure 1 shows the main part of testing machine used for 
the experiments. The nut of the ball screw was stationary 
and the screw shaft rotated. Using a driving motor, the 
screw shaft turns in the range of N = 100~1000 rpm. Both 

 

 
Figure 1  Main part of testing machine 



 

2 

 
Figure 2  Measuring circuit for oil film formation 

 
ends of the screw shaft are supported by a deep groove 
ball bearing and a bearing unit which incorporates a pair 
of angular contact ball bearings. The nut inserted into the 
housing travels along the two parallel linear guide ways. 
Tests were performed by a conventional ball screw (shaft 
diameter: 40 mm, lead: 20 mm, nut diameter: 60 mm, ball 
diameter: 6.35 mm, ball center diameter: 41 mm, 
dynamic load capacity: Ca=28.6 kN, static load capacity: 
C0a=68.6 kN, preload: 2.0 kN). The initial surface 
roughness of the raceways of the nut and the screw shaft 
was about 0.075 μm Rq (root mean square roughness), 
and the roughness of the ball was about 0.01 μm Rq. 

The state of oil film formation between balls and 
raceways was measured by an electric resistance method 
[4]. Figure 2 shows the electric circuit. A voltage EAB=0.5 
V was applied between the nut and the screw shaft which 
were suitably insulated. The change in the voltage during 
operation was monitored by a digital oscilloscope and 
continuously recorded on a digital recorder. The relation 
between the electric resistance and the voltage EAB 
indicates a different change depending on the resistance 
in the measuring circuit. So the suitable circuit resistance 
corresponding to the measured oil film resistance should 
be selected. In the present study, resistances of R1=1 kΩ, 
R2=500 Ω, R3=100 Ω and R4= 567 Ω were used. The 
voltage EAB=0.5 V means a complete oil film formation, 
namely a 100 percent separation. 

Furthermore, as shown in Fig.1, the radial vibration 
and the rotating torque of the ball screw were measured 
using an accelerometer mounted on the nut and a torque 
transducer arranged between the screw shaft and the 
electromagnetic brake unit, respectively. Preload of 2 kN 
was applied to the test ball screw. The rotating speed of 
screw shaft was fixed at N=120 rpm, 450 rpm, 650 rpm 
and 1000 rpm. 

2.2. Properties of MAC base oil and greases 
As mentioned in the introduction, the base oil of test greases 
is multiply alkylated cyclopentane (MAC) 2001A, and its  

Table 1 Properties of base oil (MAC2001A) 

ρ,g/cm3

288K 
ν, mm2/s

VI 
α, GPa-1

313K 
M, 

g/mol313K 373K

0.8513 103.2 14.4 137 13.5 910 

Table 2 Composition and properties of test greases 

Grease Base oil Thickener 
Worked Penetration

at 298K,×60(1/10mm)
R2000

2001A
(MAC)

Sodium soap 276 
ML Li soap 280 
MU Urea 300 
5200 PTFE 322 

 
physical properties are shown in Table 1. Where, ρ, ν, VI 
and M show density (g/mL), kinematic viscosity (mm2/s), 
viscosity index and molecular weights (g/mol). A high-
pressure viscometer of the falling-ball type designed at 
Saga University was utilized for viscosity measurements 
at pressure up to 0.4 GPa. Measuring temperature ranged 
from 263K to 353K. The Barus pressure-viscosity 
coefficient α (GPa-1) was calculated using the least 
squares method and the value at the test temperature of 
313 K is represented in Table 1. The variations of the 
pressure-viscosity coefficient α can be described by the 
follow equation [5]. 

 1021 logCC   (1)

Where, ν is kinetic viscosity (mm2/s) under atmospheric 
pressure and α is pressure viscosity coefficient in GPa-1. 
The parameters of C1 and C2 in equation (1) are 0.11 and 
6.52, respectively. The vapor pressure of 2001A is 
8.5×10-6 Pa at 373 K. 

Four MAC based greases for space applications were 
used as lubricant. As shown in Table 2, the test greases 
were R2000, MU, ML and 5200. Each of test greases is 
contained a different thickener. The greases were worked 
for 60 double strokes in a standard grease worker before 
the measurement of worked penetration. The penetration 
becomes larger in the order greases R2000, ML, MU and 
5200 as shown in the Table. 
 
3. Result and discussion 

Figure 3 shows the state of oil film formation during 
one stroke at the rotating speed of N=1000 rpm in 
atmospheric environments. In conventional ball screws, 
direct contacts or skirmishes of balls which are not found 
in rolling contact bearings with retainer were frequently 
occurred. Consequently, intermittent breakdowns of oil 
film were observed not only in the acceleration and 
deceleration processes but also in the steady process. As 
shown in the figure, the oil film breakdowns of the 5200 
grease with PTFE (polytetrafluoroethylene) thickener in 
immediately after start of test (0hr) were remarkably 
found at the acceleration and the steady processes and its 
occurrence frequency was higher than the ML grease 
with Lithium soap thickener. The same tendency were 
found the oil film formation in the six hour later. 

Figure 4 shows the relations between the rotating 
speed of screw shaft and the average separation voltage 
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Figure 3  The states of oil film formation during one 

stroke (N=1000 rpm, 0hr, (a)-ML, (b)-5200, 
EAB=0V:contact, 0.5V:separation) 

 
E*

AB for all tested greases. When the rotating speed of 
screw shaft was N=120 rpm, the average separation 
voltages in every test showed 0mV and it was predicted 
that metal to metal contacts insides the ball screw 
continuously occur unrelated to kinds of greases. While, 
in the case of the rotating speed of 450 rpm or more, the 
states of oil film formation differed depending on the 
grease thickener. Namely, R2000 grease with sodium 
soap thickener and ML grease with lithium soap 
thickener showed high separation voltage. The voltage in 
MU grease with urea thickener indicated relatively lower 
tendency than R2000 and ML greases. Although the states 
of oil film formation for all test greases after six hour later 
was improved compared with immediately after start of test, 
the separation voltage in 5200 grease with PTFE thickener 
became lowest among the four test greases. 

The standard deviations of amplitude obtained by the 
vibration waveforms at the immediately after start of test 
and the every one hour till six hour later were calculated. 
Average values of these standard deviations is shown in 
Fig. 5. In every test greases, the vibrations increased with 
the rotating speed of screw shaft. The difference in 
vibration was found depending on the base oil of grease. 
That is, PFPE based greases showed high values 
compared with MAC 2001A based greases. This 
tendency became remarkable with increase in the rotating 
speed of screw shaft. In addition, the vibrations of 5200 
grease shown the lowest separation voltage among the 
MAC 2001A based greases were relatively high except 
for the test result at the rotating speed of 120 rpm where 
every separation voltage became almost zero. 

Figure 6 shows the relation between the average 
values of torque measured during one stroke and the 
rotating speed. On the whole, the torque indicated a 
tendency to increase slightly with the rise of rotating 
speed. However, the rotating torque was different from 
the oil film formation or the ball screw vibration, and was 
hardly related to the base oil and the grease thickener. 

The authors previously performed thrust ball bearing 
fatigue life tests using same greases [1-3]. For the general 
tendency, R2000, MU, and ML greases showed good oil 
film formation even in the thrust ball bearing tests. While, 
the oil film formation ability with 5200 grease was lower 

 
Figure 4  Average voltage E*

AB during one stroke 
(E*

AB =0.5V: separation, 0 V:contact) 
 

 
Figure 5  Ball screw vibration during one stroke 
 

 
Figure 6  Average torque during one stroke 

 
than the thrust ball bearing tests. So, in order to discuss 
the difference in the lubricating performances of test 
greases observed in the ball screw tests, the squeeze oil film 
formation ability of test greases is examined under 
impact load by falling bearing steel ball against a flat 
anvil made of mild steel. 

Figure 7 shows the schematic diagram of the main 
part of the test apparatus [6]. The contact element 
applying the impact was a bearing steel ball of 13.49 mm 
diameter mounted near the end of the arm. The dropping 
weight and the dropping height are 4.9 N and 30 mm, 
respectively. The experiment was conducted using plate 
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specimens of carbon steel S45C with hardness of 198 HB. 
The contact duration was 0.15 m second at dry condition. 
The experiments were carried out under a room temperature 
of 20 ºC. In order to observe the behavior of an oil film 
during impact, the electric circuit was connected between 
the dropping ball and the insulated test piece. The 
experiment was performed 10 times for both dry 
condition and test greases. 

The indentation is caused by first impact i.e. primary 
collision [6]. Accordingly, the variations of contact 
voltage during the primary collision period were 
measured. Figure 8 shows the change in contact voltage 
under dry condition and lubricated condition with R2000 
grease. In the case of R2000 grease, decrease in the 
contact voltage are smaller than that under the dry condition, 
and it is found that the recovery time from the voltage 
drop is shorter. The detected voltage waveform under dry 
condition was used as a basis of evaluation for the states 
of oil film formation, and separation degree S % under 
lubricated condition with each test grease was calculated. 

In the ball screw test, the separation voltage E*
AB of 

0.5 V means completely separation. So, the separation 
degree S % were calculated based on the separation 
voltage E*

AB at the rotating speed of N=1000 rpm after 
six hour from start of test. Each of the separation degree 
obtained by the ball screw tests and the impact load tests 
is shown in Fig.9. In the case of 5200 grease with PTFE 
thickener, the separation degree obtained by the impact 
load test became lowest among four test greases, and 
showed almost the same tendency as the states of oil film 
formation in the ball screw test. Therefore it was 
suggested that the states of oil film formation in the 
conventional ball screw also influence the direct contact 
of balls or the ball collision. 
 
4. Conclusion 

Using four kinds of MAC 2001A based greases, the 
states of oil film formation in the conventional type ball 
screw were measured. As a result, it was found that the 
oil film formation at the rotating speed of 450 rpm or 
more is affected by the grease thickener. Furthermore, the 
oil film formation obtained in the impact load test 
indicated the same tendency as the results of the ball 
screw test. Consequently, it was suggested that the states 
of oil film formation in the conventional ball screw are 
also related the direct contact of balls or the ball collision. 
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Figure 7  Schematic diagram of impact apparatus 

 

 
Figure 8  Variation of contact voltage during primary 

collision period for dry condition and R2000 
 

  
Figure 9  Comparison of oil film formation between ball 

screw test and impact test 
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